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1. Supplementary Methods. Synthetic experimental procedures 

1.1 Reagents and experimental methods 

Fmoc protected pegylated linker and chlorotrityl resin were purchased from GL Biochem 

(Shanghai) Ltd or NovaBiochem and all other chemicals from Sigma Aldrich or Acros. 

Commercially available reagents were used without further purification. 1H and 13C NMR 

spectra were recorded on a Bruker AVA500 (at 500 and 125 MHz, respectively) or a Bruker 

AVA600 (at 600 and 150 MHz, respectively). The residual non-deutered solvent peaks were 

used as reference for 1H NMR spectra (CH3Cl δH = 7.26 ppm, CD3SOCHD2 δH = 2.50 ppm). 

The deuterated solvent signals were used as a reference for 13C NMR (CDCl3 δC = 77.2 ppm, 

(CD3)2SO δC = 39.5 ppm). Column chromatography purifications were carried out on silica gel 

60 (230–400 mesh). IR spectra were recorded on a Bruker Tensor 27 Standard System FT-

IR spectrophotometer. Low Resolution Mass Spectra (LRMS) were obtained using an Agilent 

LCMS 1100 ChemStation with a G1946B quadrupole mass detector. Analytical reverse-phase 

high-performance liquid chromatography (RP–HPLC) was performed on an Agilent 1100 

system equipped with a Discovery C18 reverse-phase column (5 cm x 4.6 mm, 5 μm) with a 

flow rate of 1 mL/min and eluting with H2O/CH3CN/HCOOH (95/5/0.05) to 

H2O/CH3CN/HCOOH (5/95/0.05), over 6 min, holding at 95% CH3CN for 3 min, with detection 

at 650 nm and by evaporative light scattering. MALDI TOF MS were run on a Bruker 

Ultraflextreme MALDI TOF/TOF with a matrix solution of sinapic acid (10 mg/mL) in 

H2O/CH3CN/TFA (50/50/0.1). 

Synthesis of the tripod-anchor sensor t-MB (5)  
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Scheme 1. Synthetic route for the preparation of the pH sensor t-MB (5)  

The pH sensor was synthesised using 2-chlorotrytyl chloride polystyrene resin (1.0 mmol/g, 

1% DVB, 100-200 mesh). 2-chlorotrytyl chloride polystyrene resin (1.0 g, 1 mmol) was first 

washed with anhydrous DMF and DCM, then it was activated by adding a solution of 250 µL 

of thionyl chloride in 10 mL of anhydrous DMC and the resulting mixture was shaken for 1 

hour at room temperature (r.t.). Then, the resin was washed again with anhydrous DMF, 

swollen with DCM, loaded with Fmoc-NH-PEG4-COOH (0.98 g, 2 mmol) and DIPEA (0.87 

mL, 5 mmol) in 7 mL of anhydrous DCM and shaken for 3 h at r.t. The resulting resin was 

washed with DMF and DCM and unreacted trytyl chlorides were converted to corresponding 

inert trytilmethyl ethers by washings with a solution of DCM/methanol/DIPEA (80:15:5). 

1.2 Fmoc deprotection 

To the resin (0.1 g, 0.1 mmol) pre-swollen in DCM was added 20% piperidine in DMF (2 mL) 

and the reaction mixture was shaken for 10 min. The solution was drained and the resin was 

washed with DMF (x3), DCM (x3) and MeOH (x3). This procedure was repeated twice. The 

deprotection reaction was monitored by the Kaiser test. 

1.3 Methylene blue coupling 

A solution of N-(carboxypropyl)methylene blue (6),1 (0.3 mmol, 3 eq), N,N,N′,N′-tetramethyl-

O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate (HBTU) (0.3 mmol, 3 eq) and DIPEA 

(0.6 mmol, 6 eq) in DMF (1 mL) was stirred for 2 min. The appropriate solution was then added 

to the resin (0.1 mmol, 1 eq), pre-swollen in DCM, and the reaction mixture was shaken for 2 



h at room temperature. The solution was drained and the resin washed DMF (x3), DCM (x3) 

and MeOH (x3). The reaction was monitored by the Kaiser test.  

1.4 Cleavage from the resin 

To the resin pre-swollen in DCM was added the cleavage mixture hexafluoroisopropanol 

(HFIP)/DCM (1:4) (1.5 mL/100 mg resin) and the mixture was shaken for 3 h at room 

temperature. The solution was removed by filtration and the resin was washed with the 

cleavage mixture (1 mL) and DCM. The filtrate was evaporated and the resulting solid was 

washed with diethyl ether. The resulting crude was purified on a RP–HPLC (HP1100) system 

equipped with UV detection (collection at 600 nm), fitted with an Agilent Eclipse XDB-C18 

reverse-phase column (250 x 10 mm, 5 μm) with a flow rate 2.5 mL/min and eluting with 0.1% 

HCOOH in H2O (A) and 0.1% HCOOH in CH3CN (B), with a gradient of 5 to 65% B over 19 

min. tR: 3.13; purity: 99% by ELSD; LRMS for C30H43N4O7S+ [M]+ calcd. 603.3; found m/z = 

603.3. 

1.5 Anchor coupling 

A protected tripod anchor (8) was produced following the procedure reported by Staderini et 

al.2 To a solution of the redox-pegylated linker (7) (8 mg, 0.013 mmol) in 0.3 mL of DMF were 

added EDC.HCl (1 eq, 0.013 mmol, 2.5 mg), hydroxybenzotriazole hydrate (1 eq, 0.013 mmol, 

0.2 mg) and 1 eq. (0.013 mmol, 14 mg) of the tripod anchor 8. The resulting mixture was stirred 

for 24 h at room temperature before being concentrated in vacuo. The crude was taken up in 

a mixture of DCM/TFA/EDT/TIS (75/20/2.5/2.5) (0.5 mL) and stirred for 1 h. After evaporation 

in vacuo, the resulting solid was purified on a RP–HPLC (HP1100) system equipped with UV 

detection (collection at 600 nm), fitted with an Agilent Eclipse XDB-C18 reverse-phase column 

(250 x 10 mm, 5 μm) with a flow rate 2.5 mL/min and eluting with 0.1% HCOOH in H2O (A) 

and 0.1% HCOOH in CH3CN (B), with a gradient of 5 to 95% B over 30 min. tR: 4.38; purity: 

99% by ELSD; MALDI for C43H70N5O9S4+ [M]+ calcd. 929.30; found m/z = 929.6. 

 

 



2.1 Synthesis of the pH sensitive probes (the single-anchor sensor s-MB (4): 
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Scheme 2. Synthetic route for the preparation of the pH sensor s-MB (4) 

 

The single-anchor sensor (4) was synthesised on 2-chlorotrytyl chloride polystyrene resin 

following the protocol described above. The resin was functionalized with 2-(6-

mercaptohexyl)isoindoline-1,3-dione 9 (0.526 g, 2 mmol), that was produced according to the 

procedure described by Hu et al.3 Then, in order to remove the phthalimide group, to the resin 

(0.1 g, 0.1 mmol) pre-swollen in DCM was added a solution of 15% hydrazine in DMF/MeOH 

(1:1) (2 mL) and the reaction mixture was shaken for 1 h at room temperature. The solution 

was drained and the resin was washed with DMF (x3), DCM (x3) and MeOH (x3). This 

procedure was repeated twice. The deprotection reaction was monitored by the Kaiser test. 

The unprotected amino group was coupled with a PEG linker. A solution of Fmoc-NH-PEG2-

OH (0.115 g, 0.3 mmol), HBTU (114 mg, 0.3 mmol) and DIPEA (110 µL) in DMF (1 mL) was 

stirred for 2 min. The solution was then added to the resin, pre-swollen in 3 mL of DCM, and 

the reaction mixture was shaken for 3 h at r.t. The solution was drained and the resin washed 

with 3 mL of DMF (x3), DCM (x3) and MeOH (x3). The reaction was monitored by the Kaiser 

test. After cleavage of the fmoc group the methyl blue coupling was carried out. Then, to the 

resin pre-swollen in DCM was added the cleavage mixture TFA/EDT/water/TIS (94/2.5/2.5/1) 

(1 mL) and the mixture was shaken for 3 h at r.t. The solution was removed by filtration and 

the resin washed with the cleavage mixture (1,5 mL). The filtrate was evaporated and the 

resulting solid was washed with cold diethyl ether. The resulting solid (4) was analysed by RP-



HPCL. tR: 3.16; purity: 99% by ELSD; MALDI for C30H43N4O7S+ [M]+ calcd. 603.3; found m/z = 

603.3. 

 

2.2. Microfabrication of silicon-based Pt devices 

Miniature three electrode cells were comprised of a Pt working electrode (WE) surrounded 

by a reference electrode (RE) and counter electrode (CE). The working electrode(s) 

was/were either a single 100 µm disc (total area of 7854 µm2), or a 3 x 3 square array of 50 

µm discs (array pitch 100 µm), with a total area of 17671 µm2 and an area ratio of 1:3:10 

(WE:RE:CE). Electrodes were fabricated on 100 mm diameter silicon wafers using standard 

microfabrication processes. A bottom insulator layer of 500 nm silicon dioxide was grown by 

wet thermal oxidation. Electrodes and interconnects were fabricated from a layer of 10 nm 

titanium (for adhesion) and 50 nm of platinum, deposited by e-beam evaporation and 

patterned using a photoresist lift-off process. Bond pads were fabricated from a layer of 1 

µm aluminium deposited by sputtering and patterned by a photoresist lift-off process. The 

top passivation layer consisting of 550 nm silicon nitride and 180 nm silicon dioxide was 

deposited by plasma enhanced chemical vapour deposition, and patterned by reactive ion 

etching to define electrode and bond pad openings. A layer of 10 nm titanium and 500 nm 

silver was then deposited by e-beam evaporation and patterned over the reference electrode 

by a photoresist lift-off process, then chlorinated in 50 mM FeCl3 for 60 s at room 

temperature. The aluminium bond pads were temporarily protected with a layer of 

photoresist during this process to prevent its oxidation. A fresh layer of photoresist was then 

patterned over the counter and reference electrode areas, leaving the working electrode 

selectively exposed for later functionalisation. To protect the photoresist layer during 

packaging, a layer of 500 nm Parylene-C was deposited and patterned over the electrode 

area by reactive ion etching. Wafers were diced into 2 mm x 3 mm dies, with each die 

containing a single three electrode cell, interconnects, and bond pads. 

 

2.3. Packaging of the silicon-based Pt devices 



Sensor dies were mounted on a 500 mm x 1.9 mm flexible printed circuit board (PCB), and 

electrically connected to the PCB traces using gold wire bonds. The sensor was 

encapsulated using EpoTek OG116-31 photocurable biocompatible epoxy, selectively cured 

over the wire bonds and sensor edges using photolithography, leaving an open window over 

the sensor surface that was cleared of uncured epoxy using acetone. The Parylene-C 

sensor protection layer was then removed by oxygen plasma etching to uncover the working 

electrode, leaving the reference and counter electrodes covered with photoresist. 

Biocompatibility of the final epoxy package was ensured by curing at 80 ˚C for 2 h, prior to 

electrode modification and implantation. 

 

2.4. In-house silicon-based Pt device modification 

The in-house microfabricated devices consisted of a 3-electrode cell with a Pt counter and 

working electrode and a Ag/AgCl on-chip reference electrode. The microfabrication process 

of the silicon-based Pt devices was finished with deposition of a layer of positive photoresist 

which covered both counter and reference electrodes, and left the working electrode 

exposed. This allowed the SAM modification of the Pt working electrode by the methylene 

blue probe alone. The WE modification protocol used was then adapted from that employed 

for the SPAuE (see section 2.5). The Pt working electrode was electrochemically cleaned by 

cyclic voltammetry, carrying out potential cycles between −0.3 and +1.6 V (vs an external 

commercial Ag ǀ AgCl ǀ KCl (3 M) reference electrode) in 0.1 M H2SO4 at a scan rate of 100 

mV·s-1 until the characteristic voltammogram of clean polycrystalline platinum was obtained. 

The platinum working electrode was then functionalised with nanostructured gold through 

reductive electrodeposition from a 0.4 mg/mL HAuCl4 solution in 0.5 M H2SO4. This involved 

chronoamperometry, first holding the potential at +1.1 V for 2 s and then stepping this to 0 V 

for 300 s to cause electrodeposition. Cyclic voltammetry was then performed in 0.1 M H2SO4 

to confirm the successful formation of a functional gold surface on the Pt working electrode. 

The pH-sensitive SAM layer was then formed through overnight incubation in a 40 μM 



solution of the corresponding triple thiol-modified methylene blue (t-MB) in PBS at 4 °C, 

followed by immersion in 1 mM MCH in PBS for 1 h at room temperature. The device was 

then rinsed with water and dried with a stream of nitrogen. The photoresist protecting the 

counter and reference electrodes was then stripped off by rinsing successively in: (1) 

degassed acetone containing 2 mM MCH for 30 s; (2) degassed acetone for 5 s; (3) 

isopropanol (IPA) for 5 s and (4) water for 2 s, allowing it to then air-dry. Subsequently, 1 μL 

of a mixture of Nafion resin and water (1 : 3), was drop-cast to cover all 3 electrodes. These 

devices were allowed to air-dry at room temperature overnight and stored dry at 4 °C until 

use. 

 

 

 

2.5 SPAuE modification 

Each SPAuE device (Dropsens, Spain) was initially rinsed with water and the working 

electrode electrochemically cleaned by cyclic voltammetry (CV), carrying out cycles between 

0 and +1.3 V (vs the screen-printed Ag pseudo-reference electrode) in 0.1 M H2SO4 at a 

scan rate of 100 mV·s-1 until the characteristic voltammogram of clean polycrystalline gold 

was obtained. To immobilise the pH-dependent thiol-modified methylene blue probe as a 

SAM on the working electrode, the freshly cleaned gold working electrode was immersed in 

a 40 μM methylene blue-containing probe solution in PBS overnight at 4 °C. After rinsing 

with water, the resulting SAM-modified electrode was immersed in 1 mM 6-

mercaptohexanol, MCH, (Sigma Aldrich, UK) in PBS for 1 h at room temperature. The 

electrodes were then rinsed with water and stored in PBS at room temperature for 2 h. 

Nafion solution (5% in lower aliphatic alcohols and water, Sigma Aldrich, UK) was diluted 

with water at 1 : 3 ratio, and 3 μL of this mixture was drop-casted onto the SPAuE, to ensure 

coverage of all 3 electrodes. The solution was left to dry in air at room temperature overnight 

and the SPAuE was stored in PBS at 4 °C until use. 



 

 

2.6 Integrity of Nafion membrane assessment 

The integrity of the drop-cast Nafion layer was assessed prior to pH measurements by 

immersion in a 1x PBS solution containing 1 mM ferro/ferricyanide solution. Cyclic 

voltammetry was performed between 0 and +0.5 V at a scan rate of 100 mV·s-1. 

Electrochemical measurements were performed using a conventional three-electrode 

electrochemical cell driven by a computer-controlled AutoLab PGstat-30 potentiostat running 

GPES 4.9 software (EcoChemie, The Netherlands). All potentials were measured using, and 

are referenced to, a Ag│AgCl│KCl (3 M) reference electrode (Bioanalytical Systems, Inc., 

USA), unless otherwise stated. 

 

 

2.7 In vitro electrochemical measurements for characterisation (see SI 1.6 for more 

details  

The modified electrodes (100 µm diameter Pt single working electrode) were immersed in 1x 

PBS (10 mM phosphate buffered solution containing 154 mM NaCl) at varying pH values, 

measured using a Fisherbrand pH meter, Hydrus 400 (Thermo Fisher Scientific, UK). The 

sensors were electrochemically interrogated using square wave voltammetry (SWV) at a 

frequency of 60 Hz, amplitude of 25 mV and step potential of 5 mV sweeping the potential 

from 0 and −0.4 V. For the in-house Pt-modified devices two sequential SWV measurements 

were performed, in a forward mode (from −0.4 V to 0 V) and in a reverse mode (from 0 V to 

−0.4 V). 

 

 

 

2.8 Sensor sterilisation and radiation 



Sterilisation was carried out using ethylene oxide (Anprolene AN-73, Andersen Products) for 

12 h under ambient temperature and pressure. Afterwards, the sensors were placed in 

ambient air in a fume hood for at least 2 h, to allow the ethylene oxide to dissipate. Sensors 

were irradiated using a 6 MV beam from a Varian Clinac 2100 C/D linear accelerator (Varian 

Medical Systems). A total of 24 Gy was delivered in four fractions of 6 Gy at 3 min intervals. 

Sensors were immersed in 1.5 cm depth of PBS to provide a build-up region during 

radiation, necessary for delivering the maximum radiotherapy dose to the sensor. 

 

2.9 Sensor implantation 

In vivo ovine experiments were performed under a UK Home Office Project Licence in 

accordance with the Animals (Scientific Procedures) Act 1986 and with approval from the 

University of Edinburgh Animal Welfare and Ethical Review Boards. Experimental cases 

consisted of 3 adult female sheep (Scottish blackface, n=1; mule, n=2), weighing 39-64 kg 

which had been diagnosed with naturally occurring pre-clinical ovine pulmonary 

adenocarcinoma (OPA) using thoracic ultrasound (Scott et al., 2018; Cousens and Scott, 

2015). Prior to anaesthesia and surgery sheep were provided with ad libitum access to food 

and water, bedded on straw and housed in groups of at least 2 animals. All experiments 

were conducted on anaesthetised, non-recovery animals. Anaesthesia was performed by a 

specialist team of veterinary anaesthetists, the details of which have been previously 

described (Gray et al., 2019b). Following the induction of anaesthesia all sheep underwent 

jugular vein cannulation for drug and crystalloid fluid administration and central auricular 

artery cannulation for obtaining arterial blood samples and monitoring arterial blood 

pressure. Blood samples were taken intermittently for blood-gas, haematological and 

biochemical analysis (Epoc portable blood gas electrolyte and critical care analyser, 

Woodley Equipment Company). Continuous monitoring of pulse rate, blood pressure, pulse 

oximetry, capnography, temperature, spirometry, electrocardiography and inspired and 

expired gases was performed (Datex-Ohmeda S/5 multiparameter patient monitoring device, 

SOMA Technology). Imaging was performed using a single-section SOMATOM Definition 



AS 64 slice helical computed tomography (CT) machine (Siemens Healthcare). Intravenous 

sodium pentobarbitone (Animalcare) was used to euthanise all animals. 

For sensor implantation a CT-guided trans-thoracic percutaneous technique was used 

employing an 8 G × 15 cm Jamshidi biopsy needle (Carefusion). A preliminary CT scan 

allowed for OPA lesion selection and needle path trajectory planning. Implantation was 

performed as previously described (Gray et al., 2019b). In brief, a limited skin incision was 

made 1–2 intercostal spaces caudal to the planned thoracic cavity entry point. The biopsy 

needle with its stylet in place was inserted through the skin incision, advanced cranially 

through subcutaneous tissues, and then pushed through the thoracic wall in the centre of the 

selected intercostal space. Correct needle positioning was confirmed using CT before the 

needle was advanced further into the OPA tumour. Sequential CT scans and needle 

advancements were performed to allow accurate needle positioning within a central area of 

the tumour. Once positioned the needle stylet was removed and the sensor was introduced 

down the bore of the needle and into OPA tissue. The implantation needle was then 

removed leaving the sensor in situ within the OPA tumour. CT scans were performed 

immediately after insertion to evaluate sensor placement and following euthanasia to ensure 

the sensor had remained in place throughout the experiments. 
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Figure S1. Chemical structure for the s-MB (4) probe. It consists on a single thiol chain (green) 

linked to a 2-unit ethylene glycol moiety (purple) which connects to the methylene blue (blue). 

 



 

Figure S2. Variation of methylene blue peak potentials for square wave voltammograms 

registered for s-MB/SPAuEs, n=3, (circles) and Nafion/s-MB/SPAuEs, n=5, (diamonds) versus 

the pH of varying phosphate buffered solutions in the range of 4-8. Straight lines correspond 

to the linear fits.  

 

Figure S3. Cyclic voltammogram performed in a solution containing 1 mM ferrocyanide in 

PBS for a t-MB SAM modified SPAuE (continuous line) and a Nafion/t-MB modified SPAuE 

(dashed line). The potentials are reported against an external Ag/AgCl reference electrode 

and the scan rate was 100 mV/s. 
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Figure S4. Assessment of repeatability for 3 individual Nafion/t-MB/SPAuE sensors, by 

immersing them in phosphate buffered solutions with pH 7.2 and pH 6 successively. An 

external Ag/AgCl is used as reference electrode.  

 

 

 

Figure S5. Assessment of reproducibility for an individual Nafion/t-MB/SPAuE immersed in 

solutions with 3 different pH values of 5.7 (grey), 6.1 (orange) and 7.2 (blue). 20 successive 

measurements were performed in each solution, in a period of time of 30 min. The figure 

shows the calculated coefficient of variation (CoV) for each solution tested. 

 

 



 

Figure S6. Calibration lines registered for Nafion/t-MB/SPAuEs in the pH range of 4.3–7.2. a, 

before (orange) and after (green) being subjected to a 24 h sterilisation process with 

ethylene oxide and b, before (orange) and after (green) being stored dried-out for 6 days 

(control). All data points correspond to the average and standard deviation of typically, 5 

sensors. 

 

 

Figure S7. Calibration lines registered for Nafion/t-MB/SPAuEs in the pH range of 4.3–7.2. a, 

before (orange) and after (green) being subjected to a fractionated radiation protocol (4 x 6 

Gy) and b, before (orange) and after (green) being stored dried-out for 4 days (control). All 

data points correspond to the average and standard deviation of typically, 5 sensors. 

 



 

Figure S8. Overlay of cyclic voltammograms registered for Nafion/t-MB/SPAuEs after being 

irradiated (4 x 6 Gy) immersed in a 1 mM ferro/ferricyanide solution in PBS at a scan rate 100 

mV/s for 5 individual sensors. Inset. Cyclic voltammogram registered for a non-modified 

SPAuE immersed in the same solution. 

 

Figure S9. Voltammograms recorded by SWV for two individual 100 μm Pt devices modified 

with t-MB SAM and covered with Nafion immersed in phosphate buffered solutions at different 

pH values. For pH>6 the methylene blue reduction peak disappears, being the sensors not 

active at those pH values. 



 

Figure S10. Cyclic voltammograms performed in 0.1 M H2SO4 at 100 mV/s scan rate for a 

100 μm-diameter Pt electrode before (blue line) and after the gold plating step (orange line). 

Blue line shows the characteristic cyclic voltammogram for a clean Pt electrode including 

hydrogen adsorption (process I) and platinum oxide reduction wave (II); whereas orange line 

shows the characteristic CV for a gold electrode4, including gold oxide formation (process III) 

and its reduction (process IV). 

 

Figure S11. Voltammograms registered by square wave voltammetry for t-MB/Au/Pt 100 µm-

diameter electrodes in PBS before (yellow line) and after (grey line) stripping off the resist 

that covers both reference and counter electrodes for 3 different devices. The stripping 

protocol consisted in 1 min washing in acetone followed by 30 s in IPA. 



 

Figure S12. a, Voltammograms registered by square wave voltammetry for a t-MB/Au/Pt 100 

µm-diameter electrode in PBS after (1) SAM preparation (blue line); (2) incubation with 

acetone for 1 min (orange line); (3) Nafion drop-casting and overnight drying (grey line), 

showed at a higher scale in b. The acetone treatment results on the decrease of the signal 

intensity of the t-MB/Au/Pt system, with a further signal reduction after the Nafion coating. 

Overall, the procedure does not preclude the fabrication of a functional device. Note that the 

devices used for this experiment did not present the resist layer covering counter and 

reference electrodes. 

 

Figure S13. Voltammograms registered by square wave voltammetry for a t-MB/Au/Pt 

electrode in PBS after (1) SAM preparation (blue line); (2) stripping resist off following 

procedure detailed in Section 2.4 (orange line); and Nafion drop-casting and overnight drying 



(3) using external (Ag/AgCl) and counter electrodes (grey line) and (4) using the on-chip 

reference (miniaturised Ag/AgCl/Nafion) and counter electrodes (green line). 

 

Figure S14. Miniature microfabricated three electrode cell prior to functionalisation, showing 

platinum 50 µm 3 x 3 WE array, CE (outer feature), and a Ag/AgCl RE (middle). The CE and 

RE are covered with a layer of protective photoresist leaving the WE exposed. Scale bar 

shows 250 µm. 

 

Figure S15. Output registered for implanted Device-1 in SM-1 for a, reverse SWV and b, 

forward SWV. Black dots represent measured peak potentials and blue dots peak currents. 

Mechanical ventilation started at a fraction of inspired oxygen of 0.5 and was increased to 

1.0 (dotted line). All potentials are referred to the on-chip Ag/AgCl/Nafion reference 

electrode.  



 

Figure S16. Calculated pH values from peak potentials registered for Device-1 while 

implanted in SM-1. 

 

Figure S17. a, pH calculated as output for Device-1 by applying calibration lines b and c to 

the sensor’s output showed in Figure S15 for the forward SWV (black dots) and the reverse 

SWV (grey dots), corresponding to the oxidation and reduction of MB, respectively. b, 

Calibration line recorded for device-1 for the forward measurements and c, calibration line 

for the reverse measurements. Calibration lines are obtained performing SWV in different 

phosphate buffer solutions with varying pH values. The device was operated using the on-

chip reference and counter electrodes and was stored dried out until use for implantation. 

 



 

Figure S18. Cyclic voltammograms performed in a solution containing 1 mM ferrocyanide in 

PBS for device-1 after gold-nanostructured Pt 100 µm-diameter working electrode (orange 

line) and after the implantation of the Nafion/t-MB/Au/Pt device (blue line). The potentials are 

reported against an external Ag/AgCl reference electrode at a scan rate of 100 mV/s. 

 

Figure S19. Calculated pH values from peak potentials registered for device-2 while 

implanted in SM-2. 



 

Figure S20. Calibration lines registered for devices-2, 3 and 4 pre-implantation (black dots) 

and post-implantation (green triangles) for a, reverse and b, forward measurements. All 

potentials are referred to the on-chip Ag/AgCl/Nafion reference electrode and all points 

correspond to an average and standard deviation for 3 individual miniaturised sensors.  

 

 

Figure S21. Output registered for implanted device-2 in SM-2 for a, reverse and b, forward 

SWV measurements, corresponding to reduction and oxidation of MB, respectively. Black 

dots represent peak potentials and blue dots represent peak currents. All potentials are 

referred to the on-chip Ag/AgCl/Nafion reference electrode. 



 

Figure S22. Output registered for implanted device-4 in SM-3 for a, reverse and b, forward 

SWV measurements, corresponding to reduction and oxidation of MB, respectively. Black 

dots represent peak potentials and blue dots represent peak currents. All potentials are 

referred to the on-chip Ag/AgCl/Nafion reference electrode. 

 

 

 

 



 

Figure S23. Voltammograms registered by square wave voltammetry for a, device-2; b, 

device-3 and c, device-4 when implanted in the corresponding lung models for the first (blue 

line) and the last scan (orange line) for the reverse (left graphs) and forward (right graphs) 

SWV, corresponding to the reduction and oxidation of methylene blue, respectively. All 

measurements correspond to implanted devices, and therefore are performed with on-chip 

reference Ag/AgCl/Nafion electrodes.  

 

 



 

Figure S24. Cyclic voltammograms performed in a solution containing 1 mM ferrocyanide in 

PBS after implantation for device-2 (green line), device-3 (grey line) and device-4 (yellow 

line) overlaid with the voltammogram obtained for a similar gold-nanostructured Pt electrode 

(blue line). Potentials are reported against an external Ag/AgCl reference electrode and the 

scan rate was 100 mV/s. 

 

 

Table S1. Administered fraction of CO2 (FiCO2) and O2 (FiO2) corresponding to the events for 

the SM-2, device-2. 

Event FiCO2 FiO2 
Initial gas mixture  0.85 
Start CO2 0.08 0.83 
Increase CO2 0.15 0.79 
End CO2 -- 0.84 
Start hyperventilation -- 0.87 

 

 

 

 



Table S2. Administered fraction of CO2 (FiCO2) and O2 (FiO2) corresponding to the events for 

the SM-3, device-3 and 4. 

Event FiCO2 FiO2 
Initial gas mixture -- 1 
Start CO2 0.04 0.88 
End CO2 0.12 0.83 
Start hyperventilation -- 0.9 
End hyperventilation -- 0.9 
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