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SUMMARY: 25 
The manuscript presents a miniature implantable pH sensor with ASK modulated wireless output 26 
together with a fully passive receiver circuit based on zero-bias Schottky diodes. This solution can 27 
be used as a basis in the development of in vivo calibrated electrostimulation therapy devices 28 
and for ambulatory pH monitoring. 29 
 30 
ABSTRACT: 31 
Ambulatory pH monitoring of pathological reflux is an opportunity to observe the relationship 32 
between symptoms and exposure of the esophagus to acidic or non-acidic refluxate. This paper 33 
describes a method for the development, manufacturing, and implantation of a miniature 34 
wireless-enabled pH sensor. The sensor is designed to be implanted endoscopically with a single 35 
hemostatic clip. A fully passive rectenna-based receiver based on a zero-bias Schottky diode is 36 
also constructed and tested. To construct the device, a two-layer printed circuit board and off-37 
the-shelf components were used. A miniature microcontroller with integrated analog peripherals 38 
is used as an analog front end for the ion-sensitive field-effect transistor (ISFET) sensor and to 39 
generate a digital signal which is transmitted with an amplitude shift keying transmitter chip. The 40 
device is powered by two primary alkaline cells. The implantable device has a total volume of 0.6 41 
cm3 and a weight of 1.2 grams, and its performance was verified in an ex vivo model (porcine 42 
esophagus and stomach). Next, a small footprint passive rectenna-based receiver which can be 43 
easily integrated either into an external receiver or the implantable neurostimulator, was 44 

Manuscript Click here to access/download;Manuscript;62864_R1.docx

mailto:jan.hajer@fnkv.cz
https://www.editorialmanager.com/jove/download.aspx?id=1357776&guid=70d2bd21-e01b-4ffa-ba44-2c7a38c8dba1&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1357776&guid=70d2bd21-e01b-4ffa-ba44-2c7a38c8dba1&scheme=1


   

constructed and proven to receive the RF signal from the implant when in proximity (20 cm) to 45 
it. The small size of the sensor provides continuous pH monitoring with minimal obstruction of 46 
the esophagus. The sensor could be used in routine clinical practice for 24/96 h esophageal pH 47 
monitoring without the need to insert a nasal catheter. The “zero-power” nature of the receiver 48 
also enables the use of the sensor for automatic in-vivo calibration of miniature lower esophageal 49 
sphincter neurostimulation devices. An active sensor-based control enables the development of 50 
advanced algorithms to minimize the used energy to achieve a desirable clinical outcome. One 51 
of the examples of such an algorithm would be a closed-loop system for on-demand 52 
neurostimulation therapy of gastroesophageal reflux disease (GERD). 53 
 54 
INTRODUCTION: 55 
The Montreal Consensus defines gastroesophageal reflux disease (GERD) as “a condition that 56 
develops when refluxing the contents of the stomach causes unpleasant symptoms and/or 57 
complications”. It may be associated with other specific complications such as esophageal 58 
strictures, Barrett’s esophagus, or esophageal adenocarcinoma. GERD affects approximately 20% 59 
of the adult population, mainly in countries with high economic status1. 60 
 61 
Ambulatory pH monitoring of pathological reflux (acid exposure time of more than 6%) allows us 62 
to distinguish the relationship between symptoms and acidic or non-acidic gastroesophageal 63 
reflux2,3. In patients unresponsive to PPI (proton pump inhibitor) therapy, pH monitoring can 64 
answer whether it is pathological gastroesophageal reflux and why the patient does not respond 65 
to standard PPI therapy. Various pH and impedance monitoring options are currently offered. 66 
One of the newer possibilities is wireless monitoring using implantable devices4,5. 67 
 68 
GERD is associated with lower esophageal sphincter (LES) disorder, where the contractions 69 
shown during esophageal manometry are not pathological but have a reduced amplitude in long-70 
term GERD. LES consists of smooth muscle and maintains tonic contractions due to myogenic and 71 
neurogenic factors. It relaxes due to vagal-mediated inhibition involving nitric oxide as a 72 
neurotransmitter6. 73 
  74 
Electrical stimulation with two pairs of electrodes was proven to increase the contraction time of 75 
the LES in a canine reflux model7. The relaxation of the LES including the residual pressure during 76 
swallowing was not affected by both low and high frequency stimulation. High-frequency 77 
stimulation is an obvious choice because it requires less power and extends the battery life. 78 
 79 
Although electrostimulation treatment (ET) of the lower esophageal sphincter is a relatively new 80 
concept in the treatment of patients with GERD, this therapy was shown to be safe and effective. 81 
This form of treatment has been shown to provide significant and lasting relief from the 82 
symptoms of GERD while eliminating the need for PPI treatment and reducing esophageal acid 83 
exposure8–10. 84 
 85 
The current state-of-the-art pH sensor for diagnostics of GERD is the Bravo device11,12. At an 86 
estimated volume of 1.7 cm3, it can be implanted directly into the esophagus with or without 87 
visual endoscopic feedback and provides 24 h+ monitoring of pH in the esophagus. 88 



   

 89 
Considering that electrostimulation therapy is one of the most promising alternatives for treating 90 
GERD not responding to standard therapy8,13, it makes sense to provide the data from the pH 91 
sensor to the neurostimulator. The recent research shows a clear path to future development in 92 
this field which will lead to rigid all-in-one implantable devices which will reside at the site of 93 
neurostimulation14,15. For this purpose, the ISFET (ion-sensitive field-effect transistor) is one of 94 
the best types of sensors because of its miniature nature, the possibility of on-chip integration of 95 
a reference electrode (gold in this case), and sufficiently high sensitivity. On silicon, the ISFET 96 
resembles the structure of a standard MOSFET (Metal Oxide Semiconductor Field Effect 97 
Transistor). However, the gate, normally connected to an electrical terminal, is replaced by a 98 
layer of active material in direct contact with the surrounding environment. In the case of pH-99 
sensitive ISFETs, this layer is formed by silicon nitride (Si3N4)16. 100 
 101 
The main disadvantage of implantable devices is the inherent limitation of the battery size, which 102 
may lead to a reduced lifetime of these devices or motivate the manufacturers to develop 103 
advanced algorithms that will deliver the required effect at a lower energy cost. One of the 104 
examples of such an algorithm would be a closed-loop system for on-demand neurostimulation 105 
therapy of GERD. Similar to continuous glucose meters (CGM) + insulin pump systems17, such a 106 
system would employ an esophageal pH sensor or another sensor to detect the current pressure 107 
of the lower esophageal sphincter together with a neurostimulation unit. 108 
 109 
The response to the neurostimulation therapy and the requirements for neurostimulation 110 
patterns can be individual13. Thus, it is important to develop independent sensors that could be 111 
used either for diagnosis and characterization of the dysfunction or to actively participate in 112 
calibrating the neurostimulation system according to the individual requirements of the 113 
patients18. These sensors should be as small as possible to not affect the normal functionality of 114 
the organ. 115 
 116 
This manuscript describes a method of design and fabrication of an ISFET based pH sensor with 117 
amplitude-shift keying (ASK) transmitter and a small footprint passive rectenna-based receiver. 118 
Based on the simple architecture of the solution, the pH data can be received by an external 119 
receiver or even the implantable neurostimulator without any significant volume or power 120 
penalty. The ASK modulation is chosen because of the nature of the passive receiver, which is 121 
only capable of detection of received RF signal power (often called “received signal strength”). 122 
The schematic diagram, which is embedded as Supplementary material, shows the construction 123 
of the device. It is powered directly from two AG1 alkaline batteries, which provide a voltage 124 
between 2.0–3.0 V (based on the state of charge). The batteries power the internal 125 
microcontroller, which utilizes its ADC (analog-to-digital converter), DAC (digital-to-analog 126 
converter), internal operation amplifier, and FVR (fixed-voltage reference) peripherals to bias the 127 
ISFET pH sensor. The resulting “gate” voltage (the gold reference electrode) is proportional to 128 
the pH of the surrounding environment. A stable Ids current is provided by a low-side R2 sensing 129 
resistor. The source of the ISFET sensor is connected to the non-inverting input of the operational 130 
amplifier, while the inverting input is connected to the output voltage of the DAC module set to 131 
960 mV. The output of the operational amplifier is connected to the drain pin of the ISFET. This 132 



   

operational amplifier regulates the drain voltage so that the voltage difference on the R2 resistor 133 
is always 960 mV; thus, a constant bias current of 29 μA flows through the ISFET (when in normal 134 
operation). The gate voltage is then measured with an ADC. The microcontroller then powers on 135 
the RF transmitter via one of the GPIO (general purpose input/output) pins and transmits the 136 
sequence. The RF transmitter circuit involves a crystal and matching network which matches the 137 
output to 50 Ω impedance. 138 
 139 
For the experiments demonstrated here, we used a pig stomach with a long section of the 140 
esophagus mounted in a standardized plastic model. This is a commonly used model for 141 
practicing endoscopic techniques such as ESD (endoscopic submucosal dissection), POEM (oral 142 
endoscopic myotomy), endoscopic mucosal resection (EMR), hemostasis, etc. Concerning the 143 
closest possible anatomical parameters approaching human organs, we used the stomach and 144 
esophagus of pigs weighing 40–50 kg. 145 
 146 
PROTOCOL: 147 
 148 
No living animals were involved in this study. The experiment was performed on an ex vivo model 149 
consisting of a porcine esophagus and stomach. The stomach and esophagus were purchased 150 
from a local butchery as their standard product. This procedure is in accordance with Czech laws, 151 
and we prefer it because of the “3R” principle (Replacement, Reduction, and Refinement). 152 
 153 
1. Fabrication of the pH sensor assembly 154 
 155 
NOTE: Observe precautions for handling electrostatic discharge (ESD) sensitive components 156 
throughout the fabrication of the pH sensor assembly. Be careful when working with the 157 
soldering iron. 158 
 159 
1.1. Place the ISFET pH sensor mounted on a printed circuit board (PCB) on a flat surface. 160 
Locate the solderable contacts. 161 
 162 
1.2. Trim the solderable contacts, so their length is no longer than 3 mm. 163 
 164 
1.3. Solder a 15 mm section of fluorinated ethylene propylene (FEP) coated cable to the 165 
solderable electrodes of the pH sensor. Do not mechanically or chemically clean the bare die 166 
assembly. Try to avoid contamination of the die and PCB with flux during soldering. 167 
 168 
1.4. Inspect the pH sensor-cable assembly under a microscope for open circuits and shorts. 169 
Then, check the shorts with an open-short tester. A correctly prepared assembly at this stage is 170 
shown in Figure 1. 171 
 172 
1.5. Clean the pH sensor assembly in an ultrasonic cleaner for 5 min at 70 °C in a 5% solution 173 
of flux remover in water. The optimum range of ultrasound power is 50–100 W/l. Do not exceed 174 
100 W/l. 175 
 176 



   

1.6. Rinse the pH sensor assembly in technical grade isopropyl alcohol for at least 3 min and 177 
let it dry in an oven at 80 °C for 15 min. 178 
 179 
1.7. Place all pH sensors on a flat surface (in case multiple are prepared simultaneously) before 180 
proceeding to the next step. 181 
 182 
1.8. Mix an appropriate amount of two-part epoxy for encapsulation of the soldered 183 
electrodes. Use a minimum of 2 mL to allow thorough mixing. Use black opaque epoxy to allow 184 
for inspection later – parts of the sensor exposed to the environment will be seen easier as they 185 
will not have opaque epoxy on them 186 
 187 
1.9. Transfer the mixed epoxy to a 1 mL syringe with a 0.5 mm flat end needle. 188 
 189 
1.10. Coat the soldering area of pH sensors with epoxy. Make sure to coat the whole area of 190 
PCB electrodes and the exposed wire. 191 
 192 
1.11. Let the epoxy cure either at room or elevated temperature (80 °C max), for this study 50 193 
°C was used with the epoxy listed in the Table of Materials. 194 
 195 
1.12. Inspect the coated area under a microscope. If any uncoated metal parts (either PCB 196 
electrode or wire) are exposed, repeat steps 1.8–1.11 until there are no visual signs of uncoated 197 
metal. 198 
 199 
1.13. Trim the wires to the length and angle shown in Figure 2. Coat the ends with solder to 200 
avoid fraying. 201 
 202 
2. Fabrication of the electronic assembly 203 
 204 
NOTE: Observe precautions for handling ESD-sensitive components throughout the fabrication 205 
of the electronics. Be careful when working with the soldering iron and hot-air gun. 206 
 207 
2.1. Place the PCB (manufactured based on the supplementary files “pcb1.zip” and schematic 208 
diagram “schematic.png”) on a flat surface, components side up. 209 
 210 
2.2. Apply solder paste to all the exposed gold-plated pads. 211 
 212 
2.3. Place all passive and active components using tweezers according to Figure 3 and the 213 
Table of Materials. 214 
 215 
2.4. Heat the PCB with the hot air gun to solder the components. Heat the PCB gradually to 216 
150 °C for 2 min to expel residual water from the packages and activate the flux in the solder 217 
paste. Then, heat the PCB to 260 °C to solder the components. Let the PCB cool to room 218 
temperature, do not move it during the whole soldering process. 219 
 220 



   

2.5. After soldering and cooling down to room temperature, inspect the PCB under a 221 
microscope to verify the correct placement of all the components and shorts. If no shorts or 222 
incorrect component placement is observed, skip step 2.6. 223 
 224 
2.6. Repair any shorts or incorrect component placement with a soldering gun or hot air gun. 225 
Go to step 2.5. 226 
 227 
2.7. Solder 5 wires to the components (power and programming leads) as shown in Figure 4. 228 
 229 
2.8. To connect the PCB to the programmer, connect the wires soldered in step 2.7. to the 230 
connector of the programmer. 231 
 232 
2.9. Program firmware (see Representative Results for a detailed explanation of which file to 233 
use) to the microcontroller. Use the previously described procedure to set up the programming 234 
software19. Set the programmer to power the device with a voltage of approximately 2.5 V. De-235 
solder the 5 wires after programming. 236 
 237 
2.10. Place the PCB on a flat surface, component side up. Solder the AWG38 copper antenna 238 
wire (length of 3 cm) as shown in Figure 5 and wrap it around the edge of the PCB. Fix the antenna 239 
wire to the edge of the PCB with a cyanoacrylate adhesive. Solder the other two wire jumpers 240 
with SWG38 copper wire as shown in Figure 5. Avoid electrical contact with other components. 241 
 242 
2.11. Put the PCB on a flat surface, component side down. 243 
 244 
2.12. Solder two battery holders to the opposite part of PCB, as shown in Figure 6. 245 
 246 
2.13. Solder the pH sensor assembly to the terminals on the PCB, as shown in Figure 7. 247 
 248 
2.14. Insert two AG1 batteries into the battery holders.  249 
 250 
NOTE: Do not proceed with this step and next steps in this section earlier than 24 h before testing 251 
and endoscopic implantation of the sensor. 252 
 253 
2.15. Prepare an appropriate amount of epoxy as described in step 1.8. for encapsulation of 254 
the device. 255 
 256 
2.16. Encapsulate the device with the epoxy using the same procedure described in step 1.9 257 
(syringe with a needle). Let the epoxy cure at room temperature or slightly elevated temperature 258 
(do not exceed 50 °C because of the presence of batteries). See Figure 8 for the correct 259 
encapsulation results. 260 
 261 
2.17. Create a titanium wire hook according to Figure 9.  262 
 263 
NOTE: Titanium (Grade II) was chosen because of its biocompatibility and track record of use in 264 



   

implantable medical devices. Stainless steel may be used, too. However, the type and heat 265 
treatment must be chosen carefully as some stainless steel types are very brittle. 266 
 267 
2.18. Attach the wire hook to the device with a drop of fast-curing epoxy (see Figure 10) and 268 
let it cure at room temperature or slightly elevated temperature (50 °C maximum). The pH sensor 269 
is located on the bottom left side of the implantable device. 270 
 271 
2.19. The sensor becomes activated 24 h after the insertion of the batteries. Meanwhile, 272 
proceed with step 3.  273 
 274 
NOTE: Pause the protocol now if completion of step 3 within 24 h after insertion of the batteries 275 
is possible. 276 
 277 
3. Fabrication of passive rectenna receiver 278 
 279 
3.1. Place the PCB (manufactured based on the supplementary file “pcb2.zip”).  for the 280 
rectenna on a flat surface. 281 
 282 
3.2. Solder the components using the solder paste method described in steps 2.2–2.6 or use 283 
a soldering gun according to Figure 11A.  284 
 285 
NOTE: If the experimenter decides to manufacture the rectenna receiver again (it was previously 286 
manufactured and matched) or does not want to proceed with receiver matching, use the values 287 
of the components previously determined by the experimenter or provided in Figure 11B and 288 
skip steps 3.5–3.7. 289 
 290 
3.3. Solder the SMA connector to the PCB. 291 
 292 
3.4. Inspect the PCB under a microscope. If any shorts or incorrect component placement is 293 
observed, fix the issues. 294 
 295 
3.5. Attach a vector network analyzer input to the SMA connector. 296 
 297 
3.6. Record the S11 Smith chart of the rectenna from 300–500 MHz with 1 kHz resolution 298 
bandwidth. Observe the response and record the impedance at 431.7 MHz. Use an impedance 299 
matching calculator software to determine the values of matching components. The sample 300 
Smith chart is shown in Figure 12A. 301 
 302 
3.7. Solder the impedance matching components and inspect under a microscope for short 303 
circuits and component placement. 304 
 305 
3.8. Measure with spectrum analyzer again and confirm that the voltage standing wave ratio 306 
(VSWR) is under 3 between 300–500 MHz (inside the outer cyan circle shown in Figure 12B). If 307 
not, either repeat with different matching components or continue with the reduced 308 



   

performance of the rectenna in mind. 309 
 310 
3.9. Connect the 433 MHz band antenna to the SMA connector. Connect an oscilloscope to 311 
the rectenna output. 312 
 313 
3.10. Set the oscilloscope to single-channel operation, rolling time base, DC mode, 500 ms/div 314 
time base, and 5 mV/div voltage scale. 315 
 316 
4. Testing of the device 317 
 318 
NOTE: The following steps require the use of chemicals. Study the material safety data sheets of 319 
the chemicals beforehand and use proper protective equipment and common lab practices when 320 
manipulating them.  321 
 322 
4.1. Inspect the output of the sensor by observing the signal shown on the oscilloscope. The 323 
sample output is shown in Figure 13,14. The device will be active after 24 h past the insertion of 324 
the batteries. The period of transmitting the output of the pH sensor varies depending on the file 325 
which was programmed to the microcontroller (see Representative Results for a detailed 326 
explanation). 327 
 328 
4.2. Prepare 2% hydrochloric acid solution (use caution when handling hydrochloric acid). 329 
Prepare 100 mM buffer solutions of pH  4 (potassium hydrogen phthalate/hydrochloric acid), pH 330 
7 (potassium dihydrogen phosphate/sodium hydroxide), and pH 10 (sodium carbonate/sodium 331 
hydrogen carbonate) using standard laboratory procedures and mark the beakers. 332 
 333 
4.3. Verify the pH of all four beakers using a calibrated pH meter. Adjust if needed. 334 
 335 
4.4. Submerge the capsule in every beaker and record at least 3 samples. Measure the period 336 
between the second and third pulse and fill it in the provided spreadsheet (Supplemental File 1). 337 
Determine the calibration coefficients for the pH sensor using the spreadsheet. 338 
 339 
4.5. After calibration, measure the time between the second and the third pulse and input it 340 
into the spreadsheet to determine the pH of the solution to which the pH sensor is exposed. 341 
 342 
5. Endoscopic implantation of the sensor 343 
 344 
5.1. Prepare an ex vivo endoscopic porcine model made up of the stomach and a long segment 345 
of the esophagus. 346 
 347 
5.2. Grasp the sensor externally with a hemostatic clip, as shown in Figure 15 and Figure 16.  348 
 349 
5.3. Insert the endoscope with the sensor in the clip in the standard way into the model. 350 
 351 
5.4. Position the clip with the sensor close to the lower esophageal sphincter. 352 



   

 353 
5.5. Rotate the endoscope against the esophageal wall, open the clip and then push toward 354 
the esophageal wall. Close the clip and release the clip. The sensor will remain attached to the 355 
esophageal wall at the desired location, as shown in Figure 17D and Figure 17E. 356 
 357 
5.6. Extract the endoscope. 358 
 359 
6. Experiment after implantation 360 
 361 
NOTE: The following steps require the use of chemicals. Study the material safety data sheets of 362 
the chemicals beforehand and use proper protective equipment and common lab practices when 363 
manipulating them. 364 
 365 
6.1. Place the receiver within 10 cm (maximum) of the implanted sensor. 366 
 367 
6.2. Inject 50 mL of the solutions with various pH values into the esophagus, as shown in 368 
Figure 18, and observe the changes in the sensor’s response. Retract the endoscope after every 369 
injection and read the value no earlier than 30 s after injection. Wash the esophagus with 100 370 
mL of deionized water between injecting solutions with different pH. 371 
 372 
6.3. Use the spreadsheet (Supplemental File 1) to calculate the pH measured by the sensor. 373 
 374 
REPRESENTATIVE RESULTS: 375 
A device capable of autonomous pH sensing and wireless transmitting of the pH value was 376 
successfully constructed, as shown in Figure 8. The constructed device is a miniature model; it 377 
weighs 1.2 g and has a volume of 0.6 cm3. The approximate dimensions are 18 mm x 8.5 378 
mm x 4.5 mm. As shown in Figure 15, Figure 16, and Figure 17, it can be implanted to the 379 
proximity of the lower esophageal sphincter with a single hemostatic clip; no special accessories 380 
are needed. A detailed view of a dissected esophagus with the sensor implanted is shown in 381 
Figure 19. 382 
 383 
The passive rectenna receiver has an overall footprint of only 22 mm2 even though it is optimized 384 
for hand-soldering. When the passive rectenna receiver is put into proximity of the pH sensing 385 
device (10 cm) when in an active state (24 h after insertion of batteries until full discharge of the 386 
batteries), clear voltage spikes can be observed when the device is transmitting. This is shown in 387 
Figure 13. The first two short (75 ms) pulses are synchronization pulses. The distance between 388 
the end of the second pulse and the beginning of the third pulse is proportional to the Vgs voltage 389 
of the ISFET subtracted by 800 mV (100 ms = 900 mV, 200 ms = 1000 mV, etc.). This voltage 390 
linearly translates to the pH of the environment that the sensor is subjected to. 391 
 392 
Based on a simple two-point calibration with pH buffers of pH 4 and pH 10 (Table 1), the sensor 393 
can return stable and repeatable pH value readings (Table 2). A total of four different solutions 394 
with known pH were used—pH 0.6 (160 mM solution of hydrochloric acid in the water, mimicking 395 
the stomach acid20) and calibration buffers with pH 4, pH 7, and pH 10. The mean error pH values 396 



   

of the sensor were 0.25 and 0.31 when tested in solutions in beakers and an ex vivo model, 397 
respectively. The standard deviations of the errors were 0.30 and 0.36, respectively. 398 
 399 
When in the proximity of the transmitter (10 cm), the passive rectenna produces a signal with an 400 
amplitude of at least tens of millivolts which can be easily detected by a simple comparator or 401 
amplified with an ultra-low-power quiescent current operational amplifier. The effect of a mobile 402 
phone antenna with an active GSM call has only a minor negative effect on receiving the data 403 
from the sensor, as demonstrated in Figure 14. The mobile phone transmission peaks can be 404 
filtered by a simple passive RC/LC (resistor-capacitor/inductor-capacitor) filter as they form a 405 
high-frequency part of the signal (their frequency is generally above 500 Hz). 406 
 407 
In one of the devices, a short circuit between all three of the ISFET electrodes was intentionally 408 
made to show how the device’s behavior changes when the device is incorrectly assembled. In 409 
this case, no voltage-pH response is observed, and the gate voltage is equal to the drain voltage, 410 
which is the battery pack voltage (2–3.2 V). The AD converter, which is referenced to an internal 411 
2.048 V reference, then returns the highest possible value, which translates to 2048 mV. Noise 412 
may cause slight fluctuations in the ADC output. 413 
 414 
Two variants of firmware that can be programmed to the device were developed and tested. The 415 
first one (firmware_10s.zip) is intended for short-term experiments where the pH value is 416 
transmitted every 10 s. This provides more data points for the cost of reduced battery life, which 417 
is limited to around 24–30 h. The other one (firmware_1min.zip) is intended for long-term 418 
experiments. The pH value is transmitted once per min. The lifetime of the sensor with a lower 419 
sampling frequency is around 5–6 days. There is also a version of the firmware (firmware-420 
test.zip), which does not include the 24 h delay. This file can be used for testing the correct 421 
functionality of the electronics before encapsulation. Alternatively, the delay can be modified by 422 
changing the code and recompiling the project. The delay was implemented to allow for a full 423 
cure of the epoxy or a possibility when the device is manufactured at a different site than the 424 
endoscopic surgery room. With the introduced delay, the useful operating life of the device is 425 
maximized. 426 
 427 
FIGURE AND TABLE LEGENDS: 428 
Figure 1: pH sensor assembly before final trimming 429 
 430 
Figure 2: pH sensor assembly after final trimming 431 
 432 
Figure 3: Placement diagram for the implantable sensor (see Table of Materials for component 433 
values). Pin 1 is marked as a red dot. 434 
 435 
Figure 4: Placement of programming wires 436 
 437 
Figure 5: Placement of antenna wire and jumper wires 438 
 439 
Figure 6: Placement of battery holders 440 



   

 441 
Figure 7: Soldering of the pH sensor assembly to the electronics 442 
 443 
Figure 8: Finished encapsulated sensor. (A) side view, (B) back view 444 
 445 
Figure 9: Titanium wire hook 446 
 447 
Figure 10: Attachment of the wire hook to the implantable device 448 
 449 
Figure 11: Placement diagram for the rectenna. (A) with matching components, (B) without 450 
matching components, ready to be matched with a vector network analyzer 451 
 452 
Figure 12: Smith chart. (A) unmatched rectenna, (B) matched rectenna 453 
 454 
Figure 13: Example response of the rectenna to the incoming data from the sensor 455 
 456 
Figure 14: Example response when in the presence of RF noise (nearby phone with an active 457 
GSM call). (A) 20 cm between the edge of the phone and receiver, (B) 10 cm between the edge 458 
of the phone and receiver, (C) 5 cm between the edge of the phone and receiver 459 
 460 
Figure 15: Picture of the endoscope with hemostatic clip and implantable pH sensor 461 
 462 
Figure 16: Implantable pH sensor grasped with the hemostatic clip in a cap 463 
 464 
Figure 17: Implantation of the sensor. (A) insertion of the endoscope with the implantable pH 465 
sensor into the model, (B) place of implantation – 3 cm above the gastroesophageal junction, (C) 466 
preparation of the clip placement, (D) the clip was successfully placed, (E) view of the ISFET pH 467 
sensor, implanted to the proximity of lower esophageal sphincter 468 
 469 
Figure 18: Injection of the pH buffer solution through the endoscope channel 470 
 471 
Figure 19: Dissected esophagus of the ex vivo model with the implanted sensor 472 
 473 
Table 1: Example calibration data 474 
 475 
Table 2: Measured data (test with beakers) 476 
 477 
Table 3: Measured data (test in an ex vivo model) 478 
 479 
Supplemental File 1: spreadsheet.xlsx. Spreadsheet for calibrating and processing of the data 480 
from the sensor 481 
 482 
Supplemental File 2: pcb1.zip. Gerber manufacturing data for the implantable device 483 
 484 



   

Supplemental File 3: pcb2.zip. Gerber manufacturing data for the receiver 485 
 486 
Supplemental File 4: firmware_10s.zip. Firmware for the microcontroller with 10 s transmission 487 
period 488 
 489 
Supplemental File 5: firmware_1min.zip. Firmware for the microcontroller with 1 min 490 
transmission period 491 
 492 
Supplemental File 6: firmware-test.zip. Firmware for the microcontroller without 24 h pause 493 
before activation 494 
 495 
Supplemental File 7: Schematic diagram of the electronics 496 
 497 
DISCUSSION: 498 
This method is suitable for researchers who work on the development of novel active implantable 499 
medical devices. It requires a level of proficiency in the manufacturing of electronic prototypes 500 
with surface mount components. The critical steps in the protocol are related to the 501 
manufacturing of the electronics, especially populating the PCBs, which is prone to operator error 502 
in placement and soldering of small components. Then, correct encapsulation is crucial to 503 
prolong the lifetime of the device when exposed to moisture and liquids. The implantation 504 
method was designed with simplicity in mind. The risk of perforation of the esophagus or other 505 
adverse events during the implantation is minimal. Hemostatic clips are widely used in clinical 506 
practice; thus, no special training is needed to perform the implantation. 507 
 508 
The device can be easily modified to accompany other sensors with voltage output, i.e., resistive 509 
sensors and other ISFET sensors. This gives great flexibility to utilize the whole concept in other 510 
areas of research and clinical practice; it is not limited to research of novel methods of treatment 511 
of GERD in the case of a pH ISFET sensor. 512 
 513 
The constructed device is miniature; it weighs 1.2 g and occupies 60% less volume (0.6 cm3) than 514 
the closest commercialized implantable pH sensor. Further miniaturization could be achieved by 515 
the integration of the ISFET onto the PCB with wires bonded directly to the PCB. This, however, 516 
would significantly increase the barrier of entry in terms of required equipment (it would require 517 
at least a manual wire bonder). Thus, a more economically viable alternative with a pre-packaged 518 
ISFET sensor by the manufacturer was presented. 519 
 520 
As for the power source, silver oxide/alkaline/carbon-zinc 1.5 V cells provide better performance 521 
and do simplify the circuit design. The use of primary lithium batteries or Li-Ion batteries in this 522 
device form factor could lead to potential problems. Small primary lithium batteries have high 523 
output resistance, which would cause significant voltage drops, potentially leading to the brown-524 
out of the microcontroller and RF transmitter. Lithium-ion batteries, on the other hand, are 525 
incompatible with 3.3 V microcontrollers (their operating voltage is around 3.0–4.2 V), adding 526 
complexity to the circuitry (requirement of a regulator or DC/DC step-down converter). For these 527 
reasons, two primary 1.5 V button cells are the best readily available type of battery based on 528 



   

the availability, operating voltage, and sufficiently low output resistance. 529 
 530 
The sensor exhibits good accuracy for esophageal pH monitoring; the mean error of pH in an ex 531 
vivo model was 0.31 with a standard deviation of 0.36. Despite the washing step with deionized 532 
water between each buffer addition, a larger deviation in the ex vivo model could have been 533 
caused by minor mixing of the different buffer solutions in the esophagus, which may have 534 
altered the pH of the solutions. The sensitivity of the used ISFET pH sensor almost follows the 535 
Nernstian slope (-58 mV/pH for 25 °C) at -51.7 mV/pH. The sensitivity is higher than the reported 536 
antimony-based pH sensors for monitoring GERD (-45 mV/pH)21. 537 
 538 
The delay of 24 h between the insertion of batteries and the start of the wireless transmission 539 
routine was introduced to accommodate for encapsulation epoxy curing and instances where the 540 
lab for manufacturing of electronics is present at a different location than the endoscopic surgery 541 
room. This delay can be altered by modifying the source code and recompiling the firmware. 542 
 543 
Depending on the nature of the experiment, which will be done by the researchers, suitable 544 
epoxy (cost versus performance) can be chosen. The initial experiments were done with 545 
automotive-grade epoxy, which was suitable for initial experiments but not for ex vivo 546 
experiments from the point of biocompatibility. For survival experiments, a medical-grade epoxy 547 
that is ISO10993 compliant for long-term contact with mucous membranes shall be chosen. Also, 548 
coatings that improve biocompatibility (e.g., PTFE or parylene) can further reduce the rejection 549 
rate of the implant and/or inflammation/irritation of the implantation site. 550 
 551 
 552 
The fully passive rectenna receiver can be improved by biasing the detector diodes to improve 553 
the sensitivity22,23. In case that improved immunity against electromagnetic interference or RF 554 
noise is required, the diode detector can be further modified by adding a highly selective band 555 
SAW filter between the RF input and diode detector24. If longer-range communication is required, 556 
an active ASK receiver (or a software-defined receiver - SDR) can be used. In both cases, the 557 
center frequency of the receiver shall be set to 431.73 MHz (frequency of the crystal multiplied 558 
by 32 by the PLL in the RF transmitter integrated circuit) and the resolution bandwidth of around 559 
150–250 kHz. The RF output frequency is both voltage and temperature-dependent, and drifts 560 
up to 50 kHz from the center frequency were observed during normal operation. The output 561 
power in the band can then be monitored and used to decode the pH value according to the 562 
protocol. The use of an active receiver is recommended for initial testing. If used inside an 563 
implantable device, it comes with an increase in complexity and a major energy penalty. It cannot 564 
provide the “zero-power” advantage that the Schottky detector provides.  565 
 566 
Today, virtually all active implantable medical devices are not designed with interoperability in 567 
mind. Their configuration is done manually by a surgeon or practitioner25 and does not 568 
cooperate. The implantable device presented in this method together with a passive rectenna 569 
receiver, shows a way to realize seamless data transfer from a disposable sensor to another 570 
implantable device. While commercially available RF modules for implantable devices based on 571 
the heterodyne concept exist, the receiver mode is very power demanding26. With the presented 572 



   

solution, no active receiver in the neurostimulator is required; the circuit can be built to be 573 
completely passive. The main advantages of taking real-time patient data into account are to 574 
improve the efficacy of the therapy and significantly lower the power consumption. For example, 575 
in the case of GERD therapy, a pH sensor presented in the manuscript can be implanted above 576 
the lower esophageal sphincter after the implantation of the stimulator to automatically adapt 577 
the neurostimulation pattern to maximize the effect of the therapy while minimizing the power 578 
consumption. As the implantation of the sensor to the inner esophageal wall is prone to 579 
dislocation after several days, it makes more sense to design the sensor as a battery-powered 580 
one. Thanks to the higher volumetric energy density of primary batteries, the use of a primary 581 
power source is superior to a sensor that contains a wireless power receiving circuit, charging 582 
coil, and capacitor-based energy storage. The overall efficiency of the wireless charging is also 583 
heavily dependent on the spatial orientation of the coils, which would introduce yet another 584 
difficulty to the design. Wireless charging provides benefits to the permanently implanted 585 
microneurostimulators, i.e., to the submucosa14. The battery-powered pH sensor provides a 586 
possibility to optimize the energy consumption of such a microneurostimulator. Instead of 587 
permanent/regular neurostimulation of the sphincter, the pH sensor can show when the 588 
stimulation is needed (i.e., primarily at night and/or which hours of the day) and what power 589 
output is the lowest possible to achieve sufficient lower esophageal sphincter pressure. These 590 
closed-loop or quasi-closed-loop implantable systems can become a promising alternative to 591 
current traditional systems, offering smaller implantable devices with less-invasive implantation 592 
and improving the treatment’s efficacy. 593 
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pH value (cal. meter) [-] Pulse length [ms] Calc. volt. output [mV]

3.98 400 1200

10.01 710 1510

Calibration data

Table 1 Click here to access/download;Table;table1.xlsx
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Calibration data



pH value (cal. meter) [-] Calc. volt. output [mV] Estimated pH [-]

0.62 1010 0.28

3.98 1200 3.98

10.01 1490 9.62

0.62 1020 0.48

7.01 1350 6.90

3.98 1220 4.37

10.01 1480 9.43

3.98 1210 4.17

7.01 1350 6.90

Std. deviation of pH [-]

Mean error [-]

Measured data
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Error [abs. pH] Error [%]

-0.34 -54%

0.00 0%

-0.39 -4%

-0.14 -23%

-0.11 -2%

0.39 10%

-0.58 -6%

0.19 5%

-0.11 -2%

0.30

0.25

Measured data



pH value (cal. meter) [-] Calc. volt. output [mV] Estimated pH [-]

0.62 1010 0.28

3.98 1220 4.37

7.01 1340 6.70

10.01 1520 10.20

Std. deviation of pH [-]

Mean error [-]

Measured data
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Error [abs. pH] Error [%]

-0.34 -54%

0.39 10%

-0.31 -4%

0.19 2%

0.36

0.31

Measured data
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18th July 2021 

 

Dear Editor, 

 

On behalf of the author team, let me thank you and the reviewers for providing valuable 

feedback for our article. Please find our comments and corrective actions towards all comments 

and recommendations of you and the reviewers on the following pages of this letter. The 

questions / recommendations of the reviewers are underlined, while our answers are in plain 

text. We also enclose the modified manuscript with highlighted changes (by using the Track 

changes function of Microsoft Word) and modified figures + the Materials and equipment list. 

 

Thank you for considering our manuscript for publication in the Journal of Visualized 

Experiments. 

 

Yours sincerely, 

Marek Novák (also on behalf of the co-authors). 
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Editorial Changes 
 

Editor’s comment: 1. Please take this opportunity to thoroughly proofread the manuscript to 

ensure that there are no spelling or grammar issues. 

Our reply: The manuscript has been thoroughly read and mistakes caused by bad spelling or 

grammar were corrected. 

 

Editor’s comment: 2. Please provide an institutional email address for each author. 

Our reply: This was added to the manuscript. 

 

Editor’s comment: 3. Please define the abbreviations before use (ISFET, PCB, FEB, etc.) 

Our reply: This was edited, thank you for pointing it out. 

 

Editor’s comment: 4. JoVE cannot publish manuscripts containing commercial language. 

This includes trademark symbols (TM), registered symbols (®), and company names before an 

instrument or reagent. Please remove all commercial language from your manuscript and use 

generic terms instead. All commercial products should be sufficiently referenced in the Table 

of Materials. 

Our reply: We checked the manuscript and all commercial information should be strictly in 

the Table of Materials. 

 

Editor’s comment: 5. Please include an ethics statement before your numbered protocol steps, 

indicating that the protocol follows the animal care guidelines of your institution. 

Our reply: Our method does not involve living animals. The stomach and esophagus were 

purchased from a local butchery as their standard product. This procedure is in accordance with 

Czech laws and we prefer it because of the “3R” principle (Replacement, Reduction and 

Refinement). We find it unethical to use a dedicated experimental animal only for the purpose 

of organ harvesting when another legal method which saves the animal is available. 

 

Editor’s comment: 6. Please note that your protocol will be used to generate the script for the 

video and must contain everything that you would like shown in the video. Please add more 

details to your protocol steps. Please ensure you answer the “how” question, i.e., how is the 

step performed? Alternatively, add references to published material specifying how to perform 

the protocol action. Please add more specific details (e.g. button clicks for software actions, 

numerical values for settings, etc) to your protocol steps. There should be enough detail in each 

step to supplement the actions seen in the video so that viewers can easily replicate the protocol. 



Our reply: Changes to some steps (e.g. 2.5. and 3.6.s) were made to improve cohesion and 

provide more detailed information about the steps. We omitted the step 4.3. from the protocol 

as it is not directly related to the procedure, it only checks whether the step 4.2. was done 

correctly. 

 

Editor’s comment: 7. For time units, please use abbreviated forms for durations of less than 

one day when the unit is preceded by a numeral throughout the protocol. Do not abbreviate 

day, week, month, and year. Examples: 5 h, 10 min, 100 s, 8 days, 10 weeks  

Our reply: The manuscript was corrected. 

 

Editor’s comment: 8. For SI units, please use standard abbreviations when the unit is preceded 

by a numeral throughout the protocol. Abbreviate liters to L to avoid confusion. Examples: 10 

mL, 8 μL, 7 cm2 

Our reply: The manuscript was corrected. 

 

Editor’s comment: 9. Being a video-based journal, JoVE authors must be very specific when 

it comes to the humane treatment of animals. Regarding animal treatment in the protocol, 

please add the following information to the text: 

a) Please include an ethics statement before all of the numbered protocol steps indicating that 

the protocol follows the animal care guidelines of your institution. 

b) Please mention how animals are anesthetized and how proper anesthetization is confirmed. 

c) Please specify the use of vet ointment on eyes to prevent dryness while under anesthesia. 

d) For survival strategies, discuss post-surgical treatment of animal, including recovery 

conditions and treatment for post-surgical pain. 

e) Discuss maintenance of sterile conditions during survival surgery. 

f) Please specify that the animal is not left unattended until it has regained sufficient 

consciousness to maintain sternal recumbency. 

g) Please specify that the animal that has undergone surgery is not returned to the company of 

other animals until fully recovered. 

h) Please do not highlight any steps describing euthanasia. 

Our reply: This is not applicable – the method does not involve living animal experiments. 

 

Editor’s comment: 10. Please ensure that the highlighted steps form a cohesive narrative with 

a logical flow from one highlighted step to the next. Please highlight complete sentences (not 

parts of sentences). Please ensure that the highlighted part of the step includes at least one 

action that is written in the imperative tense. 



Our reply: We checked the steps and are of an impression that the protocol is following these 

instructions. We are, however, open to any recommendations from you side. 

Editor’s comment: 11. Please ensure that the Discussion explicitly covers the following with 

citations: 

a) Critical steps within the protocol 

b) Any modifications and troubleshooting of the technique 

c) Any limitations of the technique 

d) The significance with respect to existing methods 

e) Any future applications of the technique 

Our reply: The section was written to discuss all these topics. We are welcome to any further 

changes if these will be required. 

Editor’s comment: 12. Please consider combining some figures together to form a 

multipaneled single figure. Ensure to label the figures to make them more informative. 

Our reply: We agree, multiple figures were combined. 

 

Editor’s comment: 13. Please sort the Table of Materials in alphabetical order. 

Our reply: This was done – we created several “categories” of the material (according to the 

specific step they are connected to) and sorted them in alphabetical order. If requested, we can 

sort everything as a single table but we suggest keeping several sub-tables for clarity. 

  



Reviewer 1 
 

Reviewers’s summary: This manuscript describes the fabrication, bench, and ex vivo testing 

of an implantable wireless pH sensor and passive receiver. It is interesting and would have 

value for others working in the field of biomedical engineering. In general, the protocol steps 

are well written and clear, but there are some steps that are very superficially described, and 

some essential background information is not given. I was also surprised at the lack of 

schematics or description of the electronic design - this would probably be more valuable than 

the clinical background for a methods paper. Materials are well described, but the equipment 

used should be more detailed. The representative results were reasonable, and it was good to 

see both in vitro and ex vivo data reported. Calculation of sensor error was performed using an 

unusual method - taking only the standard deviation of the absolute errors. This will give a 

measure of dispersion of error, but not its magnitude. This should be changed to the mean error 

(with SD quoted alongside). In the discussion, it would be useful to describe in more detail 

how other receivers could be used to collect data from the device. This would make the paper 

more generalisable and useful, as the passive receiver described is quite specific to this 

application. The code accompanying the paper is well commented, and it would be easy to 

understand and adapt. 

Our reply: According to your summary, some of the steps which were described only briefly 

were expanded and the use of various instruments was described in more detail or the procedure 

was cited (e.g. step 2.8 and 2.9). The mean error was added alongside the standard deviation 

of absolute error to make the statistical analysis of the results clearer. Other types of receivers 

and specific settings which will lead to successful data reception are now discussed in the 

manuscript. The schematic diagram was embedded as a Supplementary material and the design 

of the circuit is now described in the Introduction. 

 

Reviewers’s comment: Abstract: Currently written in the style of “reporting research”, should 

be adapted to make clear it is describing a method. GERD should be defined. 

Our reply: The abstract was modified to better fit the nature of the article. 

 

Reviewers’s comment: Introduction: How does neurostimulation work? What is the principle-

of-operation of an ISFET, and why would it be chosen as a pH sensor for implantable devices? 

Which animal model have you chosen, and why is it a good model? 

Our reply: The introduction section was expanded with the citations of current literature in 

terms of neurostimulation treatment. The principle of operation of an ISFET sensor as well as 

its suitability for implantable devices was mentioned. The chosen animal model represents the 

anatomy of a human body in terms of size and structure. This was also mentioned in the 

Introduction. 

 

 



Reviewers’s comment: 1.3 Define FEP 

Our reply: Added to the manuscript. 

 

Reviewers’s comment: 1.8 How does black epoxy enable later inspection? Surely transparent 

epoxy would be better? 

Our reply: A thorough inspection of the PCB is done before encapsulation. The reason for 

inspection is to ensure that no metallic component or PCB is exposed to the environment, and 

everything is covered with epoxy. Thus, black or colored opaque epoxy provides a better way 

to inspect possible voids in the epoxy layer. We acknowledge the fact that the explanation was 

not clear enough so we decided to provide a more detailed explanation within the step. 

 

Reviewers’s comment: 2 + 3: Schematic diagrams should be included for the circuits 

Our reply: A schematic diagram for the electronics part (microcontroller + RF transmitter) 

was added as a Supplementary file (as it is not strictly required to reproduce the device as 

described in the procedure). As for the zero-bias Schottky receiver, the PCB was drawn directly 

without the schematic diagram. We think that due to a simple design (matching network, 2 

diodes, and output capacitor), the circuit can be very easily decoded by a reader with experience 

in electronics circuit design. 

 

Reviewers’s comment: 2.3 Include orientation of polarised components (e.g. the 

microcontroller) on the PCB for figure 3. 

Our reply: The pin 1 markings (previously grey) were changed to red color and the figure title 

was changed to make the orientation more clear. The crystal is not a polarised component. 

 

Reviewers’s comment: 2.4 Describe what equipment used to heat PCB, and timings. 

Our reply: The hot air gun model was added to the Materials section. The temperature profile 

which was used was added to the manuscript. 

 

Reviewers’s comment: 2.9 State which programmer used to programme microcontroller 

Our reply: Microchip PICkit 3 – it was added to the Material and equipment list. 

 

Reviewers’s comment: 2.10 What material is used for the antenna? 

Our reply: SWG38 copper wire with transparent enamel coating – the type was added to the 

Material and equipment list. 

 



Reviewers’s comment: 2.14 Make clear why a 24h delay is introduced. Can initial testing of 

the completed device be performed before encapsulation to check function? 

Our reply: The 24-hour delay is introduced for the epoxy to thoroughly cure (which takes at 

least several hours according to the epoxy datasheet) and for comfortable reproduction of the 

procedure. In our case, the lab for manufacturing the electronics is located far from the 

experimental endoscopic lab (around 180 km). Thus, the delay is needed for transportation of 

the finished pH sensors from one site to the other. Usually, the sensors were manufactured a 

day before the experimental implantation and one of the team members traveled with them in 

the evening before implantation. The delay can be altered in the source code very easily by 

modifying the delay. A short paragraph discussing this was added to the Discussion. 

Thank you for recommending providing a procedure to check the sensor before encapsulation. 

We created another firmware without the 24-hour delay and altered the manuscript accordingly. 

 

Reviewers’s comment: 2.16 How is the epoxy applied? 

Our reply: The same way as the pH sensor – syringe with a needle – the protocol was altered 

to provide this information to the reader. 

 

Reviewers’s comment: 2.18 Reference Fig 11 

Our reply: Thanks for spotting the mistake – added to the manuscript. 

 

Reviewers’s comment: 3.2 Are both Fig 12 + 13 necessary? Would one be enough? 

Our reply: The figures describe two different setups – one for matching and another for use 

as a receiver. Originally, we tried to make one picture (not multi paneled), however, there was 

too much text packed in a very small area which affected the conciseness of the figure. For this 

reason, we provided a multipanel figure (now Fig. 11) instead of two separate figures. 

 

Reviewers’s comment: 3.5 State which vector network analyser is used, and necessary 

specifications 

Our reply: Added to the Materials and equipment list. 

 

Reviewers’s comment: 3.6 Explain how the values of the matching components can be 

calculated 

Our reply: A freeware software from Iowa Hills software 

(http://www.iowahills.com/9SmithChartPage.html) was recommended in the protocol. In 

practice, the impedance matching components are rarely calculated by hand. 

 



Reviewers’s comment: 4.1 Change to Fig 16/17 

Our reply: Fixed, thank you. 

 

Reviewers’s comment: 4.2 State the source of the pH buffers 

Our reply: The buffers were prepared on-site according to standard laboratory procedures and 

subsequently verified with a laboratory pH meter. The type of the buffers was added to the 

step. 

 

Reviewers’s comment: 4.4 I can only see three pulses, not four? Amend Fig 16/17 screen 

capture to show more clearly which time is being measured. 

Our reply: Four pulses were used in the previous version of the firmware, the text was 

corrected. As for the amendment of Fig 16/17, the measured time is shown by on-screen cursors 

(two orange vertical dashed lines). Is it necessary to provide another visual clue for the reader? 

 

Reviewers’s comment: 5. Provide more detail on the ex vivo animal model - source, animal 

size/age, how dissection was performed. 

Our reply: No living animal model was used, a pig stomach with the esophagus (weight of 

animal of around 40-50 kg) was purchased from a local pig farm as it is a consistently offered 

item. The animal from which the stomach and esophagus were obtained was not dedicated for 

the experiment. The clarification was added to the Materials and equipment list. 

 

Reviewers’s comment: 5.2 Should be Figs 18-20 

Our reply: Fixed, thank you. 

 

Reviewers’s comment: 5.5 How is the sensor attached to the esophageal wall? 

Our reply: The description of the sensor implantation was clarified. 

 

Reviewers’s comment: 6.2 Describe in more detail how solutions were injected into the 

esophagus. What volume? How did you ensure the previous solution was removed? 

Our reply: This was clarified in the manuscript. A wash with 100 ml of DI water was 

introduced between injections. The volume of each solution was also added. 

 

Reviewers’s comment: Line 309: between the end of the second pulse and what? 

Our reply: Fixed, thank you – between the end of the second pulse and the beginning of the 

third pulse. 



 

Reviewers’s comment: Line 316: report the error mean ± SD, not just the SD of the errors 

Our reply: ± SD as well as the error mean was added. 

 

Reviewers’s comment: Line 328: Table 4 is not needed, a text description of the effect is 

sufficient 

Our reply: We agree, the table was removed. 

 

Reviewers’s comment: Discussion: Describe in more detail how other receivers could be used 

to measure the output from the implanted sensor. 

Our reply: The possible use of a spectrum analyzer or even a common heterodyne receiver 

was described in more detail, including the pros and cons. 

 

 

  



Reviewer #2: 
 

Reviewer’s comment: * Specify the advantage of this battery-powered pH sensor over 

wirelessly powered battery-less implantable pH sensor. 

Our reply: This topic was addressed in the discussion section.  

 

Reviewer’s comment:* The authors have shown the change in output due to mobile 

interference in 15 cm proximity. I suggest the authors show the effect of interference in further 

close proximity. 

Our reply: After submitting the paper for peer review, we spotted a fault in the used equipment 

– the antenna which is connected to the passive receiver was faulty (short-circuit at the 

connector). The output voltage of the passive receiver seemed quite low but we attributed this 

to the small size of the transmitting antenna and its proximity to metallic parts (mainly 

batteries). We replaced the antenna, did the measurements again and we got a much stronger 

response from the sensor. As a result, we revised this part of the manuscript. It was shown that 

the GSM signal injects strong peaks to the signal but due to chosen ASK modulation scheme 

of the sensor, these can be easily filtered out by rejecting the high-frequency component of the 

signal with a passive filter. 

 

Reviewer’s comment:* The authors have specified a limit of 10 cm proximity for the receiver 

from the sensor. I suggest the author show the variance in the output and the incurred error 

with the change in the proximity of the receiver from the implanted sensor. 

Our reply: The measurement on now Fig. 13 was re-done at 20 cm which is well beyond the 

range between the transmitter and receiver when using it as intended (communication between 

the pH sensor and an implantable neurostimulator, both in the proximity of a lower esophageal 

sphincter). During the GSM interference test, the distance was 10 cm. Rather than incurring 

errors to the transmitted data, the signal will be indistinguishable from the noise and 

surrounding RF transmitters. 

As the antennas are close to each other during all experiments, wireless communication 

happens in a near-field. Thus, equations and models which are usually used (i.e. free space path 

loss) do not work and even small variances in the angular position of the antennas and 

construction may lead to drastically different outcomes. Our opinion is that showing two 

distinct data points (10 cm and 20 cm) gives sufficient information about the expected 

performance. 

 

Reviewer’s comment:* The authors have used an AG1 battery. I suggest the authors to 

mention what kind of modifications are required to incorporate other types of batteries. 

Our reply: This was added to the discussion. Generally, silver oxide/alkaline/carbon-zinc 

batteries provide better performance and simplify the circuit than using primary lithium 



batteries or Li-Ion batteries. Small primary lithium batteries have high internal resistance which 

would cause significant voltage drops, potentially leading to the brown-out of the 

microcontroller and RF transmitter during normal operation. Lithium-ion batteries, on the other 

hand, are incompatible with 3.3 V microcontrollers (the operating voltage of Li-Ion batteries 

is around 3.0 V to 4.2 V), adding complexity to the circuitry (requirement of a regulator or 

DC/DC step-down converter). Two primary 1.5 V button cells are the best commonly found 

type of battery based on the availability, operating voltage, and internal resistance. 

 

Reviewer’s comment:* I request the authors to specify whether the used commercial ISFET 

pH sensor offers higher sensitivity compared to other sensors available. 

Our reply: The sensitivity of ISFET pH sensors (and pH sensors in general) usually follows 

the Nernst equation if the circuit is designed properly. In this system, the sensor exhibited 

almost ideal Nernst response of around -51.7 mV/pH (Nernst equation gives an ideal slope of 

-58 mV/pH for 25 °C). Thus, its sensitivity is almost on par with traditional glass electrodes 

and better than reported values for antimony pH sensors (-45 mV/pH [1]). 

[1] https://www.annalsthoracicsurgery.org/article/S0003-4975(10)60791-6/pdf  

 

Reviewer’s comment:* Demonstration of removal of faulty soldering and redoing the 

soldering would help the readers. 

Our reply: The assembly of the printed circuit board with miniature 0402 components and a 

small-pitch QFN package requires a certain level of skill and prior experience. All components 

are temperature and ESD sensitive, so we advise that the procedure of manufacturing of the 

ISFET pH sensor assembly and the electronics is performed only by a person with prior 

experience in the assembly of printed circuit boards. While a guide for de-soldering of the 

components and SMT rework could be helpful for some readers, creating a comprehensive and 

useful guide with visual demonstrations would most likely disrupt the cohesion of the 

article/method. However, if the request to provide a de-soldering guide persists, we will be glad 

to provide it to the article.  

 

Reviewer’s comment:* In 1.3, mention the model number for the open-short circuit tester. 

Our reply: It was added to the Material and equipment list. 

 

Reviewer’s comment:* In 1.4, mention whether the soldering needs to be dried before 

cleansing. If so, how much time for drying. 

Our reply: Sonication or chemical treatment of bare dies is generally not recommended as it 

can disrupt the rather delicate internal structure which, in the case of a pH sensor, is fully 

exposed to the environment. Thus, it is advisable to skip the cleaning process for the ISFET 

sensor. We have added this information to the protocol. 



Reviewer’s comment:* In 1.5, mention the ratio of flux remover and water mixture used and 

the optimum range of the ultrasound power. 

Our reply: The concentration of the flux remover solution and optimum range of ultrasound 

power was added to the manuscript. 

 

Reviewer’s comment:* In 1.11, specify the temperature is used by the authors in this method. 

Our reply: This was added to the manuscript. 

 

Reviewer’s comment:* In 2.9, I recommend the authors to show the steps in programming the 

PCB using a microcontroller. 

Our reply: Another article published in JoVE by us which describes this procedure in detail 

for the used PICkit 3 programmer was cited in the protocol. If a full explanation in the article 

is more suitable, we can add it based on the editor’s opinion. 

 

Reviewer’s comment:* In 2.17, specify a list of materials that can be used in the place of 

titanium and mention why titanium is used. 

Our reply: Step 2.17 was amended according to this comment. 

 

Reviewer’s comment:* In 4.1, I guess the output figure number is 16 and not 14. 

Our reply: Yes, this is a mistake on our side, it was pointed out by another reviewer, too. It 

was fixed, thank you. 

 

Reviewer’s comment:* In 4.3, specify the pH meter used for calibration in the beaker test. 

Our reply: The pH meter model was listed in the Material and equipment list. 

 

 

  



Reviewer #3: 
 

Reviewer’s comment: 1. The authors used several abbreviated terms. For example, GERD 

and ASK modulated wireless output. Please introduce the full term prior to the abbreviation. 

Our reply: Fixed, thank you for pointing this out. 

 

Reviewer’s comment: 2. The authors could consider giving a brief explanation in introduction 

section about the zero-bias Schottky diode-based receiver and ASK modulation. It will help 

readers from different fields to understand the principles and why specific wireless modulation 

module are chosen as a technical background. 

Our reply: The introduction was altered according to this recommendation, thank you very 

much for it. The receiver only detects received power (often abbreviated as “RSS” – received 

signal strength). Thus, ASK modulation is the only viable modulation scheme. To detect other 

types of modulations (namely FSK and PSK), an active receiver is required. 

 

Reviewer’s comment: 3. In the protocol section 1, the authors could used epoxy to seal the 

electronics part. I wonder about the biocompatibility and the acid tolerance of the specific type 

of the epoxy 

Our reply: For the initial experiments, we used automotive-grade epoxy because it was 

available at the time and was tested to successfully bond to FR-4 substrate in past. Depending 

on the nature of the experiment which will be done by the researcher, suitable epoxy (cost vs. 

performance) can be chosen. As we plan to proceed with experiments combining this sensor 

with a neurostimulator in a living animal, we conducted experiments with different epoxies 

during the peer-review of the article. Following this testing, we switched to Loctite Hysol EA 

M-31 CL medical-grade ISO 10993 compliant epoxy. The bond of the epoxy to FR-4 substrate 

was shown to be sufficient for encapsulation. The Materials and equipment list was altered 

accordingly as well as the discussion. 

To enhance the biocompatibility for long-term implantation, further coating with a 

biocompatible material (i.e. parylene or Teflon) can be done. A short mention of this was also 

included in the manuscript. However, we think that a detailed description of the design of a 

long-term implantable device from the point of biocompatibility is outside of the scope of the 

article, and present literature from the material science field documents this topic well. 



pH value [-] Pulse length [ms] Calc. volt. output [mV]

3.98 400 1200

10.01 710 1510

Pulse length [ms] Calc. volt. output [mV] Estimated pH [-]

210 1010 0.28

400 1200 3.98

690 1490 9.62

220 1020 0.48

550 1350 6.90

420 1220 4.37

680 1480 9.43

1) Input calibration data

Note: Input data only into green fields

2) Calculate pH based on the pulse length

Supplemental File 1:Spreadsheet for calibrating and processing of
the data from the sensor

Click here to access/download;Supplemental File (Figures,
Permissions, etc.);spreadsheet.xlsx

https://www.editorialmanager.com/jove/download.aspx?id=1353274&guid=a49054bb-ccd1-4cfd-aea2-c6dd80f788b6&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1353274&guid=a49054bb-ccd1-4cfd-aea2-c6dd80f788b6&scheme=1


1) Input calibration data

Note: Input data only into green fields

2) Calculate pH based on the pulse length



Supplemental File 7 - schematic.png Click here to access/download;Supplemental File (Figures, Permissions,
etc.);schematic.png

https://www.editorialmanager.com/jove/download.aspx?id=1353270&guid=6c7f1cd0-a07c-4771-bd0b-ca85918fd151&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1353270&guid=6c7f1cd0-a07c-4771-bd0b-ca85918fd151&scheme=1

