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 18 

ABSTRACT 19 

Background: One of the most prevalent causes of fetal hypoxia leading to stillbirth is placental 20 

insufficiency. Hemodynamic changes evaluated with Doppler ultrasound have been used as a 21 

surrogate marker of fetal hypoxia. However, Doppler evaluation cannot be performed 22 

continuously. As a first step, the present work aimed to evaluate the performance of miniaturized 23 
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electrochemical sensors in continuous monitoring of oxygen and pH changes in a model of acute 24 

hypoxia-acidosis. 25 

Methods: pH and oxygen electrochemical sensors were evaluated in a ventilatory hypoxia rabbit 26 

model. The ventilator hypoxia protocol included three differential phases: basal (100% FiO2), 27 

hypoxia-acidosis period (10% FiO2) and recovery (100% FiO2). Sensors were tested in blood 28 

tissue (ex vivo sensing) and in the muscular tissue (in vivo sensing). pH electrochemical and 29 

oxygen sensors were evaluated at the same day of insertion (short-term evaluation) and pH 30 

electrochemical sensors were also tested after 5 days of insertion (long-term evaluation). pH and 31 

oxygen sensing were registered during all the ventilatory hypoxia protocol (basal, hypoxia-32 

acidosis and recovery) and were compared with blood gas metabolites results from carotid artery 33 

catheterization (EPOC® blood analyzer). Finally, histological assessment was performed on the 34 

site of the sensor’s insertion. One-way ANOVA was used for the analysis of the evolution of 35 

acid-based metabolites and electrochemical sensor signaling results; T-test was used for pre and 36 

post calibration analyses; and chi-square analyses for categorical variables.    37 

Results: At the short-term evaluation, both pH and oxygen electrochemical sensors distinguished 38 

the basal and hypoxia-acidosis periods in the in vivo and ex vivo sensing. However, only the ex 39 

vivo sensing detected recovery period. At the long-term evaluation, pH electromechanical sensor 40 

signal seemed to lose sensibility. Finally, histological assessment revealed no signs of alteration 41 

at the same day of evaluation (short-term), whereas at the long-term evaluation sub-acute 42 

inflammatory reaction adjacent to the site of the implantation was detected.  43 

Conclusions: The use of miniaturized electrochemical sensors open a new generation of tools 44 

for continuous monitoring of hypoxia-acidosis, especially indicated in high risk pregnancies. 45 
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Further studies including more tissue-compatible material would be required in order to improve 46 

the long-term electromechanical sensing.  47 

Keywords: Acute hypoxia-acidosis, continuous monitoring of acid-base status, high risk 48 

pregnancies, electrochemical sensors.  49 

 50 

BACKGROUND 51 

Hypoxia during prenatal period has been related with perinatal morbidity and mortality 52 

[1]. Several conditions have been associated with fetal hypoxia, being placental insufficiency one 53 

of the most prevalent causes. Placental insufficiency causes inadequate supply of oxygen to the 54 

fetus and depending on the degree of insufficiency, the severity of fetal hypoxia and its 55 

consequences may differ. Whereas acute and severe episodes of hypoxia have been related with 56 

intrauterine death, periods of moderate hypoxia that persist during time may also have 57 

deleterious consequences in the fetal growth and development [2]. Both prenatal acute and 58 

chronic hypoxia induce fetal anabolic metabolism followed by fetal hypoxemia and acidosis 59 

[3,4]. Fetal hemodynamics tries to compensate this situation by redistributing the blood flow to 60 

vital organs such as cerebrum and myocardium [5,6]. Doppler ultrasound evaluation could 61 

identify these hemodynamical changes [7] and also have been described to be an useful tool for 62 

fetal monitoring as it has been correlated with the blood gas results [8]. 63 

As there is no effective intrauterine treatment able to overcome fetal hypoxia-acidosis so 64 

far, Doppler monitoring would allow us to plan elective termination of the pregnancy when the 65 

risk of intrauterine death outweighs the risk of prematurity [9]. However, one of the major 66 

limitations of Doppler ultrasound evaluation is that it could not be performed continuously. The 67 

development of a medical device able to detect the fetal hypoxia-acidosis status in a precise and 68 
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continuous manner would give a big step forward in the clinical managing of this population. 69 

Going in this line, previous evidences have demonstrated the feasibility of sensors devices 70 

inserted in different tissues, including vascular system [10–13], brain [14–17], gastric system 71 

[18], subcutaneous or intramuscular [19–22], to monitor and detect acid-base status. However, 72 

most of these sensors are not designed to be used in fetuses during intrauterine period. Rivas et 73 

al. have recently developed a miniaturized electrochemical sensor to be inserted at the fetal 74 

intramuscular compartment that has demonstrated a good accuracy in detecting hypoxia and 75 

acidosis in in vitro, ex vivo and in vivo models [23].  76 

In this study, as a first step we tested the hypothesis that previously developed 77 

miniaturized electrochemical sensors [23] could detect and monitor oxygen and pH changes 78 

continuously in a model of acute hypoxia-acidosis. If favorable results are obtained, next step 79 

will be to evaluate the performance of these electrochemical sensors on fetal tissue. We 80 

evaluated and compared the performance of electrochemical sensor inserted intramuscularly (in 81 

vivo sensing) or immersed in blood (ex vivo sensing). Finally, in a subgroup of animals, the pH 82 

electrochemical sensors signal was recorded at five days of the insertion (day 5). Histological 83 

analysis of the tissue around the electrochemical sensors was collected and examined in order to 84 

evaluate tissue biocompatibility. 85 

 86 

METHODS 87 

Animals: ethics, housing and preparation 88 

Animal handling and all experimental procedures were performed in accordance with 89 

applicable regulation and guidelines and with the approval of the Animal Experimental Ethics 90 
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Committee of the Universitat de Barcelona (ref 236/16 and the competent authority Generalitat 91 

de Catalunya (ref 9349). 92 

A total of 27 New Zealand White male (2.5-3kg body weight) were included in this 93 

study. 19 out of 27 animals were included in the short-term electrochemical sensors’ evaluation 94 

(day 0) and the remaining 8 were used for the long-term (day 5) evaluation. Animals were 95 

acclimated for five days before surgery and individually caged (dimensions 70x75x40cm) with 96 

visual, auditory and olfactory contact allowed among different individuals. Housing was 97 

performed under conventional conditions in an environmentally controlled room (temperature: 98 

16.9-23°C; humidity: 35-85%; photoperiod: 12:12-h light-dark cycle). Animals had free access 99 

to tap water, standard commercial pelleted diet (2030 Teklad Global diet, Envigo) and hay. 100 

Miniaturized electrochemical sensors: pH and pO2 101 

Electrochemical sensors were designed as previously described (Lourdes Rivas 2019). 102 

Briefly, the oxygen electrochemical sensor consisted in three electrodes with 15 cm in length. 103 

One of the electrodes was a bare platinum wire used as a counter (CE), another one was a 104 

modified silver wire (Ag/AgCl) used as pseudo reference (PRE), and the last one was a 105 

membrane-modified platinum wire with Nafion used as a working electrode (WE). All three 106 

electrodes were assembled within a 5-7 mm piece of polyether ether ketone (PEEK) tubing and 107 

the final diameter was 500 µm. Oxygen electrochemical sensors were pre-calibrated in PBS 108 

buffer by using different oxygen concentrations (pre-calibration analyses). The electrochemical 109 

measurements were performed using a multipotentiostat from PalmSens (Germany) and the 110 

sensor signal was detected by electric current (amperometry, nA).A total of 18 oxygen 111 

electrochemical sensors were used for this study: 6 of them were evaluated in the ex vivo setting, 112 

and the rest 12 sensors were evaluated in vivo at the short-term period. 113 
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The pH electrochemical sensor consisted in two electrodes with 15 cm in length, a PRE 114 

and a WE. The PRE electrode was a modified silver wire (Ag/AgCl) and the WE electrode was a 115 

membrane-modified platinum wire with a polypyrrole film performed by electropolymerisation 116 

process. Both electrodes were also assembled within a 5-7 mm piece of polyether ether ketone 117 

(PEEK) tubing achieving the final diameter of 500 µm and preconditioned in 0.1M HCl 118 

solution for 48 hours prior to use. pH electrochemical sensors were pre-calibrated with standard 119 

commercial solutions from 4.006 to 7.413 (pre-calibration analyses). Similarly, to the oxygen 120 

sensors, the electrochemical measurements were performed using a multipotentiostat, however, 121 

in this case the sensor signal was detected by electric potential (voltage, mV). A total of 29 pH 122 

electrochemical sensors were used for this study: 3 of them were evaluated in the ex vivo setting, 123 

10 were evaluated in vivo at the short-term period, and the rest 9 sensors were evaluated in vivo 124 

at the long-term period. 125 

Short-term evaluation 126 

General anesthesia 127 

Ketamine and xylazine (35mg/kg and 5mg/kg respectively, SC) were first administrated 128 

and followed by general anesthesia with isofluorane (2%) in oxygen (100%, 2 l/min) by using a 129 

face mask. A peripheral ear venous catheter was placed and body core temperature was 130 

maintained with an electric pad. Heart and respiratory rate, oxygen saturation, body core 131 

temperature and reflexes were monitored and recorded during the whole experiment.  132 

Electrochemical sensors implantation 133 

- Sensors implantation for in vivo evaluation:  134 

A skin incision around 3cm long at the level of the right femoral quadriceps muscle was 135 

performed. After exposing the muscle, 1-2 electrochemical sensors per rabbit were implanted 136 



Page 7 of 30 
 

through a 2-3mm muscle incision and secured to the muscle using simple knots (silk, 3/0). Skin 137 

was closed using a running suture (silk, 3/0). The 15 cm-long electrodes attached to each 138 

electrochemical sensor were allowed to be externalized through the skin incision and connected 139 

to a portable electrochemical device for continuous monitoring. 140 

- Sensors implantation for the ex vivo evaluation:  141 

During the ventilatory hypoxia induction protocol (see below), an additional 0.2ml blood 142 

sample in each interval was collected for the ex vivo analyses. For that purpose, electrochemical 143 

sensors (pO2 and pH) were immersed in the blood collected in the different time points and 144 

sensor signals were recorded.  145 

Ventilatory hypoxia induction protocol and monitoring 146 

Ventilatory hypoxia was started immediately after the muscle electrochemical sensors 147 

insertion and under the general anesthesia explained previously. Neck region was shaved and a 148 

midline incision in the ventral cervical area was performed. Trachea was then carefully dissected 149 

and exposed. A 3-4mm tracheostomy was performed and a 3.0-endotracheal tube was inserted. 150 

Ventilatory hypoxia-acidosis was induced by using a mechanical ventilator (SAR-1000 ventilator 151 

and CTP-VA-3 valve assembly from CWE, Inc.). Mechanical ventilation parameters were 152 

changed depending on the phase of the experiment (Basal registration, Hypoxia-acidosis 153 

induction, Recovery). Rocuronium bromide (0.6mg/kg, IV) was administered when needed. 154 

Carotid artery was also carefully exposed through the same ventral cervical incision and 155 

cannulated with a 22G-IV for serial blood sampling.   156 

During the basal registration (first 15 minutes), respiratory ventilatory parameters were 157 

set at 20 breaths per minute, 1:2 inspiration/expiration (I/E) ratio and 2L/min-inhalatory flux 158 

with 100% of oxygen. During this period, two blood samples (0.2ml) obtained in 15 minutes 159 
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interval were obtained from carotid artery for acid-based metabolites evaluation (pO2, pH, 160 

bicarbonate, potassium and lactate) by using the EPOC® blood analysis (EPOC reader and 161 

EPOC BEGM test card, Alere/Siemens healthcare, Barcelona). Changes in the Amperometric or 162 

potentiometric signals obtained from oxygen and pH sensors, respectively, inserted in the 163 

muscular tissue or immersed in the blood collected were continuously recorded and compared 164 

with the acid-based metabolites results (in vivo sensing and ex vivo sensing).  165 

After 15 minutes of basal registration, acute hypoxia-acidosis was performed during 75 166 

minutes by reducing the respiratory rate, the liters per minute and the fraction of inspired oxygen 167 

(FiO2). Respiratory ventilatory parameters in this phase were set at 10 breaths per minute, 1:2 168 

inspiration/expiration (I/E) ratio and 1L/min-inhalatory flux with 10% Oxygen and 90% 169 

Nitrogen. Similarly, to the previous period, blood sampling was performed every 10-15 minutes 170 

for acid-based metabolites evaluation. The acid-based metabolites results were then compared 171 

with the readings of intramuscular or blood inserted sensors (in vivo sensing or ex vivo sensing). 172 

Finally, recovery period was performed during 30 minutes. The ventilatory parameters of 173 

these animals were as in the basal period. Blood sampling and sensors readings were also 174 

performed as previously explained. 175 

Long-term evaluation  176 

Anesthesia, sensors implantation and ventilatory hypoxia protocol  177 

General anesthesia and electrochemical sensors implantation for in vivo evaluation was 178 

performed as short-term evaluation protocol. However, in these animals, the 15 cm-long cables 179 

attached to each electrochemical sensor were kept in the subcutaneous tissue (between muscle 180 

and skin) to prevent animal from chewing. Skin was then closed using an intradermal running 181 

suture (Vicryl, 3/0) and antibiotic prophylaxis (penicillin G, 300,000 IU) was administrated. 182 
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General anesthesia was stopped and animals were kept under a warming blanket until they 183 

awoke. Animal welfare and integrity of the surgical wound were evaluated during the 184 

postoperative period. Animals received buprenorphine (0.04mg/kg, SC, q12h) and meloxicam 185 

(0.3mg/kg, SC, q24h) as a postoperative analgesia for 3 days. The ventilatory hypoxia induction 186 

protocol was performed five days after the insertion of the sensors (day 5) as explained on the 187 

short-term evaluation. 188 

Post-calibration of the electrochemical sensors at the long-term 189 

In order to further evaluate sensors viability after 5 days of tissue insertion, in vitro 190 

functionality was re-tested after finalizing the ventilatory hypoxia protocol (post-calibration 191 

analyses). For that purpose, 2 of the total pH electrochemical sensors, selected at random, were 192 

removed and immersed in standard commercial solutions with pH from 4.006 to 7.413. The 193 

signal of each electrochemical sensor was recorded and compared with those signals obtained 194 

before tissue insertion (pre-calibration analyses). 195 

Sampling and histological analyses 196 

After finalizing the ventilatory hypoxia induction protocol, animals were sacrificed with 197 

pentobarbital (200 mg/kg, IV) and muscular tissue surrounding the insertion area of the sensors 198 

was carefully excided, fixed for one week by immersion in 10% buffered formalin and 199 

embedded in paraffin for further histological analyses. Histological analyses were performed in 7 200 

samples obtained at the same day of insertion (short-term evaluation) and 8 samples were 201 

obtained 5 days after insertion (long-term evaluation). 202 

 Paraffin blocks were serially cut in 5μm thick transverse sections with a microtome and 203 

standard Hematoxylin/Eosin (Mayer’s Hematoyxlin, ref 51275Sigma; Eosin, ref1.15935.0100, 204 

Merk) and masson trichrome staining (ref HT15-1KT, Sigma) were performed. One 205 
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representative section from each sample was examined under optic microscope (Leica 206 

microsystem CH-9435, type: DFC425C). Tissue integrity and cell infiltration were analyzed with 207 

the hematoxylin eosin staining, whereas masson trichome staining was used for the evaluation of 208 

fibrotic reaction.  209 

Electrochemical sensors implantation and animal instrumentation are represented in Fig. 1. 210 

 211 

Fig. 1. (a) Illustrative images of the electrochemical sensors insertion. (b) Illustrative images of 212 

the tracheostomy and the carotid artery catheterization.  213 

Statistical analysis 214 

Data were expressed as mean and standard error of the mean (SEM). A one-way 215 

ANOVA analysis with a Dunnett’s post-test was used for the analysis of the evolution of acid-216 

based metabolites results and electrochemical sensor signaling parameters during the ventilatory 217 

hypoxia model. T-test was used for pre and post calibration analyses and chi-square analyses for 218 

categorical variables. A p-value <0.05 was considered statistically significant. All statistical 219 

analysis was performed using GraphPad prism 6.0 software. 220 

 221 
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RESULTS  222 

Acid-based metabolites results 223 

Six out of the 27 animals included in the study were discarded (4 animals from the short-224 

term evaluation and 2 animals from the long-term evaluation) leaving a final sample size of 19. 225 

Reasons for excluding them included failure to induce hypoxia-acidosis during the ventilatory 226 

hypoxia protocol (n=4), pre-existing acidosis during the basal period (n=1) and pre-surgical 227 

death (n=1). 228 

A description of the metabolite acid-base status results obtained by EPOC® during the 229 

different phases of the study is here detailed in Fig. 2. Briefly, during the basal period, 230 

metabolites were within normal range of normoxia. As expected, during the hypoxia-acidosis 231 

period, a significant decrease in pO2, pH and bicarbonate and a significant increase in lactate and 232 

potassium concentration in comparison to basal period were observed. pO2 decrease was the 233 

quickest, reaching its lowest value after 2.38 minutes, and presented a more pronounced changes 234 

in comparison to the rest of the metabolites that presented a more progressive and less marked 235 

changes. Finally, in the recovery phase, pO2 was the only metabolite that reached similar levels 236 

to those reported in the basal period.  237 
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 238 

Fig. 2. Evolution of arterial acid-based metabolites during the hypoxia induction protocol (basal, 239 

hypoxia-acidosis and recovery periods): Partial pressure of Oxygen (pO2) (a), pH (b), lactate (c), 240 

bicarbonate (HCO3-) (d) and potassium (K+) (e) concentration.  Data are expressed as Mean ± 241 

SEM. Statistical significance was declared when *p < 0.05, **p < 0.01, ***p <0.001 and ****p 242 

< 0.0001 between basal and each time. N= 21 animals. 243 
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Electrochemical sensors at the short-term evaluation  244 

Oxygen electrochemical sensors: ex vivo and in vivo sensing 245 

A total of 6 animals were included. For the ex vivo evaluation, 1 oxygen electrochemical 246 

sensor per animal were tested and in all of them electrochemical sensor signal was obtained 247 

(100% of functional success rate). For the in vivo evaluation, 2 oxygen electrochemical sensors 248 

per animal were implanted intramuscularly and functionally tested. 6 out of these 12 sensors did 249 

not detect any signal during the whole experiment, therefore, functional success rate was 50%. 250 

Fig. 3 depicts signal changes detected by the ex vivo and in vivo sensors during the 251 

different phases of the study. Overall, the basal signal of the electrochemical sensors differed 252 

between ex vivo and in vivo. The electric current in the ex vivo oxygen sensing was between 100 253 

to -400nA, however this signal was lower in the in vivo sensing (-400 to -1400nA). In the 254 

hypoxia period, the electrochemical sensors detected the marked decline of the pO2 levels, 255 

although the intensity of the current signal differed depending on the tissue. Between times 15 256 

and 90, there was a significant decrease of the pO2 (91.4% of decrease) in both evaluations (in 257 

vivo and ex vivo). Coinciding with this pO2 decrease, both sensors presented a significant 258 

increase of the electrochemical signal, although this increase was higher in the ex vivo sensing in 259 

comparison to the in vivo (94.38% vs 26.3%, p<0.01).  In the recovery period, only the electric 260 

signal from the ex vivo evaluation returned to similar values detected during the basal period.  261 
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 262 

 Fig. 3. Evolution of partial pressure of oxygen (pO2) (measured by arterial gasometry) and 263 

electric current (nA) (measured by oxygen electrochemical sensors) in ex vivo (a) and in vivo (b) 264 

models during the ventilatory hypoxia induction protocol.  Data are expressed as Mean ± SEM.  265 

N= 6 animals, 6 electrochemical sensors tested ex vivo and 6 electrochemical sensors tested in 266 

vivo. 267 

pH electrochemical sensors: ex vivo and in vivo sensing 268 

A total of 9 animals were included. We only tested 3 pH electrochemical sensors in 3 269 

different animals with a 100% of functional success rate. For the in vivo evaluation, 1-2 270 
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electrochemical sensors per animal were implanted intramuscularly and functionally tested.  3 271 

electrochemical sensors did not detect any signal during the whole experiment. Therefore, the 272 

rate of functional success was 70% for the in vivo pH sensing. 273 

A description of the signal detected by the ex vivo and in vivo sensing during the 274 

different phases of the study is detailed in Fig. 4. Briefly, the basal signal of the electrochemical 275 

sensors differed between ex vivo and in vivo. Basal electric potential in the ex vivo pH sensing 276 

was between 80 to 20mV, however the signal was higher in the in vivo evaluation (900 to 277 

650mV). In the hypoxia period both signals (ex vivo and in vivo) detected the progressive 278 

decline of pH, although the intensity of the current electrochemical signal differed depending on 279 

the tissue. Between times 15 and 90 minutes, coinciding with the pH decrease, both sensors 280 

presented an increase of the electrochemical signal, although this increase was higher in the ex 281 

vivo sensor in comparison to the in vivo (39.3% vs 4.2%, p<0.01). In the recovery period, only 282 

the electric signal from the ex vivo evaluation seemed to detect the pH changes.  283 
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 284 

Fig. 4. Evolution of pH (measured by arterial gasometry) and electric potential (mV) (measured 285 

by pH electrochemical sensors) in ex vivo (A) and in vivo (B) models during the ventilatory 286 

hypoxia induction protocol.  Data are expressed as Mean ± SEM. N= 9 animals, 3 287 

electrochemical sensors tested ex vivo and 7 electrochemical sensors tested in vivo. 288 

pH electrochemical sensors at the long-term evaluation 289 

A total of 6 animals were included for pH sensing at the long-term period. 9 pH 290 

electrochemical sensors (1-2 electrochemical sensors per animal) were implanted 291 

intramuscularly and functionally tested at day 5. One electrochemical sensor was excluded due to 292 

technical problems with the computer. Within the remaining 8 implanted sensors, 1 out of the 8 293 

did not detect any signal during the whole experiment. Therefore, the rate of functional success 294 

was 87.5%. 295 
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A description of the signal detected by the ex vivo and in vivo sensing during the 296 

different phases of the study is detailed in Fig. 5a. Overall, at the long-term evaluation, 297 

gasometry analysis showed similar pattern of pH changes as those reported at the short-term 298 

evaluation in the three phases of the ventilatory hypoxia induction protocol. Basal electric 299 

potential registered by the electrochemical sensor was different between day 0 (900 to 650 mV) 300 

and day 5 (600 to -200 mV). During the hypoxia-acidosis period, coinciding with the pH 301 

decrease (times 15 to 90 minutes), sensor signal increased 21% in the in vivo sensing, which is 302 

higher in comparison to the increase observed at the short-term evaluation (21% vs 5.6%, 303 

p<0.001).  Although this increase is more marked, the electric signal increased after 30 minutes 304 

of hypoxia-acidosis, whereas at the short-term the current signal increase was at the same 305 

moment of pH changes. At the recovery phase, there was a significant decrease in the electrical 306 

signal, although the pH did not return to the basal values (Fig. 5a). 307 

Post-calibration of the electrochemical sensors at the long-term 308 

The signal of the pH electrochemical sensors obtained in the post-calibration phase was 309 

significantly lower in comparison with the pre-calibration analyses when the sensor was 310 

immersed in standard commercial solutions at pH 4.006. However, the signal remained stable 311 

between pre-calibration and post-calibration when the sensors were immersed in standard 312 

commercial solutions at pH 7.413 (Fig. 5b). 313 

All raw data obtained from the different experiments (acid-based metabolites, readings of the 314 

electrochemical sensors at short- and long-term evaluations) are detailed in Additional file 1: 315 

Tables S1-S11.   316 
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 317 

Fig. 5. (a). Evolution of pH (measured by arterial gasometry) and electric potential (mV) 318 

(measured by pH electrochemical sensors) in in vivo model during the ventilatory hypoxia 319 

induction. (b) Pre and post-calibration of the sensors in PBS buffer with pH of 4.006 and 7.413. 320 

Data are expressed as Mean ± SEM. N= 6 animals, 7 electrochemical sensors tested in vivo and 321 

2 electrochemical sensors for post-calibration analyses. 322 

Histology 323 

Samples collected the same day of insertion (day 0) showed no signs of alteration around 324 

the site of implantation. Normal muscular parenchyma without inflammatory reaction neither 325 

deposition of collagen fibers was observed. In contrast, samples collected 5 days after insertion 326 

showed a sub-acute inflammatory reaction adjacent to the site of the implantation characterized 327 
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by infiltration of neutrophils, monocytes, macrophage, lymphocytes and multinucleated giant 328 

cells. Moreover, trichomic masson staining detected a mild deposition of collagen fibers (Fig. 6). 329 

 330 

Fig. 6. Representative images of hematoxylin/eosin (a,c) and Masson trichrome staining (b,d) of 331 

sites of implantation of sensors collected at the same day of insertion (a,b) and 5 days after (c,d). 332 

(a) Normal muscular parenchyma delimitating the area of implantation without any 333 

inflammatory reaction at 5x; (b) Normal muscular parenchyma delimitating the area of 334 

implantation without any deposit of collagen fibers at 20x; (c) Muscular parenchyma 335 

delimitating the area of implantation with sub-acute inflammatory reaction at 5x; (d) Muscular 336 

parenchyma delimitating the area of implantation with deposit of collagen fibers at 20x. 337 

Inflammatory cells identification: Neutrophils: granulate cytoplasm; Monocytes: nucleus with 338 

kidney shaped with foamy cytoplasm; Lymphocytes: dark nucleus with a small basophilic 339 

cytoplasm; giant multinucleated cells; large cells with multiple nucleus. Deposit of collagen 340 

observed as fibers stained with aniline blue.  341 
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 342 

DISCUSSION  343 

In this study, we report for the first time the performance of miniaturized electrochemical 344 

sensors to early detect oxygen and pH changes and monitor these changes continuously in a 345 

model of ventilator hypoxia-acidosis. Overall, the electrochemical sensors used were able to 346 

detect changes in oxygen and pH when acute hypoxia-acidosis was induced at the same day of 347 

the electrochemical sensors’ insertion and especially in the blood sensing (ex vivo). At the long-348 

term period, we observed a higher latency between gasometry changes and the electrochemical 349 

signal registered by the pH sensors. 350 

Ventilatory hypoxia induction protocol: Acid-based metabolites results 351 

Different hypoxia-acidosis induction protocols in rabbits have been described, including 352 

either metabolic [24,25] or respiratory [11,26,27] induction protocols. Following previous 353 

literature, hypoxia-acidosis was successfully achieved combining a reduction of the fraction of 354 

inspired oxygen [14,27], breaths per minute [24] and also the inhalatory flux.  355 

The acid-base metabolites changes observed in the ventilatory hypoxia induction protocol 356 

used were as expected. The oxygen was the metabolite with the quickest and more marked 357 

changes observed, followed by the pH. Changes in the rest of the parameters (bicarbonate, 358 

potassium and lactate) were more gradual and they did not return to the basal values at the 359 

recovery period. Changes in these last metabolites come from the cellular metabolism in 360 

response to the decrease in oxygen levels in blood. This response includes several changes at 361 

cellular level making it a slower and more gradual response in comparison to oxygen changes 362 

[28,29]. The slower and gradual response could be also detected in the recovery period where 363 

after 30 minutes breathing of 100% oxygen air, these metabolites didn’t return to the basal 364 
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values. Longer periods of recovery might be necessary to allow these metabolites to reach their 365 

basal values.   366 

The selection of oxygen and pH metabolites for the electrochemical sensor monitoring 367 

were done considering the dynamicity of the changes reported in the gasometry analyses and also 368 

taking the consideration that both metabolites are considered to be hallmarks for the evaluation 369 

of hypoxic-acidotic status.  Oxygen was the quickest metabolite reflecting earlier changes in the 370 

acid-bases status, whereas pH gives us information regarding the severity of hypoxia [30]. 371 

Electrochemical sensors at short-term evaluation  372 

We have demonstrated that electrochemical sensors were able to detect oxygen and pH 373 

fluctuations, but with differences in the success rate. Oxygen sensor showed a 100% at the ex 374 

vivo sensing, although only half of the electrochemical sensors inserted in the muscular tissue 375 

were able to detect signal. In the same line, 100% functional success was detected in the pH ex 376 

vivo testing and this percentage dropped to 70% in the short-term in vivo sensing. Success rate 377 

differences between ex vivo and in vivo sensing could be secondary to the manipulation required 378 

for the vivo insertion of the sensors. Insertion procedure could alter the sensor surface 379 

functionalization with the subsequent interference in the sensitivity of these sensors. 380 

We also found differences in the basal signal of the electric current and electric potential 381 

between ex vivo and in vivo. The different behavior could be explained by differences in oxygen 382 

and protons diffusivity depending on the tissue surrounding the electrochemical sensor. It is 383 

known that blood and muscle present different electrolyte composition [31] and depending on 384 

that, different electroactive species could also bind to the electrochemical sensor membrane 385 

interfering the final signal [23]. 386 

Regarding the electrochemical signal changes during the hypoxia-acidosis induction 387 
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protocol, the performance is better in the ex vivo evaluations in comparison to the in vivo. 388 

Electrochemical sensors detected the marked oxygen and pH decrease in both ex vivo and in 389 

vivo, although the percentage of change in the sensor signal was higher when the sensor was 390 

immersed in the blood (ex vivo) in comparison to the registered signal obtained in the muscle 391 

sensors (in vivo). In the recovery period, only the ex vivo electrochemical sensor was able to 392 

detect the changes in the oxygen and pH. Differences in the electrochemical signal obtained in 393 

the ex vivo or in the vivo sensing could be explained again for differences in oxygen and pH 394 

diffusivity across tissues. Solid tissues like muscle present lower diffusivity of oxygen and pH in 395 

comparison to the vascular system which is in constant flow and renovation [32].  396 

Finally, when we compared the performance of the oxygen and the pH electrochemical 397 

sensors, we observed higher detectability of the oxygen sensor in both evaluations, in vivo and 398 

ex vivo. The fact that the pO2 levels can change quicker and more pronounce than the pH levels 399 

could explain the better efficiency of the sensor in the detection of the oxygen fluctuations.  400 

Readings of the pH electrochemical sensor at the long-term evaluation  401 

In comparison to the short-term evaluation, different performance of the electrochemical 402 

sensor could be observed at the long-term evaluation. First of all, the levels of the electric current 403 

in the basal period were different between both moments. Secondly, at the hypoxia period, 404 

although the percentage of change in the registered electrochemical signal seemed to be higher at 405 

the long-term period in comparison to short-term (20.99% vs 5.61%), the sensor signal of the 406 

long-term evaluation was delayed since it started to increase after 30 minutes of hypoxia. Finally, 407 

regarding the signal of the electrochemical sensors in the post-calibration, the electrochemical 408 

sensor loss signal (mV) at lower pH (4.006) after being inserted for 5 days. These differences in 409 

electric current, the delay in the electrochemical signal increase and the loss of sensibility in the 410 
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post-calibration analyses could be explained due to changes in the tissue surrounding. 411 

Histological examination at day 0 demonstrated normal muscular parenchyma without any 412 

inflammation reaction neither deposits of collagen fibers, whereas at long-term period a sub-413 

acute inflammatory reaction adjacent to the site of the implantation with inflammatory cells and 414 

deposit of collagen fibers was observed, similar to what has been previously observed with 415 

medical devices, prosthesis or biomaterials [33]. The inflammation and collagen deposition may 416 

difficult the protons diffusion through the permeable membrane and thereby may increase the 417 

latency of the electrochemical sensors in detecting the pH changes.  418 

Strengths and limitations 419 

In this study we have demonstrated that miniaturized electrochemical sensors (diameter 420 

of500 µm) could detect oxygen and pH changes and monitor these changes continuously. 421 

Although different sensors have been already tested in vivo to detect hypoxia and acidosis 422 

[11,20,22], most of them are invasive or not compatible to be inserted for long periods of time in 423 

fetal tissue without compromising fetal wellbeing.  424 

This study has also some limitations. First of all, the long-term functionality of the 425 

sensors should be improved. Experiments in pH electrochemical sensors demonstrated several 426 

difficulties that should be overcome by reducing inflammatory reaction. These problems with 427 

electrochemical signal after 5 days of implantation might be improved with the use of more 428 

biocompatible material limiting the inflammatory reaction and collagen deposition. Secondly, the 429 

functionality of these electrochemical sensors in fetal tissue has not been evaluated in this study 430 

due to the small size of rabbit fetuses. We do not expect changes in functionality related with 431 

implantation in fetal tissue, in any case further studies with bigger animal models (i.e. fetal lamb) 432 

are warranted. Finally, it should be considered that all comparisons in the in vivo evaluations 433 
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have been performed between skeletal muscle (where the electrochemical sensors were 434 

implanted) and blood (using the EPOC® blood analysis), since there is not a gold standard able 435 

to assess the acid-based metabolites in the skeletal muscle.  436 

 437 

CONCLUSIONS 438 

In summary, this study provides experimental evidence that acute hypoxia-acidosis could 439 

be continuously monitored with miniaturized electrochemical sensors able to detect changes in 440 

oxygen and pH in the muscular tissue. Further research would be focused in testing these 441 

miniaturized sensors in fetal tissue and use different materials in order to improve oxygen and 442 

pH changes during longer periods of time. Continuous monitoring of fetal acid-bases status 443 

would allow us close fetal surveillance of the fetal wellbeing and also the establishment of 444 

clinical interventions aiming to decrease perinatal morbidity-mortality. 445 

 446 
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Figures

Figure 1

(a) Illustrative images of the electrochemical sensors insertion. (b) Illustrative images of the
tracheostomy and the carotid artery catheterization.



Figure 2

Evolution of arterial acid-based metabolites during the hypoxia induction protocol (basal, hypoxia-
acidosis and recovery periods): Partial pressure of Oxygen (pO2) (a), pH (b), lactate (c), bicarbonate
(HCO3-) (d) and potassium (K+) (e) concentration. Data are expressed as Mean ± SEM. Statistical
signi�cance was declared when *p < 0.05, **p < 0.01, ***p <0.001 and ****p < 0.0001 between basal and
each time. N= 21 animals.



Figure 3

Evolution of partial pressure of oxygen (pO2) (measured by arterial gasometry) and electric current (nA)
(measured by oxygen electrochemical sensors) in ex vivo (a) and in vivo (b) models during the ventilatory
hypoxia induction protocol. Data are expressed as Mean ± SEM. N= 6 animals, 6 electrochemical sensors
tested ex vivo and 6 electrochemical sensors tested in vivo.



Figure 4

Evolution of pH (measured by arterial gasometry) and electric potential (mV) (measured by pH
electrochemical sensors) in ex vivo (A) and in vivo (B) models during the ventilatory hypoxia induction
protocol. Data are expressed as Mean ± SEM. N= 9 animals, 3 electrochemical sensors tested ex vivo and
7 electrochemical sensors tested in vivo.



Figure 5

(a). Evolution of pH (measured by arterial gasometry) and electric potential (mV) (measured by pH
electrochemical sensors) in in vivo model during the ventilatory hypoxia induction. (b) Pre and post-
calibration of the sensors in PBS buffer with pH of 4.006 and 7.413. Data are expressed as Mean ± SEM.
N= 6 animals, 7 electrochemical sensors tested in vivo and 2 electrochemical sensors for post-calibration
analyses.



Figure 6

Representative images of hematoxylin/eosin (a,c) and Masson trichrome staining (b,d) of sites of
implantation of sensors collected at the same day of insertion (a,b) and 5 days after (c,d). (a) Normal
muscular parenchyma delimitating the area of implantation without any in�ammatory reaction at 5x; (b)
Normal muscular parenchyma delimitating the area of implantation without any deposit of collagen
�bers at 20x; (c) Muscular parenchyma delimitating the area of implantation with sub-acute
in�ammatory reaction at 5x; (d) Muscular parenchyma delimitating the area of implantation with deposit
of collagen �bers at 20x. In�ammatory cells identi�cation: Neutrophils: granulate cytoplasm; Monocytes:
nucleus with kidney shaped with foamy cytoplasm; Lymphocytes: dark nucleus with a small basophilic
cytoplasm; giant multinucleated cells; large cells with multiple nucleus. Deposit of collagen observed as
�bers stained with aniline blue.
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