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Abstract

Under intrauterine growth restriction (IUGR), abnormal attainment of the nutrients and oxygen by the fetus restricts the
normal evolution of the prenatal causing in many cases high morbidity being one of the top-ten causes of neonatal death.
The current gold standards in hospitals to detect this relevant problem is the clinical observation by echography,
cardiotocography and Doppler. These qualitative techniques are not conclusive and requires risky invasive fetal scalp blood
testing and/or amniocentesis. We developed micro-implantable multiparametric electrochemical sensors for measuring
ischemia in real time in fetal tissue and vascular. This implantable technology is designed to continuous monitoring for an
early detection of ischemia to avoid potential fetal injury. Two miniaturized electrochemical sensors were developed based
on oxygen and pH detection. The sensors were optimized in vitro under controlled concentration, to assess the selectivity
and sensitivity required. The sensors were then validated in vivo in the ewe fetus model, by means of their insertion in the
muscle leg and inside the iliac artery of the fetus. Ischemia was achieved by gradually obstructing the umbilical cord to
regulate the amount of blood reaching the fetus. An important challenge in fetal monitoring is the detection of low levels of
oxygen and pH changes under ischemic conditions, requiring high sensitivity sensors. Significant differences were observed
in both; pH and pO, sensors under changes from normoxia to hypoxia states in the fetus tissue and vascular with both
sensors. Herein, we demonstrate the feasibility of the developed sensors for future fetal monitoring in medical applications.
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Introduction

Intrauterine growth restriction (IUGR) is a gestational
condition in which the fetus does not grow properly
during pregnancy. IUGR is the most common cause of
human fetal morbidity and mortality [6], affecting 0.7-
1.2 million newborn per year, which represents 23% of
infant mortality worldwide [18]. Several causes of IUGR
have been described, including maternal, genetic, or in-
fectious causes [19, 21, 26]. However, the most import-
ant contributing factor to IUGR is a deficient placenta
with a low capacity to transport nutrients and oxygen to
the fetus, which leads to a decrease in the rate of fetal
growth [21]. In the clinical setting, IUGR is suspected
when fetal biometrics obtained by routine fetal ultra-
sound estimates a fetal weight below the 10th centile
[24]. Depending on the severity of placental insuffi-
ciency, the severity of fetal hypoxia-acidosis will differ.
Severe placental insufficiency may be related with a sig-
nificant hypoxia that if persist during time may induce
fetal anabolic metabolism followed by fetal hypoxemia
and acidosis [23]. Fetus tries to compensate this situ-
ation by redistributing the blood flow to vital organs
such as cerebrum and myocardium [29]. Doppler ultra-
sound would identify these hemodynamical changes [2]
which in turn are correlated with the level of oxygen
content in blood [4]. When a significant Doppler abnor-
mality is detected, finalization of the pregnancies is indi-
cated to avoid fetal demise [10]. However, Doppler does
not allow early detection and continuous monitoring of
the metabolic status of the fetus. The description of a
device capable of monitoring continuously high-risk
pregnancies would allow us to early identify significant
hypoxia and acidosis situation. In this direction, a minia-
turized implantable sensor for ischemia monitoring in
fetal tissue can promptly alert about this problem.

There are different types of tissue ischemia sensors re-
ported that may help in this purpose, utilizing electro-
chemical [33] and optical techniques such as fluorophore
probes [7, 16] and magnetic resonance imaging (MRI) [12,
32]. The MRI offers quantitative information on the pH
level, but it is quite expensive, cumbersome due to its lack
of portability, and rarely used for real-time monitoring.
Fluorophore probes allow high sensitivity tissues bioima-
ging, but this technique requires the injection of fluores-
cent molecules, which is not recommended in the fetus
and does not allow long-term real time monitoring. Elec-
trochemical sensors is the technology that offers better ad-
vantages for implantable applications [13]. This type of
sensors permits microfabrication of multiparametric sen-
sors at low cost, maintaining good selectivity, sensitivity,
fast response, and reusability for a continuous monitoring
in the tissue [17]. Different strategies of analytes detection
have been reported for ischemia monitoring in tissue with
electrochemical techniques. The most direct is the
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detection of oxygen deficiency, achieved by the ampero-
metry of oxygen redox at an applied voltage [25]. Other
approaches were based on detection of the consequence
of the lack of oxygen in the cell. Under hypoxia, the cell
undergoes anaerobic respiration with production of lactic
acid resulting in a reduction in pH. Electrochemical pH
sensors for tissue detection are based on solid-state ion-
selective electrodes (ISE), for measuring proton concentra-
tion by means of selective ionophores [15]. The reduced
oxygen also generates a decrease on the cell energy (Ad-
enosine Triphosphate) with the resulting of cell ions
pumping dysfunction, increasing the concentration of so-
dium and potassium ions in the tissue that are detected by
selective ISE sensors [28]. This reduction of ions within
the cell causes the entry of water into the cell by osmosis,
resulting in a change in cell resistance, which can be mon-
itored by bioimpedance [27].

However, monitoring for ischemia in fetal tissue has
inherent difficulties due to the complex in vivo protocol
in fetal analysis that can lead to fetal instability and the
lower oxygen content compared to adult tissue. The ar-
terial blood in adults’ transports 100 mmHg of oxygen,
reaching the muscle tissue around 30 mmHg. Meanwhile
the amount of oxygen that crosses the umbilical cord is
reduced to 30 mmHg of oxygen and absorbed by the
fetus tissue around 15-20 mmHg, being critical hypoxic
values of below 12 mmHg [5]. A sensor with high detec-
tion sensitivity in a short working range is necessary to
be able to discern the low changes of oxygen concentra-
tion between normoxia and hypoxia in fetal tissue. This
technological challenge makes it difficult to find devices
dedicated to ischemia fetal monitoring, being all the
aforementioned examples only tested on adult animals
and no examples of implantable electrochemical sensors
tested in fetus having been reported in the literature.

In this work, we describe the in vivo study of micro-
implantable multiparametric electrochemical sensors for
measuring real time ischemia in fetal tissue and in vas-
cular blood. For this purpose, a 500 um diameter array
was developed, integrating two types of miniaturized
electrochemical sensors: an amperometric oxygen sensor
and a potentiometric ISE sensor for pH monitoring. The
intramuscular implantable sensor permits an early detec-
tion of the problem and the multiparametric detection
offers more information to the medical doctors regard-
ing the different stages of tissue ischemia; the initial lack
of oxygen followed by the tissue’s response to that an-
aerobic condition resulting in tissue acidosis. The sen-
sors were developed and optimized in vitro under
controlled concentration of pH and oxygen, to assess the
required selectivity and sensitivity for both sensors and
then validated in vivo. The fetal ewe model was selected
for this purpose as pregnant ewes share metabolic func-
tions, nutrient transport, and placental physiological
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characteristics with humans, and due to fetal size, that
allow surgical instrumentation [1, 14]. For in vivo valid-
ation, the sensors were implanted in the fetal leg muscle
and inside the iliac artery. Fetal ischemia was generated
by a gradual obstruction of the umbilical cord following
an umbilical cord occlusion (UCO) reducing the flow of
nutrients and oxygen to the fetus aiming to reproduce
perinatal asphyxia described in human pregnancies
(Fig. 1A).

Materials and methods
Materials, reagents and instrumentation
Potassium chloride (KCl), pyrrole 98%, Nafion® perfluori-
nated resin 5wt.%, phosphate buffered saline (PBS) and
500 um diameter polyetheretherketone (PEEK) micro-
tubing’s for electrodes assembling were purchased from
Sigma-Aldrich (Spain). The electrodes were constructed
with metal 125 pym diameter wires (platinum (Pt), silver
(Ag), copper) at 99.9% purity, insulated with polytetra-
fluoroethylene and purchased from Advent Research
Materials (UK). Ultrapure water from Milli-Q systems
(Millipore).

Electrochemical measurements were performed with a
portable custom-built multipotentiostat from PalmSens
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(The Netherlands). The pH sensing was tested in a
standard commercial pH solution of 4.006 and 7.413
(Mettler-Toledo S.A.E, Spain) for pre-calibration and
sensor characterization. Pre-calibration for dissolved
oxygen concentrations in PBS buffer was measured
using a PreSens oxygen meter (Germany).

Scanning electron microscope (SEM) characterization
was performed with a NOVA NanoSEM 230 from Ther-
mofisher Scientifics (USA).

Sensors preparation

pH sensor preparation

The pH sensor consisted of two electrode systems: a
polypyrrole (PPy) modified Pt working electrode (WE)
and an as pseudo reference electrode (PRE). 0.1 M dis-
tilled pyrrole and 0.1 M KCl in aqueous solution was
used for film formation by electro polymerization
process by cycling the Pt electrode between 0.45-0.95V
three times at 0.025 mV s-1. The Pt/PPy electrode was
preconditioned in 0.1 M HCI solution for 48 h prior to
use. PREs was constructed by immersing the tip of the
Ag wire (anode) and a corresponding Pt or Ag wire
(cathode) in 3 M KCl for 2 min using 9V battery, which
resulted in the formation of Ag/AgCl layer. The PREs
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Fig. 1 A In vivo and developed technology described in this work. On the right, schematic of the in vivo with the umbilical cord occluder and
the implanted sensors in the fetus leg. On the right scheme of the oxygen and pH sensors and picture of the pH sensor. B SEM image of the
modified reference Ag/AgCl electrode and € SEM image of the modified working electrode for the pH sensor with a Pt-PPy film
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were then coated with Nafion® and cured at 100 °C for 1
h. Both electrodes were inserted within a piece of 5 mm
PEEK tubing and stored under argon [8]..

Oxygen sensor preparation

The oxygen sensor consisted in three electrodes: bare Pt
wire as counter, Ag/AgCl PRE and membrane-modified
Pt wire as a WE. The Pt wire was prepared as WE with
two drops of Nafion® as received on the metallic surface
and dried overnight in an argon and then cured at
100°C for 1h. The PRE was prepared as described
above. The prepared electrodes were inserted in the
PEEK tubing as described above. Just before using, the
modified sensors were swelled in PBS for 20 min [25]..

Electrochemical pH and O, monitoring
500 um diameter PEEK microtubings was used for elec-
trodes assembling.

All in vitro pH calibrations were performed with
standard commercial pH solutions of 4.006 and 7.413.
Calibrations for O, sensing, were performed with PBS
buffer with different oxygen concentration by purging
with N2 or O, for at least 30 min.

For continuous pH sensing, potential difference be-
tween electrodes was recorded every 0.1 s. For O, moni-
toring, chronoamperometry (CA) was performed at fixed
- 0.7V potential for 300s. PS Trace 4.8 was used as
electrochemistry software and data collection.

In vivo studies in ewe as animal model

Animal instrumentation

A total of 8 Ripollesa pregnant ewes with gestational
ages between 115 and 125 days (term 147-150 days) were
included in this study. Animals were provided by a certi-
fied commercial farm and all experimental procedures
were performed in accordance with applicable regulation
and guidelines and with the approval of the Animal Ex-
perimental Ethics Committee of the University of Barce-
lona (ref 214.17 and the competent authority Generalitat
de Catalunya (ref 9645)).

Animals were premedicated with ketamine, xylazine
and midazolam (4 mg/kg, 0.2 mg/kg and 0.2 mg/kg re-
spectively, IM) and 2-4 mg/kg (IV) of propofol was ad-
ministered for induction anesthesia. Animals were
intubated for mechanical ventilation. Buprenorphine
(0.02 mg/kg, IV) and progesterone (150 mg, SC) were ad-
ministered before surgery. Infraumbilical midline lapar-
otomy was performed for uterus exteriorization and
hysterotomy was executed for fetal exteriorization.

Fetal hindlimbs were exteriorized and fentanyl (0.2 ml,
IM) was administered for fetal analgesia. A vascular
occluder (OC20HD, UNO Roestvaststaal BV) connected
to a 10 ml syringe loaded with saline was placed around
the umbilical cord. Afterwards, catheterization of the left
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iliac artery for serial blood sampling and the insertion of
a pH sensor for blood monitoring in the left iliac artery
was performed. Thereafter, 1-2 oxygen sensors and 1-2
pH sensors were inserted in the right and left femoral
quadriceps respectively. Fetal hind limbs were interior-
ized inside the uterus and hysterography was then per-
formed using a running suture. Sensor wires, iliac
vascular catheter and the occluder tubing were exterior-
ized through the uterine incision.

Umbilical cord occlusion (UCO)

To induce fetal tissue hypoxia and acidosis in a progres-
sive and controlled manner, an umbilical cord occlusion
(UCO) protocol was followed. The UCO protocol was
divided in four different stages: basal, 50% occlusion,
100% occlusion and recovery (without occlusion). For
the basal and recovery stages the occluder was deflated
and the blood flow from the umbilical cord was passing
in a physiological manner. For the occlusion, the occlu-
der was inflated to obliterate the umbilical cord and re-
duced the blood flow. For the 50% stage, the occluder
was filled with 1.5 ml of saline and with 3 ml to induce a
complete occlusion.

At different intervals, 0.2 mL of blood samples from
the fetal iliac artery catheter were extracted and analyzed
for gasometry with standard equipment (EPOC® reader
and EPOC BEGM test card, Alere/Siemens healthcare,
Germany). The blood sample and sensor signal were re-
corded at the basal stage every 10 min for 20 min. Aver-
age of the measures were reported in this work as Pre-
occlusion. Then, the umbilical cord passage was oc-
cluded at 50% and recordings were obtained every 10
min for 20 min (50% occlusion) and at 100% occlusion
recordings were obtained every 5min for 10 min (100%
occlusion). Finally, the occluder was opened for recovery
of the initial umbilical cord flow and recordings were
obtained every 10 min for 20 min. The average of the
measures was reported as Recovery.

After the occlusion protocol, animals were euthanized
with pentobarbital (200 mg/kg, IV). Death was con-
firmed by the cessation of circulation and breathing in
both ewes and fetuses.

Statistical analysis
Graphics and statistics analyses were performed in
GraphPad 9.1. Potentiometric and chronoamperometric
data was normalized to reduce the variability between
sensors. Oxygen partial pressures were reported primar-
ily in mm Hg to compare with EPOC® device’s units,
used as our standard. Oxygen unit conversion was car-
ried out with a tool provided by PreSens (PreSens, n.d.).
Interquartile range rule (IQR) was used for identifying
outliers. One-way analysis of variance (ANOVA) was
used to evaluate the statistical differences between
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multiple results. With a confidence value of a=0.05,
values p >0.05 were considered statistically not signifi-
cant (ns); those between 0.01 < p < 0.05 were considered
significant (*); 0.001 < p <0.01 were very significant (**);
0.0001 < p < 0.001 were extremely significant (***) as well
as those p <0.0001 (****). t-test was used to assess statis-
tical differences between two sample means (two-tailed
paired or unpaired, when appropriate). In vitro data
were expressed as mean and standard deviation error
(SD) and in vivo data as mean and standard error of the
mean (SEM).

Results and discussion

In vitro optimization

In this study, we aimed to monitor ischemia by measur-
ing pH and oxygen content in tissue and vascular to the
ewe fetus after hypoxia-ischemia induction in sheep
fetus following a progressive UCO. Prior to in vivo stud-
ies, in vitro optimization was required to optimize and
characterize both sensors under controlled conditions.
Firstly, the sensors were fabricated and specifically func-
tionalized for oxygen or pH sensing.

pH sensor in vitro optimization

The working principle of the pH sensor is due to the
specific adsorption of protons in the PPy and the depos-
ited cations are measured by differential potential with
respect to a PRE in the vicinity of the pH sensor. Fig-
ure 1B and C shows respectively SEM images of the suc-
cessfully modified tips of PRE and the pH WE. In
Fig. 1B can be appreciated the grown silver chloride
crystals on the electrode, showing the rough surface with
nanostructured-type crystals silver chloride on the silver
surface covered with a layer of Nafion®. Whilst Fig. 1C
depicts a black homogenous PPy film formed on Pt WE
by electro polymerization.

The potentiometric ISE sensors characteristic is re-
lated with the slope in the linear regression under differ-
ent concentrations. The developed pH ion-selective
solid-based micro-sensor exhibited a stable near Nerns-
tian response of — 50 mV/pH unit when used in physio-
logical range of pH 6.8-7.5. The pH calibration plot also
demonstrated a wide working linear range, maintaining
sensitivity in a broad pH range from 4 to 9 [8] (Fig. 2).

Selectivity of the pH sensor was evaluated by mixed
solution method [9], considering cations similar than the
target of interest found at higher concentrations in
physiological samples; Na + and K+ [3, 30]. The devel-
oped pH sensor exhibited low interference activity of the
tested interference ions, obtaining selectivity coefficient
(KAB) values of 5.37 x 10-2 for Na + and 1.12 x 10-2 for
K+ [8]. This further suggests that there is not a great im-
pact of the ionic strength of other endogenous cations
and the developed pH sensor remained selective for H+.

Page 5 of 11

1151
110+
1054
100+
954
904
851 = 50 24x + 454.19
80 R=0.9918
751

E (mV) vs. Ag/AgCI

69 70 71 72 73 74 75 76
pH
Fig. 2 pH sensor electrochemical characterization of calibration plot

obtained from buffer solution under physiological pH values. Data
are expressed as Mean + SD

J

Since the pH of any solution is a function of its
temperature, all tests and calibrations performed are car-
ried out at 37 °C to imitate physiological conditions. The
response time (t90%) of the sensor towards a step
change in pH is 20s per decade in all cases. Moreover,
the developed pH sensor exhibited a reversible response
upon switching from low to high or high to low pH sam-
ples (Fig. 1S, see supporting information).

Oxygen sensor in vitro optimization

Oxygen sensor was optimized as previously reported
[25]. Briefly, in vitro optimizations were performed elec-
trochemically in PBS and stored blood with different
oxygen content. The working range of the O, sensors in
PBS were between 5.5 (0.75%) to 742 (100%) mmHg at
25 °C, giving a sensitivity of — 2.50 nA/mmHg.

In our previous study, we showed that O, Pt-Nafion
sensor (vs. Ag/AgCl) exhibits a E1/2 at approximately -
0.6V, and at this potential other interferents such metal
ions, cysteine or certain anesthesia gases as nitric oxide
and isoflurane, may be active close to this potential.
However, the efficient combination of the hydrophobic
fluorinated backbone with the hydrophilic sulfonic acid
groups within the Nafion” membrane, contributes to re-
strict the transport of certain interfering species. The ab-
sence of extra redox peaks when blood at low oxygen
content was tested by cyclic voltammetry, showed that if
there were changes in the signal due to interfering mole-
cules, these were negligible and had no effect on the se-
lectivity of the sensor towards O, in tissue [25]..

Hypoxia fetal monitoring in vivo

The sheep species was selected for this in vivo study
mainly for two reasons. The first is due to the large size
of the sheep fetus (similar to the human fetus), which al-
lows efficient insertion of electrochemical sensors into
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fetal tissue and the placement of catheters to facilitate
serial blood sampling. The second is the similar fetal
blood gas measurements between humans and sheep
[22]. Furthermore, the above OCUs in pregnant ewes
were standardized and easy to reproduce for our pur-
poses [11, 20, 31]. Once the model’s safety has been op-
timized and ensured, in a second step, the performance
of these electrochemical sensors in complicated preg-
nancies in humans must be evaluated.

The micrometric sensor was designed for fetal applica-
tion and shaped to be inserted by means of a needle that
can be later withdrawn, leaving the sensor implanted. To
evaluate the functionality of the sensor and the feasibility
of ischemia detection in fetus, the sensor insertion in
muscular tissue and inside vascular vessels was at that
stage performed through a surgical incision, instead of
needle insertion. The sensors were inserted in the ewe
fetus at the femoral fetal quadriceps muscle tissue on
the leg (Fig. 3A) and inside the iliac artery (Fig. 3B) for
continuous monitoring of tissue and blood ischemia
in vivo, respectively. Then, hysterography was performed
allowing the exteriorization of external cables of the sen-
sors (Fig. 3C) and the sensors were externally connected
with a portable wireless device that allows the continu-
ous monitoring of both sensors in real time. Sensors
monitoring started with normoxia conditions and hyp-
oxia was induced by the gradual UCO (Fig. 3D).

Since there is not yet a commercially available sensor
device for standard intramuscular tissue measurements,
a standard equipment (EPOC®) for blood measurements
ex vivo was considered as a reference for performance
evaluation of the developed micro-sensors in vascular
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and intramuscular monitoring, under conditions of pre-
occlusion (normoxia) and occlusion (hypoxia) during
in vivo measurements.

Intravascular pH monitoring

Intravascular pH monitoring was performed simultan-
eously with intramuscular monitoring by inserting a sen-
sor into the left iliac artery of the ewe fetus. In this case,
few repetitions (n =3 sensors, N=3 ewe fetuses) could
be performed due to the complexity of the surgical in-
sertion in the vascular system to limit the number of
jeopardized experiments. The fetus has a reduced diam-
eter of the artery and rapid instability of the fetus with
little blood loss. Thus, vascular measurements were lim-
ited to triplicate, so there is not enough data to perform
a one-way ANOVA statistical analysis. Figure 4 shows
the results obtained intravascularly in vivo in ewe fetuses
under different respiration conditions with the devel-
oped pH sensor and the response obtained with the
blood test (ex vivo) (n =8 sensors, N=8 ewe fetuses)
with the standard device under the same conditions.

The intravascular results show a clear difference from
the umbilical cord pre-occlusion stage to the partial oc-
clusion, and reduced differences from 50% to total oc-
clusion. When the blood flow is recovered, the pH
sensor inserted in the vascular system can detect the re-
covery to the basal pH, demonstrating a good perform-
ance of the developed pH sensor in the fetal vascular
system. Comparing the results obtained in blood extrac-
tion with the standard equipment and with the devel-
oped sensor, intravascularly implanted in vivo, it has

Fig. 3 A Ewe uterus containing the fetus with the sensors implanted in the fetus leg pointed out by arrows. B Occluder placed around the umbilical
cord of the ewe to control the passage of oxygen to the placenta C Muscular implanted sensor in the ewe fetus leg pointed out by arrows. D Vascular
implanted pH sensor in the iliac artery of the ewe fetus (white arrow). The inlets show the zoom area indicated by the white arrow
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Fig. 4 Correlation of obtained pH results in ischemia analysis of the ewe
fetus under different degrees of umbilical cord occlusion, using the
developed device in vivo by vascular insertion (n =3 sensors, N=3 ewe
fetuses) and the standard device by ex vivo blood extraction (n =8 sensors,
N =8 ewe fetuses). Data are expressed as Mean + SEM

been observed that there is good degree of correlation
with the standard device (Fig. 4).

Under conditions of total occlusion of the umbilical
cord, comparable values are reached with both equip-
ment. However, if the analysis response is observed in
which there is less change in pH conditions due to is-
chemia; as it is after applying 50% occlusion and once
the normoxic conditions have been recovered, a greater
response of the developed device is observed. This dif-
ference can be due to different factors; One factor may
be a greater sensitivity of the sensor developed in the de-
tection of low pH variation, therefore the change ob-
served at low concentrations with the standard
equipment is less. Nevertheless, the differences affect a
pH range of 0.2 and the EPOC® device can achieve this
sensitivity. So, it may be other variables.

Since blood is a living sample and continuously uses O,
to produce CO, and lactic acid with a change on pH, it
must be analyzed immediately for accurately reflect the
status of the blood analytes. The ex vivo analysis protocol
took approximately 1 min from the extraction of the blood
sample to its insertion into the EPOC". Device instructions
recommend testing samples immediately, if possible, but
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they can be stored at room temperature for up to 30 min.
Taking this information into account, the time factor may
be negligible considering the short time of extraction
used.

Another factor that may affect is the presence of dead
volume in the blood collection catheter, which means
that low volume of the blood sample from the previous
stage is present in the next blood sample collection and
can dilute the next collected blood samples, minimally
distorting the true value in the sample.

All the factors discussed influence the precision of the
blood analysis, being more efficient and dynamically fas-
ter the in-situ analysis in the vascular system performed
with the developed device.

In addition, considering the final application of the
sensors developed for the continuous monitoring of
high-risk pregnancies with the possibility of suffering
IUGR, these sensors allow the identification of signifi-
cant hypoxia and acidosis situations as standard methods
do, but with an implanted sensor, which makes early de-
tection of the problem more feasible.

Fetus intramuscular in vivo pH monitoring

The performance of the pH micro-sensor was evaluated in
muscular tissue of ewe fetus. The difference of potential ob-
served from the pH sensors inserted intramuscularly in the
ewe fetus leg under the different occlusion stages was corre-
lated with the pH values obtained with the EPOC”® standard
device with the extracted blood under the same occlusion
stages. The calibration plot in Fig. 5 shows the correlation
and the extrapolation of the value obtained by the developed
pH sensor and in the standard device. The increase of volt-
age signal with the pH sensor, indicates the presence of
higher concentration of protons on the sensor and so, an
acidic pH on the tissue, which occurs under ischemic condi-
tions. The changes of voltage due to the occlusion evolution
of the ewe umbilical cord in Fig. 5, and the excellent correl-
ation with the standard device shows the good performance
of the developed sensor. From the standard measurements, a
pH range was determined for the ewe fetus stage before oc-
clusion between 7.30 to 7.17, under 50% of occlusion be-
tween 7.17 to 7.05 and for the complete occlusion below
7.05, reaching pH values of 6.70.

Figure 5A shows the potential differences obtained
with the intramuscularly implanted pH sensor in corre-
lated with the pH values obtained from the standard
blood-based device, giving a sensitivity of (-79.77 £
0,51) mV/pH.

The statistical results in the one-way ANOVA (a=
0.05) of the obtained data during animal experimenta-
tion for intramuscular pH measurements, show a signifi-
cant difference in the pre-occlusion values (normoxia)
with respect to those of 100% occlusion, with a signifi-
cance level of p=0.0105, not observing significant
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Fig. 5 Correlation of potential difference obtained from the pH sensor
with the standard device in the real-time monitoring of intramuscular
ewe leg tissue under different umbilical cord occlusion (pre-occlusion,
50% occlusion, 100% occlusion, and recovery), A Scatter plot, and B
Box-plot presenting the analysis of variance (one-way ANOVA)
between different stage of the ewe fetus umbilical cord occlusion for
the intramuscular pH monitoring with the developed device (n=7
sensors, N =8 ewe fetuses). Statistical significance was declared when

*p <005, between pre-occlusion and each occlusion state

differences at 50% occlusion. Similar significant differ-
ences are observed from the pH sensor when the umbil-
ical cord occluder was opened and left to flow again
oxygen (recovery period) with a p-value of p=0.020,
demonstrating a good performance and sensitivity of the
pH sensor under the complexity of this fetal tissue
in vivo experiment and the low differences between nor-
moxia and hypoxia pH in fetus (Fig. 5B).

Fetus intramuscular in vivo O, monitoring

Simultaneously to the intramuscular monitoring of pH
sensors, oxygen sensors follow the same in vivo process
and correlation with the standard blood-based device
were performed. The same device could be used, since
EPOC’ is able to analyze pH, Na*, K*, Ca*?, CI", pO,
and pCO, in blood. The oxygen ranges under the differ-
ent conditions of occlusion of the umbilical cord in ewe
fetuses were determined with the standard device, ob-
serving oxygen concentrations higher than 18 mmHg for
the pre-occlusion stage, between 18 and 12 mmHg
under 50% occlusion and below 12 mmHg completely
occluding the cord.
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The cathodic currents of each stage of occlusion in the
in vivo analysis of intramuscular tissue of ewe fetuses
were plotted versus the blood ex vivo pO, obtained with
the EPOC” device, giving a sensitivity of (- 0,12 + 0,04)
nA/mmHg (Fig. 6A).

The results obtained with the developed oxygen sensor
were statistically analyzed with a one-way ANOVA. The
different stages of umbilical cord occlusion of ewe fetus
and the subsequent variations of oxygen concentration
in the muscular tissue were clearly detected. The results
showed high significant differences between pre-
occlusion and 100% occlusion obtaining a p-value of p =
0.0041, not observing significant differences at 50% oc-
clusion. However, the statistical p value obtained at 50%
(p = 0.0520) is very close to the cut-off value of a =0.05.
After the recovery of the initial blood flow through the
umbilical cord, the oxygen signal is restored with signifi-
cant differences with respect to 100% occlusion with a
p-value of 0.0018. On the other hand, no significant dif-
ference was found between occlusion at 50 and 100%

>
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Fig. 6 pO, concentration in in vivo studies of ewe fetus intramuscular
tissue under different respiration stages. A Correlation between
cathodic current obtained with the developed sensor and pO, mmHg
concentration from standard device in the range of 0-30 mmHg. B
Boxplot showing the analysis of variance (one-way ANOVA) between
different stage of the ewe fetus umbilical cord occlusion for the
intramuscular oxygen monitoring with the developed device (n=11
sensors, N =8 ewe fetuses). Statistical significance was declared when

*p <005, *p <001 between pre-occlusion and each occlusion state
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(p=0.0864) as depicted in Fig. 6B. These statistical re-
sults showed that our developed O, sensor was success-
fully monitoring changes of pO, concentration in the
fetus tissue while the occlusion protocol was ongoing,
meaning that it would be potentially useful in monitor-
ing the O, tissue of fetus.

Fetus intramuscular multiparametric analysis
The electrochemical miniaturized device allows the inte-
gration of both sensors in a final diameter of 500 pum.
The implantation of pH and oxygen sensors in the ewe
fetal tissue permit the simultaneous analysis of both ana-
lytes in real time (Fig. 7). Comparing the results ob-
tained with the two implanted sensors, both have a
similar trend response. Thus, when the O, concentration
decreases, detected by the lower reduction current of the
oxygen sensor, the pH sensor shows an increase in volt-
age, due to a decrease in pH on the sensor surface. The
multiparametric sensor provides information on the oxy-
gen content in the tissue and the tissue acidosis, because
of the lack of oxygen.

The progressive reduction of oxygen transport through
the umbilical cord is gradually detected with greater dif-
ferences (higher significant differences between hypoxic
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= o {,
c 4
o
b
£y
O -6
1 1 1 1
?D pH Intramuscular
s 140
& 120-
»
> 100
>
g— 80—
wl
1 1 1 1
N N &
<° <° & °4°d
o N P &
I " &~ \ ' <&
‘ O o\©
Q Q)Q \QQ

Fig. 7 Multiparametric analysis of ischemia in vivo of the ewe fetus
under different degrees of umbilical cord occlusion with the oxygen
sensor (n=11 sensors, N =8 ewe fetuses) and the developed pH
sensors (n=7 sensors, N =8 ewe fetuses). Data are expressed

as Mean + SEM
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and normoxic states) and lower values dispersion (higher
R2 in the lineal regression of the measured values) in the
oxygen sensor compared to the pH sensor (Figs. 5 and
6). These differences between sensors may be due to a
lower sensitivity of the pH sensor, considering the small
pH changes in a partial hypoxia in fetus. But also, these
differences can be inherent in the analytes to be moni-
tored. In the case of oxygen, the decrease in concentra-
tion in the tissues is directly related to the blockage of
oxygen flow. However, in the case of pH, this is a conse-
quence of the lack of oxygen, which requires time for
the tissues to react for it to occur (anaerobic cellular me-
tabolism secondary to hypoxia) and then it depends on
the different body reaction to changes of each measured
animal, increasing the dispersion of the response. How-
ever, the multiparametric sensor developed with the sim-
ultaneous monitoring of these two variables, allows
distinguishing different hypoxia stages in the tissues, of-
fering more information to the medical doctor.

No adverse effects were detected in the health of the
fetus and eve due to implanted sensors monitoring. The
electrochemical sensors are miniaturized and minimally
invasive. They were inserted in the hindlimb skeletal
muscle which do not affect the fetal wellbeing. Finally,
histological assessment of the tissue surrounding the
sensors was performed and revealed no signs of tissue
alteration on the same day of insertion.

Improvements are needed in the devices to reduce the
dispersion of results. In this direction, further research
would be focused in designing a fabrication method that
could be industrially scalable to reduce variabilities in
the manual fabrication. Moreover, a telemetric system
for a fully wireless and portable implantable system will
be studied. In vivo long-term analysis needs to be per-
formed, considering antifouling methods compatible
with the developed sensors. Furthermore, this array of
sensors was designed for a simple implantation method
with a syringe that needs to be tested in vivo, since open
surgery was used for this purpose to reduce variables in
this study.

Conclusions

In summary, a micro-implantable array of pH and pO,
sensors has been developed for fetal ischemia/hypoxia
monitoring in tissue and vascular. The sensors were
tested in vivo in ewe fetal model, generating hypoxia by
modulating the umbilical cord occlusion. The developed
sensor response for pH and pO, were compared with a
standard EPOC”® device, using blood samples extracted
from the fetus under conditions of normoxia and hyp-
oxia, since is not commercially available a standard
intramuscular tissue sensor. In vivo studies with the sen-
sors implanted in the muscular tissue of the fetus dem-
onstrated discrimination between normoxia and hypoxia
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states, with significant statistical differences with both
sensors between pre-occlusion and 100% umbilical cord
occlusion with a p-value of p =0.0105 and p = 0.0041 for
pH and pO, sensors respectively. In parallel to the intra-
muscular measurement in vivo, the pH microsensor was
implanted in vivo in the iliac artery of the fetus to
analyze the blood hypoxia in situ in the vasculature and
it was subjected to the same conditions of fetal respir-
ation of hypoxia and normoxia. The results were com-
pared with the ex vivo analysis with the standard device,
observing a similar trend in the response, but a greater
sensitivity at low pH values by the equipment developed
in this work.

The results obtained with the implanted intramuscular
and vascular microsensor are relevant due to the chal-
lenge of working with a fetal model. In fetal tissue there
is a lower concentration of O, and pH compared to an
adult, and therefore, the differences in the parameters
analyzed in different respiratory conditions are smaller.
In addition to the complexity of the in vivo fetal model,
which is much more unstable than the adult animal
model.

The developed microsensor technology presented can
lead a new generation of implantable diagnostic tools for
fetal monitoring to improve fetal surveillance and
wellbeing.

Abbreviations

IUGR: Under intrauterine growth restriction; MRI: Magnetic resonance
imaging; ISE: lon-selective electrodes; PBS: Phosphate buffered saline;
SEM: Scanning electron microscope; PEEK: Polyether ether ketone;

PPy: Polypyrrole; PSE: Pseudo reference electrode; WE: Working electrode;
CA: Chronoamperometry; UCO: Umbilical cord occlusion; IQR: Interquartile
range rule; SD: Standard deviation

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/513036-021-00280-7.

[ Additional file 1. ]

Authors’ contributions

All authors have given approval to the final version of the manuscript. Dr.
Samuel Dulay and Dr. Lourdes Rivas contributed equally to this work. Dr.
Monica Mir and Prof Josep Samitier have equal Senior contribution. Samuel
Dulay and Dr. Lourdes Rivas carried out the experimental work, collected
and analyze the data and have drafted the manuscript. Monica Mir designed
and conceived this study, analyzed the data, and substantively revised it.
Josep Samitier revised the study and the manuscript. Miriam Illa designed
and performed the animal surgery. Laura Pla performed the animal surgery
and collected and analyze the data. Sergio Berdun performed the animal
surgery. Elisenda Eixarch and Eduard Gratacds designed the animal surgery.

Funding

This work was financially supported by Cellex Foundation and the Secretaria
d'Universitats i Recerca del Departament d’Economia i Coneixement de la
Generalitat de Catalunya (grant 2017 SGR 1531). IBEC is part of the CERCA
Programme / Generalitat de Catalunya.

CIBER-BBN is an initiative funded by the VI National R&D&i Plan 2008-2011,
Iniciativa Ingenio 2010, Consolider Program, CIBER Actions and financed by
the Instituto de Salud Carlos Il with assistance from the European Regional

Page 10 of 11

Development Fund (CB06/01/0055). The authors acknowledge the support
of the ICTS "NANBIOSIS" Nanotechnology Platform Unit of the CIBER in Bio-
engineering, Biomaterials & Nanomedicine (CIBER-BBN) at the Institute for
Bioengineering of Catalonia for assistance in the microfabrication.

L. R. would also acknowledge her support within the BEST Postdoctoral
Program, funded by the European Commission under Horizon 2020's Marie
Sktodowska-Curie Actions COFUND scheme (Grant Agreement no. 712754)
and by the Severo Ochoa program of the Spanish Ministry of Science and
Competitiveness (Grant SEV-2014-0425 (2015-2019)). E.E. has received funding
from the Departament de Salut under grant SLT008/18/00156.

Availability of data and materials
The datasets analyzed during the current study available from the
corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

The experimental studies involving animals were performed in accordance
with applicable regulation and guidelines and with the approval of the
Animal Experimental Ethics Committee of the University of Barcelona (ref
214.17 and the competent authority Generalitat de Catalunya (ref 9645)).

Competing interests
The authors declare that they have no competing interests.

Author details

"Nanobioengineering group, Institute for Bioengineering of Catalonia (IBEC)
Barcelona Institute of Science and Technology (BIST), 12 Baldiri Reixac 15-21,
08028 Barcelona, Spain. °Fetal Medicine Research Center, BCNatal. Hospital
Clinic and Hospital Sant Joan de Déu, Universitat de Barcelona, Building
Helios 2, Sabino Arana Street 1, 08028 Barcelona, Spain. “Institut
d'Investigacions Biomediques August Pi i Sunyer (IDIBAPS), Barcelona, Spain.
“Biomedical Research Networking Center in Bioengineering, Biomaterials, and
Nanomedicine (CIBER-BBN), Monforte de Lemos 3-5, Pabellén 11, 28029
Madrid, Spain. *Department of Electronics and Biomedical Engineering,
University of Barcelona, Marti i Franques 1, 08028 Barcelona, Spain.

Received: 27 September 2021 Accepted: 30 November 2021
Published online: 20 December 2021

References

1. Barry JS, Anthony RV. The pregnant sheep as a model for human
pregnancy. Theriogenol. 2008,69:55-67 https://doi.org/10.1016/j.
theriogenology.2007.09.021.

2. Baschat AA. Arterial and venous Doppler in the diagnosis and management
of early onset fetal growth restriction. Early Hum Dev. 2005,81(11):877-87
https://doi.org/10.1016/j.earlhumdev.2005.09.008.

3. Betz AL, Keep RF, Beer ME, Ren XD. Blood-brain barrier permeability and
brain concentration of sodium, potassium, and chloride during focal
ischemia. J Cereb Blood Flow Metab. 1994;14:29-37.

4. Bilardo CM, Nicolaides KH, Campbell S. Doppler measurements of fetal and
uteroplacental circulations: relationship with umbilical venous blood gases
measured at cordocentesis. Am J Obstet Gynecol. 1990;162:115-20 https://
doi.org/10.1016/0002-9378(90)90833-S.

5. Carreau A, El Hafny-Rahbi B, Matejuk A, Grillon C, Kieda C. Why is the partial
oxygen pressure of human tissues a crucial parameter? Small molecules and
hypoxia. J Cell Mol Med. 2011;15:1239-53 https;//doi.org/10.1111/j.1582-4
934.2011.01258x.

6. Devaskar SU, Chu A. Intrauterine growth restriction: hungry for an answer.
Physiol. 2016;31:131-46 https://doi.org/10.1152/physiol.00033.2015.

7. Ding C, Zhu A, Tian Y. Functional surface engineering of C-dots for
fluorescent biosensing and in vivo bioimaging. Acc Chem Res. 2013;47:
20-30.

8. Dulay S, Rivas L, Miserere S, Pla L, Marin SB, Parra J, et al. In vivo monitoring
with micro-implantable hypoxia sensor based on tissue acidosis. Talanta.
2021;226:122045-54 https//doi.org/10.1016/j.talanta.2020.122045.

9. Ekmekci G, Somer G. Selenite-selective membrane electrodes based on ion
exchangers and application to anodic slime. Anal Sci. 2000;16:307-11.


https://doi.org/10.1186/s13036-021-00280-7
https://doi.org/10.1186/s13036-021-00280-7
https://doi.org/10.1016/j.theriogenology.2007.09.021
https://doi.org/10.1016/j.theriogenology.2007.09.021
https://doi.org/10.1016/j.earlhumdev.2005.09.008
https://doi.org/10.1016/0002-9378(90)90833-S
https://doi.org/10.1016/0002-9378(90)90833-S
https://doi.org/10.1111/j.1582-4934.2011.01258.x
https://doi.org/10.1111/j.1582-4934.2011.01258.x
https://doi.org/10.1152/physiol.00033.2015
https://doi.org/10.1016/j.talanta.2020.122045

Dulay et al. Journal of Biological Engineering

20.

21,

22.

23.

24.

25.

26.
27.

28.
29.

30.

31

32.

33.

(2021) 15:28

Figueras F, Gratacos E. Update on the diagnosis and classification of fetal
growth restriction and proposal of a stage-based management protocol.
Fetal Diagn Ther. 2014;36(2):86-98.

Fuijii EY, Takahashi N, Kodama Y, Roman C, Ferriero DM, Parer JT.
Hemodynamic changes during complete umbilical cord occlusion in fetal
sheep related to hippocampal neuronal damage. Am J Obstet Gynecol.
2003;188:413-8. https://doi.org/10.1067/mob.2003.40.

Gorodetsky AA, Kirilyuk 1A, Khramtsov W, Komarov DA. Functional electron
paramagnetic resonance imaging of ischemic rat heart: monitoring of tissue
oxygenation and pH. Magn Reson Med. 2016;76:350-8.

Grieshaber D, MacKenzie R, Voros J, Reimhult E. Electrochemical biosensors -
sensor principles and architectures. Sensors. 2008;8:1400-58.

Herrera EA, Giussani DA, Botting KJ, Roberts CT, McMillen IC, Tellam RL, et al.
Improving pregnancy outcomes in humans through studies in sheep. Am J
Physiol Integr Comp Physiol. 2018;315:R1123-53 https://doi.org/10.1152/a
jpregu.00391.2017.

Ivorra A, Gomez R, Noguera N, Villa R, Sola A, Palacios L, et al. Minimally
invasive silicon probe for electrical impedance measurements in small
animals. Biosens Bioelectron. 2003;19:391-9.

Kiyose K, Hanaoka K, Oushiki D, Nakamura T, Kajimura M, Suematsu M, et al.
Hypoxia-sensitive fluorescent probes for in vivo real-time fluorescence
imaging of acute ischemia. J Am Chem Soc. 2010;132:15846-8.

Kwon N, Won M, Park D, Shim Y. Stability enhancement of all-solid-state H+
ISSEs with cross-linked silicon-urethane matrices. Electroanal. 2005;17:641-7.
Lawn JE, Cousens S, Zupan J. 4 million neonatal deaths: when? Where?
Why?, Lancet Neonatal Survival Steering Team. Lancet. 2005;365:891-900.
Lin C, Santolaya-Forgas J. 1JNH current concepts of fetal growth restriction: part |
causes, classification, and pathophysiology. Obstet Gynecol. 200592:1044-55.
Lotgering FK, Bishai JM, Struijk PC, Blood AB, Hunter CJ, Power GG, et al.
Ten-minute umbilical cord occlusion markedly reduces cerebral blood flow
and heat production in fetal sheep. Am J Obstet Gynecol. 2003;189:233-8.
https://doi.org/10.1067/mob.2003.440.

Malhotra A, Ditchfield M, Fahey MC, Castillo-Melendez M, Allison BJ,
Polglase GR, et al. Detection and assessment of brain injury in the growth
restricted fetus and neonate. Pediatr Res. 2017;82:184-93.

Morrison JL, Berry MJ, Botting KJ, Darby JRT, Frasch MG, Gatford KL, et al.
Improving pregnancy outcomes in humans through studies in sheep. Am J
Phys Regul Integr Comp Phys. 2018,;315:R1123-53. https;//doi.org/10.1152/a
jprequ.00391.2017.

Nicolaides KH, Economides DL, Soothill PW. Blood gases, pH, and lactate in
appropriate- and small-for-gestational-age fetuses. Am J Obstet Gynecol.
1989;161:996-1001 https://doi.org/10.1016/0002-9378(89)90770-9.

Owen P, Ogah J, Bachmann LM, Khan KS. Prediction of intrauterine growth
restriction with customised estimated fetal weight centiles. BJOG. 2003;1104)411-5.
Rivas L, Dulay S, Miserere S, Pla L, Marin SB, Parra J, et al. Micro-needle implantable
electrochemical oxygen sensor : ex vivo and in-vivo studies. Biosens Bioelectron.
2020;153:112028 https//doi.org/10.1016/}.bi0s.2020.112028.

Silver RM. Fetal death. Obstet Gynecol. 2007;109:153-67.

Yufera A, Mufoz-Pacheco J. M, Doldén R, Leger G, Rodriguez-Villegas E. A
tissue impedance measurement chip for myocardial ischemia detection.
IEEE Transactions on Circuits and Systems |. 2005;52(12):2620.

Tahirbegi |, Mir M, Samitier J. Real-time monitoring of ischemia inside
stomach. Biosens Bioelectron. 2013;40:323-8.

Vyas S, Nicolaides KH, Bower S, Campbell S. Middle cerebral artery flow velocity
waveforms in fetal hypoxaemia. Br J Obstet Gynaecol. 1990,97:797-803.
Watson SJ, Smallwood RH, Brown BH, Cherian P, Bardhan KD. Determination
of the relationship between the pH and conductivity of gastric juice. Physiol
Meas. 1996;17:21-7.

Yawno T, Castillo-Melendez M, Jenkin G, Wallace EM, Walker DW, Miller SL.
Mechanisms of melatonin-induced protection in the brain of late gestation
fetal sheep in response to hypoxia. Dev Neurosci. 2012;34:543-51. https//
doi.org/10.1159/000346323.

Zhang X, Lin Y, Gillies RJ. Tumor pH and its measurement. J Nucl Med Off
Publ Soc Nucl Med. 2010,51:1167.

Zhou J, Zhang L, Tian Y. Micro electrochemical pH sensor applicable for
real-time ratiometric monitoring of pH values in rat brains. Anal Chem.
2016;88:2113-8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 11 of 11

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1067/mob.2003.40
https://doi.org/10.1152/ajpregu.00391.2017
https://doi.org/10.1152/ajpregu.00391.2017
https://doi.org/10.1067/mob.2003.440
https://doi.org/10.1152/ajpregu.00391.2017
https://doi.org/10.1152/ajpregu.00391.2017
https://doi.org/10.1016/0002-9378(89)90770-9
https://doi.org/10.1016/j.bios.2020.112028
https://doi.org/10.1159/000346323
https://doi.org/10.1159/000346323

	Abstract
	Introduction
	Materials and methods
	Materials, reagents and instrumentation
	Sensors preparation
	pH sensor preparation
	Oxygen sensor preparation

	Electrochemical pH and O2 monitoring
	In vivo studies in ewe as animal model
	Animal instrumentation
	Umbilical cord occlusion (UCO)

	Statistical analysis

	Results and discussion
	In vitro optimization
	pH sensor in�vitro optimization
	Oxygen sensor in�vitro optimization

	Hypoxia fetal monitoring in�vivo
	Intravascular pH monitoring
	Fetus intramuscular in�vivo pH monitoring
	Fetus intramuscular in�vivo O2 monitoring
	Fetus intramuscular multiparametric analysis


	Conclusions
	Abbreviations
	Supplementary Information
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Competing interests
	Author details
	References
	Publisher’s Note

