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Abstract

Oxygen plays a key role in human physiology and is abnormally modulated in various disease
pathologies making its in situ monitoring quite important. Most oxygen sensors are not able to
measure oxygen levels deep inside the tissue or have a mismatched electrode-tissue interface. In
this study we developed a flexible thread-based oxygen sensor that combines the unique
advantages of minimal invasiveness and superior flexibility offering the possibility for tissue
integration. The sensor is featured by a simple and low-cost fabrication approach which allows for
measuring overall oxygen concentration either over a large surface area or locally at any spot in
any three-dimensional environment with high spatial accuracy and high sensitivity. The sensor can
sensitively detect dissolved oxygen levels within the physiological range of tissue oxygenation.
The sensor’s performance is insensitive to pH variation from 5.8 to 8.0. The sensor shows good
repeatability and stability over a period of one week in phosphate buffered saline. In addition, the
signal variation is less than 10% after hundreds of cycles of physical bending. Using a hydrogel-
based tissue model the sensor has been shown to probe dissolved oxygen levels at different spatial
locations inside a tissue-like environment.

Keywords: Thread diagnostics, oxygen sensor, electrochemical sensing, tissue oxygenation
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1. Introduction

Oxygen plays a pivotal role in the human body for energy production through cellular
respiration. It participates in a variety of bodily functions ranging from memory storage and
cognitive function, to tissue repair and regeneration during wound healing.!** The lack of oxygen
supply in tissue or blood (termed hypoxia or hypoxemia) is associated with many diseases such as
cerebral ischemia, congestive heart failure, and cancer.>”” While the level of oxygen has been
shown to vary within different locations of the body, it can be used as a biomarker in assessing
insufficient oxygen delivery and the resulting tissue damage.® More importantly, the monitoring
of oxygen level directly supports the diagnosis and prognosis of hypoxia and hypoxemia-related
diseases.

A plethora of methods have been proposed to evaluate tissue oxygenation. The optical-
based oxygen sensors such as pulse oximetry have been routinely used for measuring oxygen
saturation.’ In recent years the development of fluorescent nanosensors has enabled intracellular
sensing and imaging of oxygen with significantly enhanced spatial resolution.!% ' Despite the fast
readout, 2-D mapping capability, and non-invasiveness of optical approaches,'?-14 they are often
limited to superficial measurement due to the light attenuation within the tissue. The use of near-
infrared light could enhance the tissue penetration depth but is still ineffective for probing oxygen
deep inside the body such as in case of deep tissue injury.!'> 16 In addition, the superficial oxygen
level could equilibrate with the atmospheric oxygen thus making the measurement less accurate.
As an alternative, electrochemical oxygen sensor offers unparalleled temporal resolution, high
sensitivity, and the capability of long-distance signal transmission when coupled with a wireless
readout module.!”> ' Tissue pO, has been measured using miniaturized metal-based micro-
electrodes. For example, a recessed polarographic microcathode was fabricated to measure
intracellular pO,.!%-2! Traditional Clark-type electrode was also employed in sensing blood oxygen
by placing an oxygen-sensitive cathode into a catheter that can be inserted into blood vessels.?? A
needle-type electrode was inserted subcutaneously for measuring wound oxygen tension in
postoperative surgical patients.>3 Despite the high accuracy and sensitivity of microelectrodes, they
are intrinsically flawed with the mismatch in mechanical attributes between rigid sensor and soft
tissue, which could negatively impact the subject being measured. In addition, these electrodes
often require invasive operations such as surgery to be implanted, and the lack of spatial resolution
is a major limitation compared to optical methods.

Textile fabrics have been proposed to build point-of-care biosensors due to their natural
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electrodes are more amenable to tissue microenvironment than rigid metal electrodes; they can be
easily placed inside tissue using a suture needle, which allows for deep tissue measurement. Our
group has previously engineered a textile-based electrochemical sensor for three-dimensional pH-
sensing in the wound tissue and a thread-based electrochemical for sweat sensing.?’-?° In the
current study we aim to develop an oxygen sensor by building it entirely from single
thread/bundles that can either measure averaged oxygen level over a large surface area or ‘pin-
point’ region of interest (ROI) to measure local oxygen level (Figure 1). We develop a novel
fabrication approach for the ‘tip’ sensor where the sensing zone is confined at the tip of the thread
to allow for precise local point measurement. We demonstrate the sensor can respond to different
levels of oxygen in buffer solutions and can withstand mechanical deformation with minimum
change in signal. In addition, we use a hydrogel-based tissue model to validate the sensor’s
performance.

2. Material and Methods
2.1 Reagents

Conductive silver thread (Liberator® 40) was purchased from Syscom Advanced Materials
(Columbus, OH, USA). UV-curable dielectric ink was purchased from Kayaku Advanced
Materials (Westborough, MA, USA). Agarose, potassium chloride (>99.0%), sodium phosphate
monobasic (>99.0%), sodium phosphate dibasic (>99.0%), Dulbecco’s Modified Eagle’s Medium
(DMEM) with high glucose were purchased from Sigma Aldrich (St. Louis, MO, USA). Phosphate
buffers saline (PBS, pH 7.4), Fetal bovine serum (FBS) were purchased from Thermo Fisher
Scientific (Waltham, MA, USA). Polyethylene terephthalate (PET) sheet was purchased from
Amazon (seller: PP OPOUNT).

2.2 Sensor fabrication

In this work we developed two types of thread-based sensor: ‘wire’ type sensor and ‘tip’ type
sensor. The fabrication process is schematically shown in Figure 2. The silver-coated thread was
cleaned by sonicating in isopropyl alcohol (IPA) and distilled water (diH,O) for 5 min, respectively.
For making wire sensor, dielectric ink was coated on the middle portion of the thread and ~ 2 cm
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Figure 2. a) Schematic of fabrication procedure of thread-based oxygen sensor. Purple indicates dielectric coating.
b) Photograph of a wire sensor (only one thread electrode is shown). ¢) Photograph of a tip sensor at the tip region.
d) Photograph of a curved tip sensor. ¢) Photograph of a tip sensor looped around the finger.
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segment was left uncoated as the sensing zone. The dielectric ink was cured under UV illumination.

Two identical threads were fabricated in this manner as anode and cathode. For making the tip
sensor, after dielectric coating and curing, the thread was cut in the middle to expose the cross-
section of silver thread (Figure 2a). The cross-section area was used as the cathode for sensing
oxygen. Another silver thread was bundled together at the tip region as the anode (Figure 2¢). To
control the thickness of dielectric coating as it affects the distance between two thread electrodes,
a segment of polyvinyl chloride tube with inner diameter of 1 mm was used as a template to hold
the dielectric ink during coating. The typical diameter of the tip is ~ 1 mm. It can be further reduced
by reducing thickness of the dielectric coating. The fabricated thread-based sensors show good
flexibility (Figure 2d&e).

2.3 Sensor calibration

The sensors were calibrated in PBS (pH 7.4, temperature 20.2 °C) with different concentrations of
dissolved oxygen. For wire sensor, the distance of two thread electrodes is kept at 2 cm for all
measurement. To adjust dissolved oxygen concentration, the sensing zone was soaked in PBS
which was bubbled by a gas flow of oxygen/nitrogen mixture controlled by a gas blender (MCQ
Instruments, Rome, Italy) for at least 5 min before measurement. Another commercial oxygen
probe (Ocean Insight, Orlando, FL, USA) was used to determine dissolved oxygen concentrations
in the PBS for calibration purpose. A potentiostat (CH Instrument, Austin, TX, USA) was used to
measure the current response from the thread electrodes using two-electrode configuration by
applying a biased potential of 0.55V relative to the silver cathode.

2.4 Interference study

Phosphate buffers with different pH were prepared by mixing 0.2M dibasic sodium phosphate and
0.2M monobasic sodium phosphate at different ratios. Potassium chloride was added into each
buffer at a final concentration of 0.1M. The pH of home-made buffer was validated using a
commercial pH probe (OAKTON Instruments, Vernon Hills, IL, USA). Both types of sensor were
sequentially soaked in buffers with pH of 7.4, 5.8, 6.6, 8.0 for 20 min respectively, before the
output signal was measured. Both types of sensor were then soaked in DMEM medium
supplemented with 5% FBS for 20 min and the signal was recorded. Oxygen concentration was
kept constant for all measurements (air-saturation).

2.5 Bending test

To test whether sensor’s response is affected by mechanical deformation (i.e., bending), two silver
threads were sewed parallelly onto a flexible PET sheet (2 cm x 3 cm) with their ends fixed using
resin. The spacing between two threads was kept at 1 cm. Bending of the threads was achieved by
bending the PET sheet. Threads were straightened before bending to make sure there was
minimum change in distance between two threads during bending. The threads were soaked in air-
saturated PBS and the current response was recorded when the sheet was bent at different degree.
To mimic possible mechanical wear and tear, PET sheet was manually bent for 250 times and the
sensor’s response was compared with that before bending.

2.6 Repeatability and stability test
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For repeatability test, the concentration of dissolved oxygen was changed by bubbling PBS with
alternating nitrogen and air flow for 5 cycles. For stability test, the sensor was soaked in air-
saturated PBS and air-saturated DMEM medium supplemented with 5% FBS for 7 days. The
output current was measured every 24 hr for both types of sensor.

2.7 Tissue model

Agarose gel was used as a tissue phantom. 2% Agarose was dissolved in PBS with pH of 7.4. Four
tip sensors (pre-calibrated) were inserted and fixed inside a 15 mL centrifuge tube from pre-drilled
holes on the sidewall. Agarose solution was added into the tube and allowed to gel at room
temperature. The cone-shaped bottom of the tube was cut to expose to open atmosphere. The empty
space on the other side of the gel was filled with nitrogen by a constant nitrogen flow (flow rate:
40 mL/min) to establish an oxygen gradient across the gel. The nitrogen flow was kept for 30 min
before the measurement to allow oxygen gradient to reach equilibrium.

3. Results and Discussion
3.1 Design of thread-based oxygen sensor

The thread-based electrochemical sensor uses two silver-coated thread as the cathode and anode.
Under a constant polarizing potential, the following electrode reactions take place,

Anode: 4 Ag+4Cl™ -4 AgCl+4e™
Cathode: 4 HY +4e~ + 0, -2 H,0
Overall: 4 Ag + 4 Cl~ +4H'* + 0, -4 AgCl + 2 H,0

The resulting current passing through the cathode is in proportion to the dissolved oxygen
concentration, which can be measured by amperometry techniques. We firstly applied a linear
voltage scan between two electrodes in order to determine the suitable polarizing potential. As
shown in Figure S1, the current difference between nitrogen-saturated and air-saturated samples
increases as the voltage increases from 0 to 1V. We chose 0.55V as a reasonable polarization
voltage as a significant difference in current was observed at this voltage. In traditional oxygen
sensors, cathode is usually made of platinum or gold due to their superior stability.3® However, it
remains challenging to uniformly coat the threads with platinum or gold in a cost-effective manner.
In this work silver is selected as a surrogate because it’s relatively stable and has been used as
cathode in oxygen sensors.>! We noticed the color of anode thread changes from light yellow to
dark yellow after several measurements, indicating the formation of silver chloride that precipitates
on the surface of electrodes (Figure S2).3> We found such precipitates did not affect the
performance of wire sensor but had a significant impact on tip sensor when we used cross-section
of the thread as both anode and cathode in the original design. The tip sensor failed to respond to
high level of oxygen and became completely insensitive to oxygen afterwards (Figure S3) due to
the complete coverage of electrode surface by AgCl precipitation. In contrast, the wire sensor was
kept running for 80 min in air-saturated PBS without significant drift in current response (Figure
S4). In order to increase the surface area of anode (which is also a typical electrode design to
maintain a larger anode than cathode), we bundled a silver thread around the cathode thread so
that the sensing zone is still at the tip (cathode) for sensing local oxygen concentration. The silver-
coated thread is directly exposed to sensing environment for fast response. Non-specific
interactions between electrode surface and biomolecules (such as adhesion of proteins) in the
biological environment may hinder the electron transfer process and cause the sensor to
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malfunction with increased contact time. Coating the thread surface with an hydrogel layer could
potentially extend the working lifetime of the sensor in the biological environment.33 34

3.2 Measurement of dissolved oxygen concentration in buffer solution

Next we calibrated the sensor by soaking the sensing zone in solutions with different
concentrations of dissolved oxygen. In a traditional Clark electrode, the anode and cathode are
soaked in a bath containing potassium chloride which provides the path for current flow and
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Figure 3. Calibration curve of thread-based oxygen sensor. (a-c) ‘Wire’ sensor. (d-f) ‘Tip’ sensor. (a) & (d)
Chronoamperometry curves of different dissolved oxygen concentration in PBS. (b) & (e) Calibration plot of the
curve in (a) & (d). (¢) & (f) Calibration plot in the physiological range. The current value is averaged from the last
30 s from the chronoamperometry curve. Data is represented as mean + standard deviation.

provides chloride ions for electrode reaction. The electrolyte solution is separated from the external
environment using a gas diffusion barrier.?? In our design the thread electrodes are directly exposed
to the external environment hence it’s critical to evaluate whether the sensor can function in the
tissue environment. We tested sensor’s performance in PBS since it has a similar ionic strength
and concentration of chloride ion to that of biological fluids.>> Figure 3a&d show the
chronoamperometry measurement of wire and tip sensor in response to different concentrations of
dissolved oxygen, respectively. The sensor’s response time is within 90s, after which the output
currents stabilize. Figure 3b-c¢ &e-f show calibration curves of wire and tip sensor in full oxygen
range (0-100% oxygen saturated PBS, or 0 - 55.47 mg/L dissolved oxygen) and physiological
range (0-21% oxygen saturated PBS, or 0 — 12.42 mg/L dissolved oxygen). The tissue oxygen
level is considered to be less than ambient oxygen level (21%) which is covered within the linear
range of our sensor.3%37 For both types of sensor, a linear response is observed in all concentration
ranges. Due to the much larger surface area of wire sensor compared to tip sensor, the recorded
current for wire sensor is in the level of microamp while for tip sensor, the current lies in the level
of nanoamp. The sensitivity is calculated to be 867.8 + 87 nA/mg-L-! for wire type sensor and 1.94
+ 0.35 nA/mg-L-! for tip type sensor. The limit of detection (LOD) was calculated using the
following equation,
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Sy
LOD =33 X ()

Where S, denotes standard deviation of the calibration curve and S denotes slope of the curve.
LOD was calculated to be 0.95 mg/mL (0.95 ppm) dissolved oxygen for wire sensor and 1.68
mg/mL (1.68 ppm) dissolved oxygen for tip sensor.

3.3 Repeatability and stability of thread-based oxygen sensor

It is important that the sensor can make consistent measurements during repeated testing. To test
the repeatability of the sensor, we measured sensor’s response by changing dissolved oxygen
concentrations repeatedly using air and nitrogen flow. The results (Figure 4a&b) suggest that both
types of sensor display good reversibility with the variation less than 10%. The stability of the
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Figure 4. Repeatability and stability test of thread-based oxygen sensor. (a) & (b) Repeatability test of wire and tip
type sensor. (c¢) & (d) Stability test of wire and tip sensor in PBS and medium supplemented with serum. Data is
represented as mean =+ standard deviation.

sensors was validated by soaking them in PBS (pH 7.4) and DMEM medium supplemented with
FBS for 7 days and recording the change of current. In PBS buffer, for both types of sensors, the
current was stable over the period of 1 week with the signal variation less than 10% (Figure 4b&d).
In medium, a gradual decrease in signal is observed for both types of sensor over 7 days. The
signal reduction is 74.28 + 0.91% for wire sensor and 24.05 + 3.98% for tip sensor at day 7. It
should be noted the sensors were still functioning after 7 days soaking in culture medium but with
reduced sensitivity. For short-term use, the sensor can still be recalibrated in medium if applied to
ex vivo culture system. An antifouling layer is needed to enhance sensor’s stability for long term
use.33-34
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3.4 Interference study

The tissue pH level varies and is associated with physiopathological statues of the local tissue
environment. For example, pH value in chronic wounds is found to vary between 5.45 and 8.65.38
Wound pH could transit from a more acidic state to a more alkaline state when there is an
infection.?® It is therefore important to evaluate the sensor’s response at different pH levels. As
shown in Figure 5, both types of sensor show highly stable response in buffers with pH from 5.8
to 8.0. This is beneficial for probing wound oxygenation as well as measuring oxygen profile in
ex vivo cell culture system where pH could fluctuate due to cell metabolism. To test sensor’s
response in non-ideal fluids, we soaked sensors in cell culture medium and compared their signal
with that in the buffers. The signal reduction was 20% for wire sensor and 10% for tip sensor
compared with their response in buffers after soaking in medium for 20 min, which was caused by
adsorption of serum proteins onto the electrodes as discussed previously (Figure 5).
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Figure 5. Interference test of thread-based wire (a) and tip (b) oxygen sensor in different pH buffers and cell
culture medium. Signal is normalized against pH buffer 7.4. Data is represented as mean = standard deviation.

3.5 Bending test

To study the effect of mechanical deformation on sensor’s performance, deformation test is carried
out by physically bending the active sensing zone of wire sensor as shown in Figure 6a. The
threads are sown to a flexible PET film and submerged in air-saturated PBS buffer with pH of 7.4,
while chronoamperometry measurement is conducted before, during, and after (retraction) the
bending. The bending direction is perpendicular to the threads to ensure minimum change in
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Figure 6. Bending test of thread-based oxygen sensor. (a) Experimental setup. (b) Sensor’s response during 3
bending-retraction cycles. (c) Sensor’s response after 250 bending cycles. Data is represented as mean =
standard deviation.
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spacing between them during bending. The reduction in vertical length of PET sheet caused by
bending, L, is used to indicate the degree of bending. Figure 6b shows sensor’s response during 3
bending cycles. As the sheet was bent by 6 mm, the output signal reduced to 80% of that before
bending. Further bending the sheet by 9 mm (total 15 mm) caused another 10% reduction in signal.
We speculate the signal reduction could be caused by change in electrode surface area as bending
re-arranges positions of individual fiber in the thread. More importantly, the signal was almost
fully recovered after the threads were retracted to the original position after each bending cycle.
We further conducted 250 continuous bending-retraction cycles. The signal loss was only 6.91
+2.55% which proves that the sensor is robust enough against mechanical wear and tear when
integrated with tissue.

3.6 Tissue model study

A major advantage of thread-based electrochemical sensor is that it harnesses the soft and flexible
nature of textile to make it suitable as implantable sensors. As a proof-of-concept, we used agarose
gel as a tissue mimic to validate sensor’s performance in tissue-like environment. Note that agarose
is widely used as a tissue phantom for biomedical applications.*?-4! In order to establish the oxygen
gradient inside the gel, a cylindrical gel was formed inside a tube where its bases are exposed to
air and nitrogen flow, respectively. Four individual pre-calibrated tip sensors were inserted from
the side to measure oxygen concentration inside the gel at different locations (Figure 7a). Due to
the geometry of the gel and the diffusion kinetics of oxygen, the oxygen gradient is expected to
form along the height direction, where the diffusion zone is close to the boundary with the length
of a few millimeter.*> 4> We observed increased current values with increased distance between
the sensor tip and the gel surface exposed to nitrogen, where the signal levels off at ~7 mm,
consistent with our expectation (Figure 7b). A similar oxygen concentration profile is validated
by using the commercial oxygen probe (Figure S5). Note that due to the much smaller size of the
tip sensor, it possesses higher spatial resolution (more data points per unit distance) compared with
the commercial probe. The results also prove that the tip sensor is mechanically stable during
insertion into the gel. We envision for clinical application, the thread-based sensor can be
implanted into the tissue using a suture needle because of its small size and similar property of a
suture thread. For wire type sensor, a second thread needs to be placed alongside as the anode
electrode. To simplify the procedure, the anode thread can be bundled together with the cathode
sensing thread using dielectric ink as an insulating layer.
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Figure 7. Tissue model study of thread-based oxygen sensor. (a) Experimental setup. (b) Sensor’s response in relation
to its position inside the gel. The cylindrical agarose gel has a radius of 1.45 cm and a length of 4.5 cm. Data is
represented as mean + standard deviation.
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4. Conclusion and future work

In this work we have developed a highly flexible electrochemical oxygen sensor using threads as
sensing electrodes for sensitive detection of dissolved oxygen concentration. Specifically, we
fabricated a wire and a tip type sensor to measure averaged oxygen concentration over a large area
or local oxygen concentration at region of interest. Both types of sensor have a linear range over
0-55.47 mg/L dissolved oxygen and have a LOD around 1 mg/mL (1 ppm). The sensor displays
good repeatability and stability in buffer solution over 1 week. Moreover, the sensors are resilient
to change in pH and mechanical deformation. Due to its inherent flexibility and sensitivity, such
thread-based oxygen sensors can be useful in areas such as wound oxygen monitoring and organ-
on-a-chip study where oxygen profile inside 3-D cell constructs is of great interests.*> As with any
tools, there are issues to be addressed in future study. The selectivity of the sensor to other gas
species needs to be further tested. Several anti-fouling strategies could be employed, including
coating the thread surface with an oxygen-permeable membrane such as PDMS or hydrogel, or
using anti-fouling layer made from porous cross-linked bovine serum albumin (BSA).** The
coating may increase the response time of the sensor since it creates a diffusion barrier, which
needs to be investigated in future study. In addition, the bio-compatibility of the sensor should be
evaluated for implanted sensors. To make the sensor easy-to-use for point-of-care diagnosis, a
miniaturized electronic readout system should be integrated into the sensing platform in the future
work similar to our prior work.4>-47
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