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Abstract

Printed, Flexible Electrochemical Sensors

by

Margaret Payne

Doctor of Philosophy in Engineering - Electrical Engineering and Computer Sciences

University of California, Berkeley

Professor Ana Claudia Arias, Chair

Chemicals are ubiquitous, from the food we eat to the composition of our own bodies. Dif-
ferent chemicals can give us information about ourselves or our surroundings. For example,
chemicals in the body can give information about the state of a person’s health, while chemi-
cals in the atmosphere can give information about pollution. Chemical sensors are necessary
to gain this information. Electrochemical sensors can use electrical signal output to indicate
the presence and amount of chemicals. This is done two ways: amperometric sensors output
current, and potentiometric sensors output potential. The magnitude of the signal indicates
the amount of chemical present. Printing is useful for fabricating these sensors in flexible
form factors and for disposable uses.

This thesis discusses the development of several different printed electrochemical sensors. An
overview is first given of the developments in printed electrochemical sensors which enabled
this work. Printed amperometric sensors for determination of lactate in sweat are optimized
for sensing the transition from aerobic to anaerobic metabolism. These sensors are printed to
accommodate form factors closely matching that of skin. These sensors have a sensitivity of
4.8 µA/mM and a linear range up to 25 mM lactate. However, an investigation into the selec-
tivity of these sensors determines they are susceptible to interference from the salt present in
sweat, making them less useful as sensors and more useful as indicators. Potentiometric sen-
sors are proposed as an alternative for sensing metabolites in sweat, due to their selectivity
in sweat. Potentiometric sensors cannot be made for sensing lactate, but ammonium sensors
are demonstrated instead for determining levels of carbohydrates and metabolic condition.
Potentiometric ammonium sensors show a near-Nernstian response of 57.5 mV/decade ± 0.3
mV/decade. Sweat is not the only application for printed sensors. Printed potentiometric
sensors for nitrate in soil are also demonstrated, where printing enables the use of degrad-
able materials. The nitrate sensors have near-Nernstian sensitivity of -53.3 mV/decade ±
1.1 mV/decade, and the printed reference developed shows relative insensitivity to nitrate in
solution. The work discussed here indicates a step toward distributed networks of sensors.
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Chapter 1

Introduction

1.1 Fundamental Characteristics of Chemical Sensors

A chemical sensor is defined as a device that responds to an analyte selectively through a
chemical reaction to determine the amount of analyte present[20]. Various types of chemical
sensors exist, including electrochemical, optical, mass sensitive, and heat sensitive. This
work will focus on electrochemical sensors, which rely on electrical signals as a product of the
chemical reaction which takes place. Optical chemical sensors rely on the use of spectroscopic
measurements to distinguish the product of the chemical reaction which takes place. Mass
sensitive chemical sensors rely on material adsorbing to the surface of an oscillating crystal.
This adsorption results in a change in mass on the surface of the oscillating crystal which
changes the frequency of oscillation. Heat sensitive chemical sensors monitor the heat of a
chemical reaction through thermistors or thermometers.

For each of these types of sensors, there is a transducer of some sort, a layer containing
the species recognition agent, and contact with the analyte of interest. The transducer is the
method of detecting the chemical reaction, which for electrochemical sensors is typically a
conductor of some sort for measuring electrical signals. For optical sensors, this transducer
becomes photodiodes or microscopes. For mass sensitive sensors, the transducer is the os-
cillating crystal and the method of measuring the frequency shift of oscillation. For heat
sensitive sensors, the transducer is simply the thermistor or thermometer.

1.2 Electrochemical Sensor Introduction

The two main types of electrochemical sensors are discussed in this work: amperometric
and potentiometric, though there are other ways to sense chemicals, such as the organic
electrochemical transistor[27, 39, 48, 129, 142], optical sensing methods[28, 82, 88, 122], and
lab-scale sensing methods such as spectrophotometric measurements. In particular, ampero-
metric sensors indicate the amount of analyte present through the magnitude of the current
output of the sensor, while potentiometric sensors indicate the amount of analyte present
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through the magnitude of the potential output of the sensor. With humble beginnings, both
of these types of sensors have gained popularity and even commercial and diagnostic viabil-
ity. Amperometric sensors were most enabled by the immobilization of enzymes[60], while
potentiometric sensors began as liquid membrane ion-selective electrodes[116] and gained
popularity after poly(vinyl chloride) (PVC) was introduced for making solid potentiometric
sensor membranes[93]. Each of these breakthroughs was key to enabling the types of sensors
we see today. Since the sensing membranes of each kind of sensor are solution-processable,
much effort has been dedicated to developing printed electrochemical sensors.

1.3 Fabrication Techniques

Printing as a fabrication method enables flexible, comfortable, wearable sensors to be made.
Furthermore, printing can be done on disposable substrates, enabling single-use sensors,
which is beneficial specifically for amperometric sensors, which contend with the limited
lifetimes of enzymes since those are often the sensing method. While screen printing is
overwhelmingly the printing method of choice for most electrochemical sensors[1, 23, 55,
61, 63, 72, 120, 126, 135], some have opted for inkjet-printed sensors[12, 107, 141], and
even gravure-printed[16] and 3D-printed[67] sensors have been demonstrated. 3D-printing
often results in mechanically robust, rigid components, which can be used in a variety of
applications, including water and food testing. For wearable applications, typically, a much
more flexible form factor is desired, both for comfort and for better contact with the skin.
For wearable sensing applications as well as direct food contact applications, printing meth-
ods such as screen printing, inkjet printing, and gravure printing are much more desirable.
Within these, screen printing results in relatively thick films with rougher surfaces, whereas
inkjet printing results in much thinner, smoother films, and gravure printing lies in between
the two. Thicker films are desirable for conductivity, while thinner films are more mechan-
ically flexible. For many temporary wearable applications, such as electrochemical sensing,
screen printing is often the fabrication method of choice since it is quick and can be used in
roll-to-roll processing. Screen printing is also easily prototyped using stencil printing as a
precursor[61].

A visualization of various printing techniques is shown in Figure 1.1. Use of these ad-
ditive techniques allows material to be deposited over large areas at high speed and low
temperature[35, 79, 130].

1.4 Amperometric Sensors

The immobilization of enzymes enabled the development of enzymatic sensors and eventually
printed amperometric sensors[60]. Amperometric sensors are typically composed of three
electrodes: a working electrode (WE), a reference electrode (RE), and a counter electrode
(CE), as indicated in Figure 1.2. The RE is designed to maintain consistent potential in
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Figure 1.1: Depiction of 6 different printing techniques.

Figure 1.2: Depiction of the 3 electrodes typical of amperometric sensors.

varying ionic environments. The CE is designed to counter the reactions occurring at the
surface of the WE. Potential is controlled between the WE and RE, and current is typically
measured from the WE with respect to the CE. The surface of the WE is where chemical
reactions occur when sensing a substance. In most cases, the chemical reactions at the WE
surface are due to the immobilized enzyme.

In typical enzymatic amperometric sensors, the reactions occurring to allow the sensor
to operate are as follows:

Substrate(2H) + FADoxidase −→ Product+ FADH2oxidase (1.1)

FADH2oxidase+O2 −→ FADoxidase+H2O2 (1.2)

H2O2 −→ O2 + 2H+ + 2e− (1.3)
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Where the substrate is the molecule of interest, FADoxidase refers to the Flavin adenine
dinucleotide of the enzyme in use, and FADH2oxidase is the reduced version of FADoxidase.
These reactions were standard among enzymatic amperometric sensors until the introduc-
tion of mediating molecules. Mediators enable the same top reaction, Equation 1.1, while
changing the bottom two Equations 1.2 and 1.3 such that they are not reliant on the presence
of oxygen. Mediators can also reduce the operation voltage of enzymatic sensors, since the
mediator often has a lower oxidation voltage than that of H2O2. One example of this is the
use of tetrathiafulvalene (TTF) as a mediator for lactate[63], which changes Equations 1.1,
1.2, and 1.3 into Equations 1.4, 1.5 and 1.6:

Lactate+ LactateOxidase(FAD) −→ Pyruvate+ LactateOxidase(FADH2) (1.4)

LactateOxidase(FADH2) + 2TTF+ −→ LactateOxidase(FAD) + 2TTF + 2H+ (1.5)

2TTF −→ 2TTF+ + 2e− (1.6)

As evidenced by these reactions, the same number of electrons is produced by each set
of reactions meaning the current is still being produced to allow the amperometric sensor to
function; the only change is which molecule produces the electrons.

Michaelis-Menten kinetics are typically used to describe the rate of reaction and thus,
the current in amperometric sensors. The current, i, in amperometric sensors is given by
Equation 1.7

i = nFAva (1.7)

Where n indicates the number of electrons transferred in reaction, F is Faraday’s constant,
A is the electrode area, and va is the rate of reaction. For enzyme-based sensors, the rate of
reaction and thus the current achieved in a sensor has two main regimes, which are substrate
diffusion-limited and enzyme activity-limited. When the concentration of substrate, or the
molecule of interest, is low, sensors will operate in the substrate diffusion-limited regime, and
the rate of reaction, and thus, the current will be linearly dependent upon the concentration
of substrate in solution.

However, when the substrate diffuses to the sensor surface faster than the enzyme can
react with it, the sensor will be limited by the enzyme’s activity. To extend the linear,
diffusion-limited region of sensor operation, some sensors will employ a diffusion-limiting
membrane, which acts as a barrier with much lower internal diffusion than the surround-
ing solution, thus lowering the sensitivity of a sensor while extending its effective linear
range[141]. The sensitivity of a sensor is typically reported as the rate of current increase
per change in substrate concentration[1, 135, 23, 63, 126, 120, 12, 16, 67]. A summary of
sensors, sensing methods, and printing methods can be found in Table 1.1.

Perhaps the most prevalent printed amperometric sensors throughout the years focus on
the determination of glucose[1, 12, 16, 23, 67, 135]. All rely on the enzyme glucose oxidase
as the sensing mechanism. The reaction between an enzyme and its substrate, in this case,
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Printed
Ampero-
metric
Sensor

Sensing
Mechanism

Best
Reported
Sensitivity

Best
Reported
Detection

Range

Appli-
cations

What
Sensor
Can

Indicate

Printing
Methods

Ref.

Glucose
Glucose
Oxidase

105 µA
mM−1

cm−2

0-60 mM

Bio-
sensing

in
blood
and

sweat

Manage-
ment of
diabetes

Screen,
Inkjet,

Gravure,
3D

[1,
12,
16,
23,
67,
135]

Lactate
Lactate
Oxidase

68 µA
mM−1

cm−2

0-25 mM

Bio-
sensing

in
sweat

Transition
from

aerobic to
anaerobic

meta-
bolism

Screen,
Inkjet

[37,
61,
63,
107]

Progest-
erone

Monoclonal
Sheep
Anit-

Progesterone
Antibodies

Not
Specified

10−10-
10−5

M

Bio-
sensing

in
plasma

and
milk

Fertility
and

pregnancy
Screen [55]

Thiamine

Cobalt-
mediated
Thiolate
Anion

sensing in
Basic

Conditions

3.8 nA
mL µg−1

0.1-20 µg
mL−1

Sensing
vita-
min

B1 in
food

Vitamin
B1 is part

of a
healthy

diet

Screen [126]

Amino
Acids

Amino
Acid

Oxidase

345 nA
mM−1 0-1 mM

Bio-
and
food
sens-
ing

Fermentation
and

microbial
contami-
nation of

dairy

Screen [120]

Alcohols
Alcohol

Dehydroge-
nase

0.362 µA
mM−1 0-36 mM

Bio-
sensing

in
sweat

Sweat
alcohol

increases
as blood
alcohol

increases

Screen
[72,
135]

Table 1.1: Review of amperometric sensors, their characteristics, and their uses.
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glucose oxidase and glucose, is highly selective; thus, enzymes make a good choice for many
sensors. Good sensitivities up to 105 µA mM−1 cm−2[1], detection ranges up to 60 mM[12],
and insensitivity to uric acid, ascorbic acid, and acetaminophen[135] have each been reported
for glucose sensors for varying applications. Some glucose sensors are explicitly developed
for the analysis of blood glucose[23], while many other sensors focus on sweat analysis[1,
16, 37]. However, it has been demonstrated that the levels of salt present in sweat can
interfere with enzyme-based sensing methods[107], rendering enzymatic sweat sensors less
useful than previously thought, unless studies can be done to mitigate the effects of salt on
enzyme activity. However, enzymatic sensors are still useful in bodily fluids with lower salt
concentrations, such as blood and saliva.

Similarly, printed lactate sensors[37, 61, 63, 107, 141] employ the enzyme lactate oxidase
to sense lactate. Sensitivities up to 68 µA mM-1 cm-2[107], detection ranges up to 25 mM[37,
63, 107], and relative insensitivity to creatinine, glucose, uric acid, and ascorbic acid[63, 107]
have been demonstrated. Also, Gao et al.[37] demonstrated relative insensitivity to glucose,
sodium, and potassium. However, all lactate sensors cited here have been developed for the
determination of lactate in sweat, since lactate in sweat can indicate the transition between
aerobic metabolism and anaerobic metabolism[37, 61, 63, 107, 109]. The levels of salt in
sweat affect lactate oxidase activity[107], which directly affects sensor current through the
rate of reaction (see Equation 1.7), thus causing sensor interference. Unless the effects of
salts can be accounted for through a multi-sensor patch[37, 141] or mitigated through the
use of a membrane[141] lactate sweat sensors have limited reliability.

Other amperometric sensors may be less common but are highly promising. For example,
printed biosensors for the determination of progesterone in plasma or milk have been devel-
oped using anti-progesterone antibodies as the sensing method[55]. These sensors exhibit
sufficient performance for use in biological fluids. An amperometric sensor for thiamine,
or vitamin B1, was developed using cobalt phthalocyanine-mediated carbon electrodes[126].
This sensor relies on the fact that at high pH, thiamine converts to an electrochemically ac-
tive thiolate ion, which can then undergo redox reactions with cobalt. Amperometric sensors
for L- and D-amino acids have been demonstrated using L- and D-amino acid oxidase[120].
These sensors showed sensitivity to a variety of amino acids. Finally, interest has been
shown in sensing alcohol in sweat[72, 135]. These sensors operate using the enzyme alcohol
dehydrogenase, which brings the same downfalls as other enzymatic sensors when it comes
to salts[107]. However, these alcohol sensors are also applicable to food and sensing alcohol
presence and concentrations in consumables.

Much of the focus of amperometric sensors has historically been for sensing chemicals in
sweat[1, 16, 37, 61, 63, 107], though recently it has been shown that the enzymes used as the
sensing mechanism for these amperometric sensors may react unpredictably in the presence
of salt which is prevalent in sweat[107]. The enzymes present in these sensors may be studied
carefully and incorporated with complementary sensors for more accurate determinations in
sweat. However, this is not the only application these sensors may be used for. Sweat, while
the most non-invasive bodily fluid, is by no means the only bodily fluid available for sensing.
Tears are also salty, but saliva, blood, and urine may present alternatives for amperometric
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Figure 1.3: Depiction of the 2 electrodes used for potentiometric sensors.

biosensors. Furthermore, food is presented as a promising area for amperometric sensing
methods.

1.5 Potentiometric Sensors

A potentiometric sensor measures the potential difference between a working and reference
electrode under the conditions of no current flow (Figure 1.3). The potential of the working
electrode undergoes significant changes as the concentration of the target analyte changes.
Similar to the amperometry technique, the reference electrode is designed to maintain a
constant potential in varying ionic environments. Typically, the working electrode is based
on an ion-sensitive membrane of a polymeric type containing ionophore, a reagent which
selectively binds with the ion of interest. PVC is the most commonly used membrane matrix.

The potential between the ion-selective electrode and the reference electrode, E, varies
with the activity, aion (or concentration Cion, for a dilute solution) of the ion of interest,
according to the Nernst equation:

E = E0 + 2.3026
RT

zF
log10(aion) (1.8)

where E0 is the standard potential, R is the ideal gas constant and T is the temperature,
z is the ion charge, and F is Faraday’s constant. The sensitivity (V/dec) is evaluated by:

Sensitivity =
dE

dlog10(aion)
(1.9)

The Nernstian response occurs when the response of an ion-selective electrode, according
to local thermodynamic equilibrium is determined over a given range of the concentration
of the target ion. According to the Nernst equation, at ambient temperature, the electrode
will undergo a 59 mV step in potential per factor of ten change in the concentration of a
monovalent ion (z=1).
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Figure 1.4: Examples of 4 different ionophores used in potentiometric sensors.

Printed potentiometric sensors involve fabrication of the electrodes using printing meth-
ods such as screen, inkjet, gravure printing etc. followed by the functionalization into sensors
via drop-casting of the ion-selective membrane solution onto the sensing electrodes. A sum-
mary of sensors, sensing methods, and printing methods can be found in Table 1.2.

Potentiometric sensors based on polymer membranes have been developed to sense and
detect ions such as sodium, potassium, ammonium, calcium, magnesium, pH, chloride, and
nitrate, etc. For example, the potassium ion-selective membrane uses valinomycin as the
ionophore. Valinomycin (Figure 1.4) in the membrane can selectively form a complex with
potassium ion (K+) from the solution. The other components of the membrane are bis(2-
ethylehexyl) sebacate (plasticizer) and PVC. The potassium ions tend to fit in the cavity
within the interior of the valinomycin and are held there due to their interactions with the
ester carbonyl oxygen atoms of the valinomycin molecule. This gives rise to the selectivity
of valinomycin for potassium and allows the reversible exchange of potassium ions with the
analyte solution via complexation between potassium and valinomycin. Sensitivities in the
50-62 mV/dec range [24, 37] and a detection range of 0.4 mM - 1 M[24] have been reported in
the literature. Potassium ion sensors have been developed for biomedical applications such
as analysis of sweat[15, 24, 37, 125], blood[2], and urine[5] as well as in precision agriculture
for soil analysis[10].

Similarly, for sodium ion-selective electrdes (ISEs) based on sodium ionophore (Figure
1.4), sensitivities around 64 mV/dec[14, 37] in the 0.1-100 mM[14] concentration range have
been reported for sweat monitoring applications. Sodium ISEs have also been integrated
with 3D printed platform for sweat-wicking through capillary action[123], and much effort
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Printed
Potentio-
metric
Sensor

Sensing
Mechanism

Reported
Sensitivity

Range

Best
Reported
Detection

Range

Appli-
cations

What
Sensor
Can

Indicate

Printing
Methods

Ref.

K+ Valinomycin
50-62

mV/dec
0.4 mM -

1 M

Bio-
sensing,

soil
moni-
toring,
water
test-
ing

Hypo-
kalemia

and kidney
disease

Screen,
Inkjet,

Gravure

[16,
24,
57,
103,
117]

Na+

Sodium
Ionophore

X

46-56
mV/dec

0.1-100
mM

Bio-
sensing,
water
test-
ing

Dehydration
and heat
cramps

Screen,
Inkjet,

Gravure

[16,
24,
117,
124,
127]

NH+
4 Nonactin

54-59
mV/dec

0.1-100
mM

Bio-
sensing

in
sweat,
water
test-
ing

Carbo-
hydrates

and
metabolic
condition

Screen [49]

Ca2+

Calcium
Ionophore
II (ETH

129)

29-33
mV/dec

0.1-5 mM
Bio-

sensing
Kidney
stones

Screen
[110,
136]

pH

Polyaniline,
Iridium
Oxide,
CNTs

-54 - -71
mV/pH

3-11 pH

Bio-
sensing

in
sweat

Skin
diseases

Screen,
Gravure,

Inkjet

[16,
65,
112,
102]

NO−
3

Not
Specified

-54
mV/dec

0.1-50
mM

Soil
fertil-
izer

Nitrogen-
rich

fertilizer
Screen [25]

Cl− Ag/AgCl
-51

mV/dec
0.5-50
mM

Soil
moni-
toring,
Corro-
sion

Corrosion
of copper,
damage to
farmland

Screen [22]

Table 1.2: Review of potentiometric sensors, their characteristics, and their uses.
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has been put forth to integrate sweat sensing platforms with microfluidic systems to allow
fluid flow over the sensing area[96, 124]. Sodium sensors developed for biosensing in sweat
have been shown to be insensitive to potassium, ammonium, and magnesium ions[141], as
well as chloride and pH[104].

Printed ammonium (NH+
4 ) sensors employ nonactin as the ammonium-selective ionophore

(Figure 1.4). Sensitivities for these sensors are near-Nernstian in the 54-59 mV/dec range[49,
51, 141] and can reach ranges from 0.1 mM to 100 mM[49, 141]. Ammonium sensors have
been mostly developed for biosensing in sweat and have been shown to be insensitive to
potassium, sodium, and magnesium ions[141].

Screen-printed calcium (Ca2+) ion-selective sensors using calcium ionophore (ETH129)
(Figure 1.4) have been reported with sensitivity of 29-33 mV/dec in the 0.1-5 mM ion
concentration range[110, 136]. Since Ca2+ is a divalent ion, the ideal sensitivity of a Ca2+

ISE at standard temperature is 29.6 mV/dec of ion concentration. Calcium sensors have
been demonstrated for biosensing in sweat, urine and blood.

Potentiometric pH sensors using polyaniline have also been demonstrated[16, 96] with
sensitivities of -54 mV/pH to -71 mV/pH in pH ranging from 3-11. These sensors are pro-
posed as useful in sweat pH monitoring, but could also apply to water testing and soil testing.
Jovic et al.[65] reported an inkjet-printed potentiometric sensor based on the nano-assembly
of iridium oxide (IrOx) nanoparticles and poly- diallyldimethylammonium (PDDA) polymer
layers. The sensor was fabricated via layer by layer (LBL) inkjet printing methodology where
the positively charged PDDA layer was first deposited on the negatively charged ITO/PET
substrate followed by the deposition of the negatively charged IrOx ink. A near-Nernstian
response was observed with a sensitivity of about 59 mV/pH in the pH range 3-11. Further,
Qin et al.[112] reported an ink-jet printed potentiometric pH sensor using single-wall carbon
nanotubes (CNTs) as the sensing mechanism.

While potentiometric sensors for sweat are most common, they are by no means the
only interesting applications for potentiometric sensors. For example, printed potentiomet-
ric nitrate ion sensors have been developed for monitoring soil fertilizing[25]. These sensors
exhibit near-Nernstian response of -54 mV/dec in a 0.1 mM to 50 mM concentration range
and insensitivity to other anions commonly found in agricultural fertilizers. Nitrate ion sen-
sors could also be useful for testing groundwater concentrations of nitrate for determining
levels of nitrate that are safe for human consumption. Chloride ion sensors have also been
developed for monitoring soil salt levels, cleverly using a common reference electrode mate-
rial: Ag/AgCl[22]. These sensors have a sensitivity of -51 mV/dec in a concentration range
of 0.05 mM to 50 mM and are stable over hundreds of days. They have also been proposed
as useful in corrosion monitoring.

For printed potentiometric sensors, most effort has been put into developing sensors for
sweat applications. This has been shown so far to be more promising than sweat sensors based
on enzymatic sensing mechanisms. However, more applications await and show promising
results, such as agriculture sensing and corrosion monitoring.
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1.6 Conclusion

Printed, flexible sensors have a bright future. Many are currently developed for sweat sensing,
which is important for determining a person’s state of health non-invasively, though other
bodily fluids are posited as also useful for measurement for determining the state of health.
Many other potential applications include food sensing, soil sensing, water sensing, and even
monitoring corrosion. The studies referenced here show two main types of electrochemical
sensors: amperometric and potentiometric with a variety of applications, ranging from health
and fitness monitoring to precision agriculture.

1.7 Thesis Outline

The work in this thesis focuses on the development of printed electrochemical sensors. The
resulting sensors may be used for sweat sensing or precision agricultural sensing purposes.
Two sensor types will be discussed here, as above.

The second chapter details the fabrication and optimization of printed lactate sensors
for use in sweat. Inkjet printed and screen printed electrodes are utilized in combination
with drop casted active membranes. The effect of changing each component of the working
electrode on sensor performance is observed. Working electrode component parameters are
chosen for optimizing sensor sensitivity and linear range. The resulting sensors have high
sensitivity and physiologically relevant linear range for sensing lactate in a workout. Higher
linear range is necessary to achieve sensors which can be useful for clinical applications.

The selectivity of these enzymatic lactate sensors is investigated in chapter three. Sensor
current is evaluated in the presence of main components of sweat, resulting in interference.
To fully understand this interference, enzyme activity assays are introduced as a method for
quantifying interference to the enzyme. Sensors and enzyme activity are tested in multiple
solutions moving closer to approximating sweat. Sensors and enzyme are also tested in
multiple salts which are prevalent in sweat. Salts are found to affect enzyme activity and thus
sensor performance, though each salt affects the sensor and enzyme in unique ways. From
this study, it is concluded that until more sweat components are studied and characterized
for their effect on enzymatic sensors, these sensors cannot be used in vivo. This is because
the calibration curves obtained for these sensors in vitro in pH buffer no longer apply once
the sensor is moved to a bodily, non-pH-buffered environment.

Chapter four proposes an alternative to enzymatic sensors for sweat sensing. Poten-
tiometric sensors utilize a different sensing mechanism: ionophores. Ionophores have been
developed for sensing many monovalent and divalent ions, and are less susceptible to salt
interference. While lactate cannot be sensed using an ionophore, ammonium, sodium, and
potassium can. A multi-sensor platform is proposed which combines all three sensors for a
platform with more health information resulting from workouts.

Using the same type of sensor, a nitrate sensor for use in precision agriculture is discussed
in chapter five. These nitrate sensors are developed for distribution across a field to show the
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needs of a crop as they change across a field. Nitrate sensors are developed using commer-
cially available, non-degradable materials using inkjet-printed and screen-printed electrodes
with drop-casted membranes on top. A working electrode is first developed, followed by a ref-
erence electrode designed to maintain a relatively consistent potential in varying nitrate ion
environments. The nitrate working electrode is characterized for selectivity using definitive
screening and statistical analysis. Finally, nitrate working electrodes are characterized using
various polymer matrices. Traditional working electrode membranes composed of poly(vinyl
chloride) (PVC) are compared with electrode membranes made with degradable polymers
poly(lactic acid) (PLA) and poly(caprolactone) (PCL). The results show that while PVC is
not degradable, the performance of sensors is vastly improved compared to its degradable
counterparts. The working electrode membrane is determined to be a small enough por-
tion of the sensing node that it may be allowed to be non-degradable in comparison to the
conductor, substrate, and insulator.

The sixth and final chapter details the main conclusions drawn from the work discussed
in this thesis. Directions for future work in the area of printed electrochemical sensors are
also addressed.
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Chapter 2

Amperometric Lactate Sensors for
Sweat Sensing Applications

2.1 Introduction

Since the 1940s, lactate has been a metabolite of interest in bodily fluids because it has been
shown to indicate a transition from aerobic to anaerobic metabolism[37, 63, 109], and has
been identified as a potential indicator for pressure ischemia[111], panic disorder[80], and
cystic fibrosis[18, 31]. In recent years, personalized and mobile, wearable health monitoring
have become increasingly popular[69, 70, 87, 101]. In particular, sweat promises to be a non-
invasive way to monitor metabolites[31, 115]. Sweat sensors provide a unique platform for
non-invasive, continuous, wearable health monitoring. The advent of immobilizing enzymes
enabled the development of enzymatic lactate sensors[60, 73]. Since then, lactate sensors
have been a popular area of study[33, 37, 61, 63, 68, 71], with some recent studies utilizing
high-throughput fabrication methods, such as printing[61, 63].

An ideal lactate sensor will have high sensitivity and large linear range. In literature, the
relevant range of lactate detection is up to 25 or 30 mM for sporting applications, especially
in determining the transition between aerobic and anaerobic metabolism[6, 19, 29, 32, 34, 42,
43, 44, 45, 46, 77, 90, 91, 105, 106]. On the other hand, for clinical applications such as panic
disorder, cystic fibrosis, and pressure ischemia, a linear range up to 50 mM is desired[31, 80,
121, 131].

Amperometric enzymatic sensors can be made at relatively low cost with a high sensitiv-
ity, making them ideal for commercial scale production, especially since the limited lifetime
of enzymes dictates that enzymes are most appropriate for inexpensive disposable sensor ap-
plications. An amperometric lactate sensor is composed of 3 electrodes including a working
electrode (WE), reference electrode (RE), and counter electrode (CE). A 2-electrode setup
is occasionally chosen for ease of production, in which the counter and reference electrodes
are combined into one electrode. Reference electrodes are typically composed of Ag/AgCl
due to its ability to maintain a constant potential in varying ionic environments in addition
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to its ease of processing[40]. Counter electrodes and working electrode transducers are most
commonly made of carbon, but may also be composed of gold, platinum and other inert met-
als which can be used to counter redox reactions[52, 95]. The sensing layers on the working
electrode transducer are fabricated using the enzyme lactate oxidase (LOX) immobilized in a
polymer network, typically chitosan. LOX must be immobilized to prevent efflux of enzyme
into the surrounding environment. Most sensors also employ a mediator in the composition
of the working electrode, such as Prussian Blue[38, 85] or tetrathiafulvalene (TTF)[78, 86,
94]. Mediators function to lower the operation voltage of the sensor. LOX has an oxidation
voltage arount 0.6 V[62, 113] when measured with an Ag/AgCl reference, at which other
species in sweat such as uric acid and ascorbic acid also oxidize[8, 58]. Oxidation of multiple
species at the sensor surface introduces interference in the sensor and reduces its selectivity.
Thus, a mediator with a low oxidation voltage is vital to fabricating a selective lactate sensor.

Printing addresses many of the unique needs of enzymatic sensors. Components of all
3 electrodes are solution-processable. Printing can be done on a variety of disposable sub-
strates. Printing is also a high-throughput additive process with the potential to reduce cost
of production, leading to inexpensive products which are necessary in the case of disposable
sensors such as enzymatic sensors. Sensors designed to wear during a workout must be able
to reliably continuously monitor a metabolite while remaining comfortable. The close con-
tact afforded by flexible substrates ensures that sensors come in close contact with sweat as it
is formed, giving the potential for highly accurate measurements. Solution-printing is com-
patible with flexible substrates with form factors closely matching that of skin. Conventional
electronic fabrication technology does not allow for this flexibility.

This work utilizes TTF as a mediator due to its low oxidation voltage, high sensitivity,
and compatibility with dermal applications. TTF is a small molecule usually used in or-
ganic semiconductors and organic charge transfer complexes and is known for its crystalline
nature[41, 74]. The sensors reported here are fabricated with ink-jet printed gold electrodes
as the WE and CE and screen-printed Ag/AgCl as the RE to produce fully additively man-
ufactured lactate sensors. By optimizing mediating and enzyme layer components of the
working electrode, this work reports linear range up to 24 mM lactate and sensitivity up
to 4.8 µA/mM which normalizes to 68 µA*cm−2/mM when accounting for surface area,
which is suitable for sporting applications in both sensitivity and linear range. Optimized
sensors were characterized in both 3-electrode and 2-electrode setups, indicating that while
2-electrodes are easier to fabricate and integrate with external electronics, 3-electrode setups
offer better performance in more physiologically relevant ranges. This work produced sen-
sors which showed 97% current retention when operated continuously for an hour in vitro to
mimic a typical workout.
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Figure 2.1: Lactate sensor electrodes: a) A schematic of a 3-electrode lactate sensor indi-
cating chemical reactions occurring on the working electrode including a schematic of the
working electrode sensing layers on the right of a); b) images of printed gold and Ag/AgCl
electrodes prior to deposition of working electrode layers, with electrodes of 3 mm diameter,
pictured straight and flexed.

2.2 Fundamental Operation Principles of

Amperometric Lactate Sensors

Electrode Composition

An amperometric lactate sensor is composed of 3 electrodes including a working electrode
(WE), reference electrode (RE), and counter electrode (CE), as shown in Figure 2.1a. Figure
2.1b shows these electrodes printed on plastic for a wearable form factor. Voltage is controlled
between the RE and WE, and the surface of the WE is where reactions occur which release
electrons that are read out as current. The RE is composed of printed Ag/AgCl, and the WE
and CE are made of printed gold. The WE employs the enzyme lactate oxidase (LOX) as the
sensing mechanism immobilized by the polymer chitosan with carbon nanotubes (CNTs).
LOX has a high oxidation voltage around 0.6 V (vs. Ag/AgCl)[62, 113] at which other
components in sweat oxidize and can introduce interference[8, 58], thus a mediator is used
to lower the operation voltage. The mediator oxidizes at a lower voltage, spurring reactions
between lactate and LOX. The mediating layer, composed of a mediator and CNTs, is placed
below the enzyme layer. A mediator such as tetrathiafulvalene (TTF) has an oxidation
voltage between 0-0.2 V when measured with an Ag/AgCl reference electrode, lower than
that of LOX and other species found in sweat, preventing interference through oxidation.
There are numerous mediators available for facilitating LOX reactions, though TTF has
been shown to give high sensitivities and be compatible with dermal applications[63].
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Figure 2.2: Graphs for determining the main figures of merit for lactate including: a) Cyclic
voltammetry graph of a TTF-mediated lactate sensor vs. Ag/AgCl reference; b) Chronoam-
perometry of a lactate sensor with inset of steady-state points graphed to plot sensitivity;
c) Standard interference plot of a lactate sensor.

Figures of Merit

There are 3 main figures of merit for lactate sensors: operating voltage, sensitivity, and
selectivity. The operating voltage is measured using cyclic votammetry (CV) such as the
CV plot in Figure 2.2a which was measured using an Ag/AgCl reference. The first oxidation
peak indicates the oxidation of TTF to TTF+ which enables all of the reactions in the sensor.
In Figure 2.2a, the first TTF oxidation peak occurs at 0V. Reduction peaks do not appear
when performing CV on a lactate sensor in the presence of lactate due to the reversibility of
the reactions within the sensor. Since oxidized TTF is reduced by LOX, it is not reduced by
changing the voltage applied to the sensor and thus does not produce a reduction peak in
the CV graph. For lactate sensors, lower magnitude operation voltages are ideal since high
operation voltage can lead to interference with other species present in sweat.

The sensitivity of a lactate sensor is extracted from its chronoamperometry graph, such as
that in Figure 2.2b. Chronoamperometry is the measure of current in the sensor over time in
increasing concentrations of lactate. The steady state current for each lactate concentration
is plotted against lactate concentration to extract a linear fit and thus a sensitivity, as
shown in the inset of Figure 2.2b where the current recorded at 60s is plotted against the
corresponding lactate concentration.

The selectivity of a sensor is determined from its interference plot, as illustrated in Figure
2.2c. In an interference plot, the current of a sensor in a single concentration of lactate is
measured as other sweat metabolites are added. An ideal sensor shows minimal current
change in the presence of each species introduced, as does the sensor in Figure 2.2c. Uric
acid and ascorbic acid are included due to their low oxidation voltages[8, 58] and show
that the sensor operation voltage is low enough to prevent interference, while glucose and
creatinine both undergo enzymatic reactions[134, 138] and show the selectivity of the enzyme
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itself.
The reactions that occur within the working electrode are shown in Equations 2.1, 2.2,

and 2.3:

Lactate+ LOX(FAD)↔ Pyruvate+ LOX(FADH2) (2.1)

LOX(FADH2) + 2TTF+ ↔ LOX(FAD) + 2TTF + 2H+ (2.2)

2TTF ↔ 2TTF+ + 2e− (2.3)

where LOX refers to lactate oxidase enzyme, FAD refers to Flavin adenine dinucleotide
of lactate oxidase, FADH2 refers to the reduced version of FAD, and TTF refers to tetrathi-
afulvalene. Equations 2.1, 2.2, and 2.3 occur simultaneously once TTF is oxidized. Lactate
reacts with LOX to produce pyruvate and reduce the FAD of LOX. The reduced version of
LOX reacts with oxidized TTF to oxidize LOX and reduce TTF. TTF is oxidized to produce
electrons, which are read out as current.

Electrode Printing

Gold electrodes were printed using commercially available Harima Nanopaste(Au) NPG-J
gold ink in a Dimatix inkjet printer at ambient conditions. Dimatix inkjet printers employ
a piezo inkjet cartridge. When a waveform is applied, ink droplets are deposited on the
substrate below. The desired pattern is drawn in software such as AutoCAD and converted to
a format compatible with Dimatix software for waveform application. Printed gold electrodes
are sintered at 250 ◦C for 50 minutes. Ag/AgCl was printed using Engineered Materials
Systems, Inc. CI-4001 ink in a screen printer. During screen printing, a silk screen with a
predetermined pattern is flooded with ink. The ink then gets pressed through the pattern
in the screen onto a substrate below using a squeegee. Printed Ag/AgCl electrodes are then
baked at 110 ◦C in a vacuum oven for 2 hours. Electrodes were printed on PQA2 PEN 25 µm
thick. Printed electrodes were encapsulated using laser-cut Teflon tape. Printed electrodes
had circular active areas of 3 mm diameter, resulting in an active area of 0.07068 cm2. This
area was used to calculate sensitivity per area.

2.3 Mediating Layer Optimization

For sporting applications, sensors must achieve high sensitivity, with a linear range up to
30 mM lactate. Sensors with this linear range are best suited to sense the transition from
aerobic to anaerobic metabolism. In order to achieve this, we optimized sensors based on
sensitivity and linear range by changing the concentration of the TTF/CNT dispersion, as
well as the amounts of chitosan, CNT, and enzyme in the enzyme layer. Each of these
parameters was optimized independently.
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Figure 2.3: Characterization of mediating layer: a) showing current and linear range and b)
showing sensitivity comparison for each concentration of TTF/CNT suspension. Error bars
indicate standard deviation using at least 3 samples.

The mediating layer was optimized by changing the concentration of the TTF/CNT
dispersion deposited on the working electrode surface. Because TTF is an organic semi-
conductor, conductive CNTs are employed to facilitate electron transfer. Since TTF is a
small molecule, it crystallizes when deposited from solution. TTF forms smaller crystals
when deposited from lower concentrations. With larger surface area to volume ratio, smaller
crystals can contact the enzyme layer in more areas. 3 different concentrations of TTF/CNT
dispersion were investigated, listed in Figure 2.3a and b by the TTF concentration as 100
mg/mL, 50 mg/mL, and 25 mg/mL. The other three parameters were held at 1% chitosan,
1% CNTs, and 12 units of enzyme. The concentrations of CNT in the dispersion changed
corresponding to the concentration of TTF, such that for 100 mg/mL TTF the concentration
of CNT was 5 mg/mL, and when the TTF concentration was diluted the CNT concentra-
tion was correspondingly diluted. Thus for 50 mg/mL TTF the CNT concentration was 2.5
mg/mL and for 25 mg/mL TTF, the CNT concentration was 1.25 mg/mL. For each of these
concentrations of TTF, the volume of dispersion deposited was changed such that the same
solid content was deposited for each concentration, from 3 µL for the highest concentration
to 12 µL for the lowest. Figure 2.3 a,b shows the effect of TTF/CNT concentration on
the linear range (2.3a) and sensitivity (2.3b) of the sensor. The linear range and sensitivity
increase from up to 10 mM to up to 15 or 20 mM lactate and from 1.5 to 2.7 µA/mM
respectively when TTF/CNT concentration decreases from 100 mg/mL to 25 mg/mL. This
occurs because regardless of the concentration, the dispersion is deposited in 3 µL drops, one
drop for the highest concentration to four drops for the lowest. Since these drops contain
acetone and ethanol as solvents, which are both low boiling point and high vapor pressure,
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the solvent evaporates before large crystals of TTF are allowed to form. However, for higher
concentrations the crystals are larger and contain more impurities than a lower concentration
of the same volume[133]. Thus the crystals of TTF formed from lower concentrations are
smaller and cover a larger proportion of the sensor surface, facilitating closer contact between
the TTF and the LOX molecules. 25 mg/mL TTF was determined to give sufficient sensor
performance for sporting applications, so 25 mg/mL TTF was used in further optimization
tests.

Methods

To make the mediating layer, carbon nanotubes were dispersed in ethanol in the speci-
fied concentration (1.25 mg/mL for optimized sensors) and sonified for 20 minutes at 40%
amplitude using a Branson Digital Sonifier probe. TTF was dissolved in acetone at the
corresponding concentration (25 mg/mL for optimized sensors). 400 µL of TTF solution
was added to 2 mL CNT dispersion, and the resulting solution was sonified for 20 minutes
at 40% amplitude. The TTF/CNT dispersion was then deposited on the working electrode
surface (4 drops of 3 µL for optimized sensors).

Optimization results were measured using a commercial control setup involving printed
WE, commercially available Ag/AgCl RE, and commercially available Pt wire CE. Reference
electrodes were obtained from Koslow. All optimization was performed in Fisher pH 7.0
buffer containing potassium phosphate monobasic, sodium hydroxide, and water. Sodium-
L-lactate was obtained from Sigma Aldrich.

2.4 Enzyme Layer Optimization

Chitosan Weight Percent

The enzyme layer was optimized in 3 steps: chitosan weight percent, CNT weight percent,
and enzyme loading, shown in Figure 2.4a and b, Figure 2.5a and b, and Figure 2.6a and
b. The amount of chitosan was optimized by varying the weight percent included in the
enzyme layer. The other three parameters were held constant at 25 mg/mL TTF, 1% CNT,
and 12 units of enzyme. Chitosan acts as an immobilizer and prevents efflux of enzyme
into the surrounding environment, but chitosan is also a resistive polymer. This means that
if too little chitosan is included in the layer formulation, the enzyme will not be properly
immobilized. Improper immobilization results in lower linear range and sensitivity, as can
be seen in Figures 2.4a and b, respectively, for 0.1% chitosan. When there is not enough
chitosan to immobilize LOX, the linear range barely reaches 5 mM lactate. By comparison,
when the enzyme is properly immobilized the linear range is up to 20 mM lactate. On the
other hand, if too much chitosan is included, it can block the access between lactate and
LOX and provide resistive losses. This results in lower currents and thus lower sensitivity,
as can be seen in Figures 2.4a and b, respectively, for 1% chitosan. From Figures 2.4a and
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Figure 2.4: Characterization of chitosan content in enzyme layer: a) showing current and
linear range and b) showing sensitivity comparison for each weight percent of chitosan. Error
bars indicate standard deviation using at least 3 samples.

2.4b, the chitosan weight percent that gave the highest sensitivity and highest currents was
0.6%, which was used thereafter for optimizing the next steps of the enzyme layer.

CNT Weight Percent

The amount of CNT was optimized by varying the weight percent included in the enzyme
layer. The other three parameters were held constant at 25 mg/mL TTF, 0.6% chitosan, and
12 units of enzyme. CNTs provide conductive pathways to aid in charge transfer efficiency
between the enzyme and solution. If there are not enough CNTs in the sensor, charges
will have more difficulty transferring between spatially separated ions. The result is lower
currents and thus lower sensitivity, as can be seen in Figures 2.5a and b, respectively, for 0%
and 0.25% CNTs. The linear range in both cases barely reaches 5 mM lactate, as it is visible
in Figure 2.5a, indicating that not all of the enzyme included in the sensor is acting to its
full reactivity. On the other hand, including too much CNT in the sensor can crowd LOX
molecules, potentially blocking them from reacting with Lactate. Too much CNTs can result
in lower current and thus lower sensitivity, as shown in Figures 2.5a and b, respectively, for
1.5% CNT. From Figures 2.5a and 2.5b, 1% CNT gave the highest sensitivity and highest
currents.
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Figure 2.5: Characterization of CNT content in enzyme layer: a) showing current and linear
range and b) showing sensitivity comparison for each weight percent of CNTs. Error bars
indicate standard deviation using at least 3 samples.

Units of Enzyme

The enzyme loading was optimized by varying the units of enzyme included in the enzyme
layer. The other three parameters were held constant at 25 mg/mL TTF, 0.6% chitosan,
and 1% CNT. Lower enzyme loading results in resistive losses from too much chitosan, while
higher enzyme loading can lead to efflux of enzyme into the surrounding environment. From
Figures 2.6a and 2.6b, 7.5 units of enzyme gives the highest current and sensitivity. The
resulting sensor has a linear range up to 20 mM lactate but is sensitive up to 25 mM lactate,
as shown in Figure 2.6a, and has a high sensitivity as shown in Figure 2.6b.

Through optimization of the mediating and enzyme layers of a lactate sensor, the sensor
performance was improved from 1.5 µA/mM or 21 µA*cm−2/mM sensitivity with a linear
range up to 10 mM lactate to a more physiologically relevant linear range up to 24 mM
lactate with sensitivity of 4.8 µA/mM or 68 µA*cm−2/mM. Device-to-device reproducibility
in performance is shown in 2.7, wherein the calibration curves for 4 different sensors are
overlaid on the same graph showing close agreement for corresponding concentrations of
lactate. The resulting optimized sensors show sufficient performance for sporting applications
of lactate sensing.

Methods

To make the enzyme layer, chitosan was dissolved in 1% acetic acid in water (0.6% chitosan by
weight for optimized sensors), and CNTs were added (1% by weight for optimized sensors).
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Figure 2.6: Characterization of enzyme content in enzyme layer: a) showing current and
linear range and b) showing sensitivity comparison for each amount of units of enzyme.
Error bars indicate standard deviation using at least 3 samples.

Figure 2.7: Four lactate sensor calibration curves (S1, S2, S3, and S4) overlaid to show sensor
reproducibility.
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Figure 2.8: Chronoamperometry in three different configurations including a) commercial
3-electrode control configuration, b) 2-electrode printed configuration, and c) 3-electrode
printed configuration.

This mixture was sonified for 20 minutes at 40% amplitude. In a separate vial, Lactate
Oxidase was measured out and dissolved in Fisher pH 7.0 buffer (for optimized sensors, 1500
U/mL). The lactate oxidase mixture was mixed 1:1 with the chitosan and CNT mixture and
deposited on top of the mediating layer (1 drop of 10 µL for optimized sensors). The sensors
were then dried overnight in an environmental chamber at 35 ◦C.

2.5 Optimized Sensor Performance In Vitro

Printed working electrodes were optimized using a commercially available Ag/AgCl refer-
ence and a commercially available platinum counter electrode, referred to in Figure 2.8 as
the Commercial Control. The resulting optimized sensor was characterized using chronoam-
perometry in 3 different sensor setups including the Commercial Control. The chronoam-
perometry in the Commercial Control configuration for concentrations of lactate of 1 mM,
4 mM, 8 mM, 12 mM, 16 mM, 20 mM, and 24 mM is shown in Figure 2.8a. These concen-
trations of lactate mimic physiological levels of lactate in sweat for sporting conditions. The
printed working electrode was also tested using a printed reference electrode in a 2-electrode
printed configuration with chronoamperometry shown in Figure 2.8b for the same lactate
concentrations. Finally, the printed working electrode was tested with printed reference and
counter electrodes in a 3-electrode printed configuration with chronoamperometry shown in
Figure 2.8c with the same lactate concentrations. Figures 2.8a and 2.8c look very similar,
indicating that the printed reference and counter electrodes work just as well as the commer-
cially available reference and counter electrodes. However, the 2-electrode setup in Figure
2.8b exhibits clearly lower currents.

The effects of the 2-electrode setup are even clearer in Figure 2.9, the overlaid sensitivity
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Figure 2.9: Sensitivity graph with steady state currents from 2.8 extracted onto the same
graph

plots of each electrode configuration. The currents at 60s for Figures 2.8a, b, and c were plot-
ted against lactate concentration to produce the sensitivity plot shown in Figure 2.9. While
the commercial and printed 3-electrode configurations have the same sensitivity, offset by a
small but constant current, the 2-electrode configuration does not have the same linear range
as the other two. The 2-electrode configuration relies on the Ag/AgCl electrode to perform
the function of both reference and counter electrodes. The reference electrode must maintain
a stable potential in varying ionic environments, while the counter electrode works to counter
the redox reactions that occur on the surface of the working electrode by allowing current to
pass between the counter and working electrodes. It is challenging to maintain a constant
potential while supplying current to the working electrode, thus 2-electrode configurations
are expected to show lower currents and linear ranges than their 3-electrode counterparts[52].
This is demonstrated in Figure 2.8 and 2.9. The 3-electrode configurations, however, exhibit
linear range and sensitivity sufficient for sporting applications.

Furthermore, when operated continuously for an hour in a single concentration of lactate
as shown in Figure 2.10, the sensor exhibits 97% current retention, indicating this sensor
could be useful for continuously monitoring an exercise session. The in vitro results in Figure
2.8, Figure 2.9, and Figure 2.10 indicate a promising sensor for determining the transition
between aerobic and anaerobic metabolism. The current stability of the sensor is further
studied by measuring a single sensor repeatedly over the course of 4 hours. The results of
this study will be shown and further discussed in Chapter 3, though over the course of 4
hours the current in each concentration of lactate does not vary.
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Figure 2.10: Sensor performance in one lactate concentration when operated continuously
for one hour

2.6 Conclusion

In vitro testing of amperometric lactate sensors indicate that they have sufficient perfor-
mance for on-body measurement of lactate for sporting applications. The results shown
are promising for a future commercializable lactate sweat sensor. However, Chapter 3 will
investigate the final figure of merit when assessing amperometric lactate sensors: selectivity.

In the transition between aerobic and anaerobic metabolism, a concentration change of
about 10 mM lactate is anticipated in sweat. Based on the sensors optimized in this chapter,
that would result in a current change of about 48 µA. While the exact numbers of lactate
concentration vary from person to person based on their level of fitness and health and also
based on measurement location on the body, the change in concentration is approximately
the same from person to person. Accurate measurement of lactate in sweat can give an
understanding of how efficiently the body is using oxygen during a workout.

An ideal, printed, flexible, wearable lactate sweat sensor holds many advantages over the
current methods of measuring bodily lactate. Instead of monitoring blood, it non-invasively
monitors sweat. It has the ability to monitor in real-time as opposed to collecting a sample
for lab-scale spectroscopic testing. While the advantages of a wearable sensor are great,
the accuracy of blood and spectroscopic sweat testing may not necessarily be met by these
sensors, as will become clear in Chapter 3.
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Chapter 3

Limitations of Enzymatic Sensors

3.1 Introduction

Salts are well-known to affect enzyme activity[47], though the effect of salt on enzymatic
sensor performance is not yet well known. This work endeavored to characterize the effects
of 5 different salts in ranges of physiologically relevant concentrations, though there are hun-
dreds of constituents of sweat which have not yet been characterized for their effect on sensor
performance[56]. This work incorporated salts and various solutions to mimic characteris-
tics of sweat in a controlled lab environment. The ability to mimic in vivo characterization
would allow us to produce a calibration curve that mimics sensor performance on the body
in real sweat conditions. This is important to interpret lactate sensor data in real time if
lactate sensors are ever to be used commercially. Ultimately, while sensors may perform well
in a typical in vitro testing environment, this performance is not indicative of how sensors
will perform in the presence of salts without a pH buffer present. This work investigates
five chloride salts that are contained in sweat and considered primary electrolytes, though
sweat has many more components which are not investigated in this work. Each salt affects
sensor performance and enzyme activity differently. Until each component of sweat is in-
vestigated and accounted for alongside a lactate sensor, current lactate sensors can at best
be labeled indicators of aerobic or anaerobic metabolism, but cannot give accurate lactate
sweat concentrations.

3.2 Traditional Interfering Species

The last figure of merit to address is selectivity. Our sensor was characterized for selectivity
in the traditional manner by continuously operating the sensor in 15 mM lactate and adding
potentially interfering species one at a time, as shown in Figure 3.1. This work employed
physiologically average concentrations of the standard interfering species for lactate: 0.084
mM creatinine, 0.17 mM glucose, 0.059 mM uric acid, and 0.01 mM ascorbic acid. Tradi-
tionally, creatinine, glucose, uric acid, and ascorbic acid are included in interference studies
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Figure 3.1: Sensor performance in traditional interference species plus salts

for lactate for two different reasons. Creatinine and glucose both undergo reactions with
enzymes and are included to test the selectivity of the LOX enzyme for lactate[134, 138].
Uric acid and ascorbic acid both have low oxidation voltages and are included to test that the
operation voltage of the sensor is low enough to prevent interference from oxidation[8, 58].
From Figure 3.1, these 4 species introduced minimal variation in sensor current, indicating
no interference. In addition, this work acknowledges that salts are a major component of
sweat[56], and included 3 extra salts which are major components of sweat: NaCl, NH4Cl,
and KCl. Sodium, ammonium, potassium, and chloride are all main components of sweat
and thus provide a rigorous first step toward real sweat conditions. From Figure 3.1, each
of these 3 chloride salts in 50 mM concentrations introduced major changes in current to
the sensor, and thus interfere with sensor operation. For sodium, 50 mM is a physiologically
relevant concentration, but for ammonium and potassium, physiologically relevant concen-
trations are much lower at 5 mM and 8 mM respectively. The interference observed in Figure
3.1 led to a deeper exploration of interference between enzymes and salts and an attempt to
approximate real sweat in vitro.

3.3 In-depth Interference Study

Enzyme Activity

In order to fully understand the effects of interfering species on lactate sensors, it is imper-
ative to perform enzyme activity measurements. Enzyme activity measurements indicate
how quickly and effectively an enzyme can react in the presence of other materials. This
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is important to understand because enzymes are the direct sensing mechanism and for ac-
curate sensing that reliably follows a calibration curve, the enzymes need to react at the
same rate in all measurement environments. If this is the case, we can accurately say that
the sensitivity we obtain from sensors is fully a function of the concentration of lactate and
not due to anything else present in solution interfering with the enzyme. This is described
by Michaelis-Menten kinetics[7], which defines the current, I, in an amperometric sensor by
Equation 3.1,

I = nFAva (3.1)

Where n is the number of electrons transferred in the reaction, F is Faraday’s constant,
A is the area of the sensor, and va is the rate of reaction between the enzyme and its
substrate. In this case, the enzyme is LOX and its substrate is Lactate. This rate of reaction
is well-defined by Michaelis-Menten kinetics[30] by Equation 3.2,

va = [S0]
Vmax

Km

(3.2)

Where [S0] is the concentration of substrate, in this case lactate, Km is the Michaelis
constant for the given reaction, and Vmax is the maximum rate of reaction the enzyme
can achieve, given by the enzyme activity. By plugging Equation 3.2 into Equation 3.1 it
becomes apparent that the current in a sensor is linearly dependent upon the concentration
of lactate only when the enzyme activity is constant. However, if the concentration of lactate
remains constant, the current in a sensor becomes linearly dependent upon enzyme activity.
In unchanging conditions, this current is constant. However, in changing conditions, as
on the body, current could change drastically. Thus, by measuring enzyme activity in the
presence of varying solutions and varying metabolites found in sweat, we can gain a better
understanding of how sensors will react to conditions on the body.

Enzyme activity is performed following the procedure reported by Toyobo[81, 132]. The
procedure reported by Toyobo was followed exactly and used as the standard against which all
other measurements were compared. Thus, when enzyme activity is reported as a percentage,
it is compared to the exact procedure and materials used in the Toyobo documentation. The
enzyme activity measurements achieved by following Toyobo’s main procedure are counted
as 100% enzyme activity for the purposes of this study. An example absorbance plot for a
sample following Toyobo’s main procedure is shown in Figure 3.2. The enzyme assay recipe
developed by Toyobo involves the reactions in Equations 3.3 and 3.4,

L−lactate + O2
LOX−−→ Pyruvate + H2O2 (3.3)

2 H2O2 + 4-Aminoantipyrine + EHSPT
peroxidase−−−−−−→ Quinoneimine dye + 4 H2O (3.4)

Where EHSPT refers to N-ethy-N-(2-hydroxy-3-sulphopropyl)-m-toluidine and peroxi-
dase refers to horseradish peroxidase. The quinoneimine dye produced from this reaction



CHAPTER 3. LIMITATIONS OF ENZYMATIC SENSORS 29

Figure 3.2: Full absorbance spectrum of an enzyme assay made using pH 7.5 potassium
phosphate buffer as dictated by Toyobo, exhibiting a peak at 555 nm.

produces an absorbance peak at 555 nm, as is evident from the spectrum shown in Figure
3.2. Thus, enzyme activity is calculated using the absorbance at 555 nm wavelength using
the equations dictated by Toyobo. When testing different solutions for their effect on enzyme
activity, each solution specified was substituted in place of the standard pH 7.5 potassium
phosphate buffer that Toyobo uses in the lactate solution portion of the enzyme assay, or
solution (A) on the data sheet for lactate oxidase. When testing salts, two separate enzyme
activity measurements were performed to attempt to ascertain the effect of the salt. To test
the salt’s effect on the enzyme itself, the salt in the specified concentration was incubated
with the enzyme in solution for an hour at room temperature. To test the salt’s effect on
ionic interactions surrounding the enzyme, the salt in the specified concentration was mixed
with the lactate solution.

Methods

Enzyme activity was performed using the procedure from Toyobo. Potassium phosphate
buffer of pH 7.5 was made using potassium phosphate monobasic obtained from Sigma
Aldrich, potassium phosphate dibasic obtained from Sigma Aldrich, and potassium hydrox-
ide obtained from Sigma Aldrich. When comparing enzyme activity in various solutions,
the potassium phosphate buffer of pH 7.5 in which the lactate was dissolved was exchanged
for the various other solutions. Gibco Phosphate Buffered Saline was obtained from Ther-
moFisher Scientific. Enzyme was incubated with salt according to the procedure from Toy-
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obo, salt was also mixed with the lactate solution prior to assay. Absorbance was measured
using a Shimadzu UV-2600 UV-Vis Spectrometer. Activity was calculated using the method
from Toyobo, then divided by calculated activity using the standard Toyobo procedure with
no salt and no solvent substitutions to arrive at a percentage activity. Through this method,
the reference activity is always 100%.

Salty Solution Investigation

To further approximate in vivo conditions in comparison with typical in vitro characteri-
zation, a variety of solutions were characterized in vitro including various buffers typically
used to characterize sensors as well as non-pH-buffered solutions. Sensor performance, as
well as enzyme activity are shown in Figure 3.3. Enzyme activity is shown in blue with
activity reported as a percentage relative to the standard potassium phosphate buffer used
for enzyme assay as reported by Toyobo[81, 132]. The scale for enzyme activity percent-
age is shown on the right of the graph. Sensitivity of corresponding sensors in solutions of
lactate using each type of solution is shown in orange, with sensitivity scale shown on the
left of the graph. The first solution listed is Potassium Phosphate Buffer, referring to the
standard buffer used by Toyobo with a pH of 7.5, followed by Phosphate Buffered Saline
from Gibco, a pH 7.4 buffer that includes sodium chloride in the formulation and is often
used in sensor characterization. Yellow Buffer refers to Fisher’s phosphate buffer with pH
7.0 which includes potassium hydroxide in the formulation. This is the solution which was
used in this work for optimization and characterization of sensors. Water refers to deion-
ized water. Sweat with no salts and Salty Sweat refer to house-made artificial sweat recipes
using physiologically average amounts of the previously tested interference species. 84 µM
creatinine, 0.17 mM glucose, 59 µM uric acid, and 10 µM ascorbic acid were dissolved in
deionized water for Sweat (No Salts), while Salty Sweat includes these as well as 50 mM
NaCl, 5 mM NH4Cl, and 8 mM KCl. As indicated by the first 700 s of Figure 3.1, Sweat with
no salts produces similar results in both sensitivity and enzyme activity as plain deionized
water. The traditionally measured interfering species for lactate have very little effect on
the sensor’s performance.

3.4 Characterizing Effects of Individual Salts at

Physiologically Average Levels

Five different chloride salts were investigated for their effects on enzyme activity and sensor
performance: NaCl, NH4Cl, KCl, CaCl2, and MgCl2, each of which is a constituent in
sweat. The effect of nearly physiologically average concentrations of each of these salts
on sensor current at 15 mM lactate is shown in Figure 3.4a. While some salts give lower
currents at physiologically average concentrations (NaCl, CaCl2, and MgCl2), others give
higher currents (NH4Cl and KCl). To help explain why these salts affect sensor current,
the same salt concentrations were used in Figure 3.4b when measuring enzyme activity. In
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Figure 3.3: Sensor sensitivity and relative enzyme activity in varying solutions. Error bars
indicate standard deviation using at least 3 samples.

Figure 3.4: Performance in sweat-like conditions including: a) current in a lactate sensor at
15mM lactate with physiological concentrations of five different salts, and b) enzyme activity
two ways in the presence of the same salts. Error bars indicate standard deviation using at
least 3 samples.
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Figure 3.4b, two different methods were employed for measuring enzyme activity in order
to find one method which might predict sensor performance. The standard method for
measuring enzyme activity in the presence of other species is shown in blue. This method
involves incubating the enzyme with the determined concentration of salt for an hour prior to
dilution for assay. In orange is a method from this work of mixing the salt with the lactate in
the assay mixture, to mimic the changes that a salt may bring about to the redox reactions on
a sensor. For some salts such as NaCl and NH4Cl, incubation was a more accurate indicator
of a salt’s effect on sensor performance, indicating that salt affected the enzyme most within
the sensor. Because the enzyme is the sensing mechanism, changes in enzyme activity will
change a sensor’s current output, even in the presence of the same concentration of lactate,
as described by Equations 3.1 and 3.2. The sensor performance in the presence of the other
salts, KCl, CaCl2, and MgCl2, was better indicated by mixing salt with the assay mixture,
indicating that the salt affects ionic interactions surrounding a sensor more than the enzyme
itself. This form of interference still affects sensor current because the ionic interactions
prevent or facilitate lactate from reaching the enzyme to react and produce current in the
sensor. The changes in sensor current corresponding from changes in enzyme activity are
more clearly visible in the next subsection, in which sensors are investigated with a range
of salt concentrations to determine their effects on sensitivity of a sensor as well as enzyme
activity.

Even for a single salt, the effect on the sensor is highly dependent upon salt concentration,
as seen in Figure 3.5, in which the current of a sensor in 15 mM lactate is plotted for 4
different concentrations of CaCl2. The sensor response to increasing concentrations of CaCl2
is nonlinear, indicating that sensor responses to metabolites in sweat warrant further study.

3.5 Characterizing the Effects of Individual Salts in a

Range of Physiological Levels

We have further investigated NaCl, NH4Cl, KCl, CaCl2, and MgCl2 for their effect on enzyme
activity and sensor performance. To achieve this, each salt was investigated in a range
of physiological levels of the cation while lactate was varied in a range of physiological
levels. To obtain calibration graphs with sensitivities, sensors were measured in increasing
concentrations of lactate in water, then allowed to rest in deionized water before measuring
again in lactate in water with added salt. This procedure was repeated for each increasing
concentration of salt. The sensors for these measurements were actively measured for over
4 hours with no major affects to current retention, as demonstrated in some of the salt
discussions that have little to no effect on sensor performance such as MgCl2. This means
that the lactate sensors developed in this study have a lifetime much longer than the average
workout time of one hour. It is notable that physiological levels of Cl− ion can vary from
17 µM to 290 mM with average concentrations of about 23 mM[56]. It is important to note
that the sensors in this study were measured in water, not pH buffer, thus their sensitivities
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Figure 3.5: Sensor current at 15mM lactate for four different concentrations of one salt.
Error bars indicate standard deviation using at least 3 samples.

are lower than the reported optimized sensor sensitivity.

NaCl

While 30-40 mM NaCl is considered physiologically average, Na+ concentrations in sweat can
range from 0.1 mM to 390 mM[56]. From this range, a small range of physiologically relevant
concentrations of Na+ concentrations were selected to study. Since the high and low extremes
of concentrations typically occur in the case of clinical conditions, NaCl concentrations of
10 mM, 20 mM, 40 mM and 60 mM were chosen for investigating the effects of NaCl and
particularly Na+ concentration on lactate sensors and lactate oxidase. The results of this
study are shown in Figure 3.6. For the purposes of NaCl, only the sensitivities of the sensor
in 10 mM and 60 mM NaCl are provided on the graph to offer contrast. In 10mM NaCl, the
sensitivity is 1.1 µA/mM lactate, while in 60 mM NaCl the sensitivity drops to 0.8 µA/mM
lactate.

For comparison, enzyme activity was measured in each of the same concentrations of
NaCl. Enzyme activity for salt incubated with the enzyme is shown in Table 3.1, while
enzyme activity for salt mixed with the lactate solution is shown in Table 3.2. From Figure
3.6, it is clear that increasing the concentration of NaCl in sweat-like solutions will decrease
sensor sensitivity. This follows the general trend of enzyme activity when NaCl is mixed
in the lactate solution, shown in Table 3.2, in which enzyme activity reliably decreases as
salt concentration increases. Enzyme activity when NaCl is incubated with the enzyme has



CHAPTER 3. LIMITATIONS OF ENZYMATIC SENSORS 34

Figure 3.6: Calibration curves for a sensor in increasing concentrations of NaCl.

% Activity St. Dev. (%)
10mM 103.5 15.6
20mM 110.4 8.2
40mM 99.5 11.1
60mM 95.6 17.7

Table 3.1: Enzyme activity for varying concentrations of NaCl incubated with the enzyme.
Standard deviation is calculated using at least 3 samples.

% Activity St. Dev. (%)
10mM 92.9 3.1
20mM 81.3 3.7
40mM 69.1 2.3
60mM 59.5 3.3

Table 3.2: Enzyme activity for varying concentrations of NaCl mixed with the lactate solu-
tion. Standard deviation is calculated using at least 3 samples.
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Figure 3.7: Calibration curves for a sensor in increasing concentrations of KCl.

% Activity St. Dev. (%)
1mM 116.6 2.1

6.1mM 95.0 3.1
15mM 87.4 16.2

Table 3.3: Enzyme activity for varying concentrations of KCl incubated with the enzyme.
Standard deviation is calculated using at least 3 samples.

nonlinear behavior in that activity increases between 0 mM and 20 mM NaCl, but then
decreases between 20 mM and 60 mM, as indicated in Table 3.1.

KCl

Physiologically average amounts of K+ in sweat are between 6 and 8 mM. However, K+

concentration in sweat can range from 6 µM to 38 mM. From this range, a smaller range of
physiologically relevant concentrations were chosen as 1 mM, 6.1 mM, and 15 mM KCl for
studying the effects of KCl and particularly K+ on lactate sensors and lactate oxidase. The
results of this study are shown in Figure 3.7. For the purposes of KCl, only the sensitivities
of the sensor in no salt and 15 mM KCl are provided on the graph to offer contrast. In no
salt, the sensitivity is 1.3 µA/mM lactate, while in 15 mM KCl the sensitivity drops to 0.85
µA/mM lactate.

For comparison, enzyme activity was measured in each of the same concentrations of
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% Activity St. Dev. (%)
1mM 103.9 2.0

6.1mM 96.1 0.7
15mM 92.6 11.9

Table 3.4: Enzyme activity for varying concentrations of KCl mixed with the lactate solution.
Standard deviation is calculated using at least 3 samples.

% Activity St. Dev. (%)
0.5mM 89.9 2.5
3.3mM 87.6 3.6
6.5mM 93.7 11.1
10mM 97.8 2.0

Table 3.5: Enzyme activity for varying concentrations of NH4Cl incubated with the enzyme.
Standard deviation is calculated using at least 3 samples.

KCl. Enzyme activity for salt incubated with the enzyme is shown in Table 3.3, while
enzyme activity for salt mixed with the lactate solution is shown in Table 3.4. From Figure
3.7, it is clear that increasing the concentration of KCl in sweat-like solutions will decrease
sensor sensitivity. This follows the general trend of enzyme activity when KCl is mixed in
the lactate solution, shown in Table 3.4, as well as the general trend when KCl is incubated
with the enzyme, shown in Table 3.3. For both methods, enzyme activity reliably decreases
as concentration of salt increases. However, enzyme activity when 1 mM KCl is incubated
with the enzyme goes far above enzyme activity with no salts (which is defined as 100%
enzyme activity), indicating that enzyme activity with KCl mixed with the lactate mixture
is a better indicator of the performance of sensors in the presence of KCl.

NH4Cl

Physiologically, concentrations of NH+
4 in sweat can vary from 0.47 mM to 27 mM, and

physiologically average NH+
4 is considered to be 5 mM[56]. From this range of physiologically

possible concentrations of NH+
4 , a physiologically relevant range of NH4Cl concentrations

were chosen as 0.5 mM, 3.3 mM, 6.5 mM, and 10 mM. This spans most of the range of
possible NH+

4 concentrations that can be found in sweat since the range of concentrations
is so small compared to other metabolites investigated here. The results of this study are
shown in Figure 3.8. No sensitivity lines are provided on the graph for sensors in NH4Cl to
facilitate visualization of the overlap of data points. From Figure 3.8, there is no clear effect
on sensors from changing NH4Cl.
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Figure 3.8: Calibration curves for a sensor in increasing concentrations of NH4Cl.

% Activity St. Dev. (%)
0.5mM 105.6 6.3
3.3mM 82.7 5.2
6.5mM 77.6 10.2
10mM 89.2 5.0

Table 3.6: Enzyme activity for varying concentrations of NH4Cl mixed with the lactate
solution. Standard deviation is calculated using at least 3 samples.

For comparison, enzyme activity was measured in each of the same concentrations of
NH4Cl. Enzyme activity for salt incubated with the enzyme is shown in Table 3.5, while
enzyme activity for salt mixed with the lactate solution is shown in Table 3.6. From Figure
3.8, there is no clear effect on sensors from increasing NH4Cl concentration. This is also the
case in both Table 3.5 and Table 3.6, where an overarching trend in enzyme activity does
not emerge and all percentages are grouped around the same values.

MgCl2

Physiologically, concentrations of Mg2+ in sweat can vary from 0.07 µM to 3.8 mM, and
physiologically average Mg2+ is considered to be about 80 µM[56]. From this range of
physiologically possible concentrations of Mg2+, a smaller range of physiologically relevant
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Figure 3.9: Calibration curves for a sensor in increasing concentrations of MgCl2.

% Activity St. Dev. (%)
8µM 94.9 1.1
80µM 95.5 1.4
800µM 92.9 3.4

Table 3.7: Enzyme activity for varying concentrations of MgCl2 incubated with the enzyme.
Standard deviation is calculated using at least 3 samples.

MgCl2 concentrations were chosen as 8 µM, 80 µM, and 800 µM. The results of this study
are shown in Figure 3.9. No sensitivity lines are provided on the graph for sensors in MgCl2
to facilitate visualization of the overlap of data points. From Figure 3.9, there is no clear
effect on sensors from changing MgCl2.

For comparison, enzyme activity was measured in each of the same concentrations of
MgCl2. Enzyme activity for salt incubated with the enzyme is shown in Table 3.7, while
enzyme activity for salt mixed with the lactate solution is shown in Table 3.8. From Figure
3.9, there is no clear effect on sensors from increasing NH4Cl concentration. This is also the
case in both Table 3.7 and Table 3.8, where an overarching trend in enzyme activity does
not emerge and all percentages are grouped around the same values.
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% Activity St. Dev. (%)
8µM 94.1 5.4
80µM 94.2 2.7
800µM 98.4 1.4

Table 3.8: Enzyme activity for varying concentrations of MgCl2 mixed with the lactate
solution. Standard deviation is calculated using at least 3 samples.

Figure 3.10: Calibration curves for a sensor in increasing concentrations of CaCl2.

CaCl2

Physiologically, concentrations of Ca2+ in sweat can vary from 4.7 µM to 15 mM, and physio-
logically average Ca2+ is considered to be about 5 mM[56]. From this range of physiologically
possible concentrations of Ca2+, a physiologically relevant range of CaCl2 concentrations were
chosen as 0.9 mM, 5 mM, and 10 mM. The results of this study are shown in Figure 3.10.
For the purposes of CaCl2, only the sensitivities of the sensor in no salt and 10 mM CaCl2
are provided on the graph to offer contrast. In no salt, the sensitivity is 0.84 µA/mM lactate,
while in 10 mM CaCl2 the sensitivity drops to 0.46 µA/mM lactate.

For comparison, enzyme activity was measured in each of the same concentrations of
CaCl2. Enzyme activity for salt incubated with the enzyme is shown in Table 3.9, while
enzyme activity for salt mixed with the lactate solution is shown in Table 3.10. From Figure
3.10, increasing CaCl2 concentration has a nonlinear effect on sensor performance, increasing
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% Activity St. Dev. (%)
0.9mM 104.5 1.0
5mM 95.5 4.4
10mM 95.6 3.2

Table 3.9: Enzyme activity for varying concentrations of CaCl2 incubated with the enzyme.
Standard deviation is calculated using at least 3 samples.

% Activity St. Dev. (%)
0.9mM 92.3 2.3
5mM 90.7 10.4
10mM 78.5 14.7

Table 3.10: Enzyme activity for varying concentrations of CaCl2 mixed with the lactate
solution. Standard deviation is calculated using at least 3 samples.

sensitivity between 0 mM and 0.9 mM CaCl2 and decreasing sensitivity between 0.9 mM
and 10 mM CaCl2, which follows the trend for incubated enzyme activity when increasing
and mixed enzyme activity when decreasing. In Table 3.9, the enzyme activity for the lowest
concentration of CaCl2 is above that of enzyme activity with no salt, while for 5 mM and 10
mM, enzyme activity has no discernable difference. In Table 3.10, enzyme activity consis-
tently decreases as CaCl2 concentration increases, with a major jump in activity between 5
mM and 10 mM, similar to the large change in sensor sensitivity between 5 mM CaCl2 and
10 mM CaCl2 seen in Figure 3.10.

The use of salts and non-buffered solutions was vital to determining more closely how
sensors may perform in vivo, since sweat is a salty, non-buffered environment. Each salt
affected sensor performance and enzyme activity differently, though the effect on enzyme
activity indicates that salt is a major factor to take into consideration when developing
enzymatic sensors.

3.6 Conclusion

The sensitivity of lactate sensors in Figure 3.3 very closely follows the trend for enzyme
activity, which indicates that changing the lactate solution most affects the enzyme in an
enzymatic sensor, not necessarily the other electrochemical reactions taking place in solution.
Since the enzyme is the mode of sensing in enzymatic sensors, variations in activity are not
ideal. To perform well, a sensor must react predictably to changing environments, ideally
reacting selectively only to the constituent of interest.

While optimized sensors perform well in a pH-buffered in vitro environment, introduction
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of any variables that bring conditions closer to those of in vivo measurements drastically
affects sensor performance and render previously acquired sensitivity graphs inaccurate for
comparing with on-body measurements. To better mimic on-body environments and get
closer to accurate in vivo performance, artificial sweat should be used to characterize sensors.
However, enzyme activity is known to be highly dependent upon temperature, pH, and
salt[47, 81, 132], and while our study discusses five salts, there are hundreds of constituents
of sweat[56]. In order to detect a transition between aerobic and anaerobic metabolism,
a change in lactate in sweat of approximately 10 mM is expected. In our sensors, this
change in lactate concentration corresponds to a change in current of approximately 10
µA. When we consider salt interference as shown in Figure 3.4a, the current in sensors at
physiologically average concentrations of salt changes approximately 5 µA. The change in
current due to salt interference is lower than the change in current required to detect the
threshold between aerobic and anaerobic metabolism. Therefore, these sensors may still
function well as indicators for the purposes of determining the transition between aerobic
and anaerobic metabolism, even taking into account the interference of salts. However, it is
unlikely that enzymatic lactate sensors will give accurate numerical readings for continuous
health monitoring. The effects of each of the constituents in sweat on enzymatic sensors
are not well known. In order to achieve an accurate measurement of lactate, a systematic
study of each constituent in sweat would need to be performed for its effect on enzymatic
sensors. Any constituents found to affect sensor performance would need to be included
in a multiplexed sensor configuration where its effects are back-calculated to determine an
accurate numerical value for lactate in sweat. From our studies, we conclude that at least
sodium, potassium, and calcium must be included in such a multiplexed patch, in addition
to pH and temperature before on-body studies are performed.
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Chapter 4

Potentiometric Sensors for Sweat
Sensing Applications

4.1 Introduction

Chapter 3 of this work endeavored to demonstrate that amperometric enzymatic sensors are
as yet impractical for use in sweat sensing. In order to become practical, these sensors would
need to be incorporated with many other sensors for any sweat components which may affect
the activity of the enzyme. However, simple sweat sensors may still be realized in the form
of potentiometric sensors.

Potentiometric sensors have a major advantage over amperometric sensors when con-
cerned with sweat sensing. This advantage is selectivity. Potentiometric sensors measured
with the same interfering species as the amperometric lactate sensor from Chapter 3 show
little to no response[141]. This makes them an obvious choice for sweat sensing over am-
perometric sensors. Potentiometric sensors can be used to measure simple monovalent and
divalent ions, thus making them incompatible with measuring lactate. Instead, this chapter
will focus on ammonium (NH4).

Ammonium in sweat can indicate low levels of carbohydrates, which are vital to perfor-
mance while working out, and may also indicate metabolic condition[13, 49, 50, 92].

4.2 Potentiometric Sensor Operation

Potentiometric sensors operate using two electrodes as shown in Figure 4.1, a working elec-
trode (WE) and a reference electrode (RE). Thus, these sensors are simpler than the amper-
ometric sensors of Chapter 2 and 3. The RE is designed to maintain a consistent potential
in varying ionic environments, while the WE utilizes an ionophore which reversibly binds
with the ion of interest. The ion changes the potential at the surface of the electrode and
potential is measured between the WE and RE. The ionophore for ammonium sensors is
usually Nonactin[49]. The structure of Nonactin can be found in Figure 1.4.
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Figure 4.1: Depiction of the 2 electrodes used for potentiometric ammonium sensors.

The potential in a potentiometric ammonium sensor is proportional to the amount of
ammonium present through the Nernst Equation 4.1.

E = E0 + 2.3026
RT

zF
log10(aion) (4.1)

Where E is potential, E0 is the standard potential, R is the ideal gas constant and T is
the temperature, z is the ion charge, F is Faraday’s constant, and aion is the ion activity.
The ion activity is a function of the concentration of the ion and the ion activity coefficient.
At sufficiently dilute concentrations, the ion activity coefficient is 1[20], thus the potential is
considered to be a function primarily of the concentration of the ion in solution.

Since ammonium is a monovalent cation, the anticipated sensitivity of these sensors
according to Equation 4.1 is 59.1 mV/decade, meaning that for every factor of ten increase
in ammonium concentration, the potential of the sensor should increase by 59.1 mV.

Electrode Printing

Gold electrodes were printed using Harima Nanopaste(Au) NPG-J gold ink in a Dimatix
inkjet printer at ambient conditions. Dimatix inkjet printers employ a piezo inkjet cartridge.
When a waveform is applied, ink droplets are deposited on the substrate below. The desired
pattern was generated in CAD software and converted to a format compatible with Dimatix
software for waveform application. Printed gold electrodes were sintered at 250 ◦C for 50
minutes. Ag/AgCl was screen printed using Engineered Materials Systems, Inc. CI-4001 ink.
During screen printing, a silkscreen with a predetermined pattern is flooded with ink. The
ink then is pressed through the screen onto a substrate below. Printed Ag/AgCl electrodes
were then baked at 120 ◦C in a vacuum oven for 2 hours. Electrodes were printed on PQA2
PEN 25 µm thick. Printed electrodes were encapsulated using laser-cut Teflon tape. Printed
electrodes had circular active areas of 3 mm diameter, resulting in an active area of 0.07068
cm2.
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4.3 Sensor Performance in vitro

Methods

Working electrodes were made by mixing the components of the sensing membrane: 0.001 g
ammonium ionophore I, 0.345 g 2-nitrophenyl octyl ether, and 0.159 g PVC in 5 mL of THF.
The resulting solution was drop-casted on the printed working electrode sensor surface as 6
µL total in 3 separate 2 µL increments. The resulting working electrode was allowed to dry
in a fume hood for 15 minutes.

The reference electrode employed a CNT transducer between the Ag/AgCl electrode and
the membrane. This transducer was composed of 0.01 g of CNT and 0.05 g of F127 dissolved
in 10 mL of THF, which were sonified for 1 hour in an ice bath using a Branson Digital Sonifier
probe. The resulting mixture was deposited on the printed reference electrode surface as 4
µL total in 2 separate 2 µL increments.

The reference electrode further included a PVB and NaCl membrane, which was made
by dissolving 1.58 g of PVB and 1.00 g of NaCl in 20 mL of methanol. This mixture was
sonified for 30 minutes in an ice bath. The resulting mixture was deposited on top of the
CNT transducer as 6 µ total in 3 separate 2 µL increments.

For sensitivity measurements, NH4Cl was dissolved in deionized water, then diluted to
various concentrations. A Keithley 2400 Series SourceMeter was used to measure potentials.

Results

Sodium and ammonium sensors have been previously reported by our research group[141].
For the purposes of reproducibility, this work endeavored to recreate fully printed ammonium
sensors. The recipes for these sensors and reference electrodes were developed and tested by
Zamarayeva et al[141] and were recreated as reported in this work.

The ammonium sensors were recreated for use in conjunction with other sensors devel-
oped within the group for a multi-sensor sweat patch. The ammonium sensor remained
the responsibility of this work, while the remaining sensors, sodium and potassium, were
developed and tested in conjunction by collaborators.

The results from ammonium sensors studies may be found in Figure 4.2. For potentio-
metric sensors, since no operation voltage needs to be determined, sensors may go directly
from fabrication to measurement. Raw measurement data is shown on the left of Figure 4.2,
where potential is measured over time in changing ammonium concentration.

The data on the right of Figure 4.2 is the same data for two sensors, S1 and S2, extrap-
olated onto a plot of potential as a function of concentration of ammonium in solution. The
sensitivities of the two sensors match up very well and are near-Nernstian at 57.5 mV/decade
± 0.3 mV/decade. This promising data that matches well to what was found by Zamarayeva
et al[141] was encouragement to pursue a multi-sensor patch.
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Figure 4.2: Left, response of ammonium sensor over time in changing ammonium concen-
tration. Right, sensitivities of two sensors, S1 and S2, overlaid to show reproducibility.

4.4 Multiplexed Sensor Platform

Single metabolites in sweat can give very specific information. Chloride ion is the diag-
nostic standard for cystic fibrosis[54]. Sodium in sweat can indicate electrolyte imbalance
and dehydration[17]. Lactate in sweat can indicate the transition from aerobic to anaerobic
metabolism[37, 63, 109]. Alone, a single metabolite can give useful, though limited informa-
tion. By putting multiple metabolites together, we can get a better overall view of a person’s
whole health, as each metabolite lends its information.

For this reason, a multiplexed, multi-sensor patch was proposed for sensing metabolites in
sweat. A schematic of this patch is shown in Figure 4.3, which includes ammonium, sodium,
and potassium. Ammonium in sweat indicates low levels of carbohydrates and can indicate
metabolic conditions[13, 49, 50, 92]. Sodium in sweat can indicate electrolyte imbalance and
dehydration[16, 17, 24, 117, 124]. Potassium in sweat can indicate hypokalemia in addition
to how well the kidneys are functioning[16, 24, 57, 103, 117].

By combining all three of these sensors into a single patch, we can get more complete
information into a person’s workout and overall health. As depicted in Figure 4.3, the sensing
patch would consist of 4 total electrodes: one working electrode for each ammonium, sodium,
and potassium, and one shared reference electrode. This is possible because the reference
electrode serves the same function for all three sensors and is made the same way.

4.5 Conclusion

While amperometric sensors are not yet fully ready for in vivo sweat sensing, potentiometric
sensors offer a good alternative. They are relatively insensitive to other components of sweat
and selective to the ion they are designed to measure[141]. Combining them allows us to
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Figure 4.3: Depiction of the proposed multiplexed sweat sensing patch containing Ammo-
nium, Sodium, and Potassium sensor working electrodes sharing the same reference electrode.

measure multiple metabolites at the same time, ensuring we get a more comprehensive view
of a person’s health. Such multi-sensor platforms can pave the way for incorporating multiple
sensors with amperometric sensors to be able to measure lactate in sweat in the future.
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Chapter 5

Potentiometric Nitrate Sensors for
Soil Sensing Applications

5.1 Introduction

Crop yield is highly dependent upon application of enough fertilizer. One of the main
components of agricultural fertilizer is nitrogen in the form of nitrate (NO3-N)[137]. Yet
nitrogen-rich fertilizer is one of the highest energy costs in agriculture and contributes to
greenhouse gas emissions when used in excess[139]. Further, NO3-N is highly mobile and
readily leaches into its surroundings[26]. It has been shown that crop yield and fertilizer
needs vary within a single field, not just field-to-field[26]. Using sensors to measure NO3-N
in many points across a field can inform precise application of fertilizer, conserve energy, and
aid crop yield[75, 76]. Development of printed potentiometric nitrate sensors can assist in
this endeavor.

Potentiometric sensors are composed of 2 electrodes: a working electrode (WE) and a ref-
erence electrode (RE). REs are typically composed of Ag/AgCl due to its ability to maintain
a constant potential in varying ionic environments in addition to its ease of processing[40].
WE transducers are composed of an electrically conductive metal with a sensing membrane
that is typically composed of an ionophore mixed with plasticizer and poly(vinyl chloride)
(PVC)[9, 21, 24, 51, 93, 98, 117, 124, 136]. The ionophore reversibly binds with the ion of
interest, changing the potential at the surface of the WE. This potential is measured with
respect to the RE, and the magnitude of the potential is used to determine the concentration
of ion present based on the Nernst Equation.

Many potentiometric nitrate sensors have been reported in literature for various purposes,
including water monitoring[21, 36, 53, 123], bodily fluid testing[98], and soil monitoring[10,
21, 25, 53, 84]. There are also many nitrate sensors that have been developed using different
sensing methods[3, 4, 11, 89, 100, 119]. State of the art nitrate tests involve taking a soil
sample to a lab. There have been some attempts at in-field nitrate measurement[84], though
these involve measuring nitrate at one point in the field. In-field sensors also tend not to be
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scalable to measurement across a field, and are not degradable. While some printed nitrate
sensors have been demonstrated[10, 25], the advantages of printing for soil sensing have not
yet been realized to their full potential.

Printing addresses the needs of agricultural sensors in a unique way. Solution printing is
an additive process which allows material to be deposited over large areas at high speeds and
low temperatures[35, 79, 130]. Printing may be done with any solution-processable materials,
which is something the area of printed electronics has long taken advantage of[16, 61, 63,
69, 70, 99, 107, 114, 118]. While often touted for the flexibility of using unconventional
substrates with wearable form factors[69, 70], printing also allows the use of unconventional
active materials[79, 108]. In particular, printing can be done using naturally degradable
materials[59, 66, 83], which can be designed to degrade after a single crop cycle.

For an agricultural sensor to function properly, it must be insensitive to the many chem-
icals found in soil and fertilizer[128]. Additionally, the sensor’s ability to detect an ion of
interest should not be affected by fluctuating levels of these chemicals. Screening designs
are an efficient way to identify significant interfering ions while minimizing the number of
experiments required, and they are a first step to developing thorough models of a sensor in
its intended environment [64].

In this work, we fabricate potentiometric nitrate sensors to measure NO3-N and evalu-
ate the sensor sensitivity and selectivity, as well as develop the formulation of a reference
electrode for such sensors. We use printing methods to make the sensors with commer-
cially available, non-degradable materials. Potentiometric nitrate working electrodes are
first characterized with commercially available Ag/AgCl reference electrodes to determine
reproducibility and sensitivity to nitrate in solution. Printed Ag/AgCl reference electrodes
are characterized with commercially available Ag/AgCl reference electrodes in order to de-
termine the relative insensitivity to nitrate in solution. Finally, selectivity of the nitrate
working electrode is evaluated against several ions found in soil using the Definitive Screen-
ing Design. The resulting sensor has near-Nernstian response and insensitivity to chemicals
commonly found in soil and fertilizers. These sensors act as a preliminary step toward fully
degradable nitrate sensors which can be dispersed throughout a field to determine NO3-N
fertilizer needs. The conductors and insulators utilized in this study can be replaced with
degradable conductors and insulators to realize degradable sensors in future studies.

5.2 Nitrate Sensor Operation

A potentiometric sensor is composed of two electrodes, as indicated in Figure 5.1 a): a
working electrode (WE) and a reference electrode (RE). The RE is designed to maintain a
consistent potential in varying ionic environments. The WE employs an ionophore which
reversibly binds with the ion of interest, changing the local potential at the surface of the
electrode. For this work, a nitrate ionophore was employed for nitrate selectivity. The
potential in a potentiometric sensor is described by the Nernst equation:
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Figure 5.1: a) Schematic of the electrodes making up a potentiometric sensor. b) Image of
printed potentiometric electrodes.

E = E0 + 2.3026
RT

zF
log10(aion) (5.1)

Here, E is the potential measured from the sensor, E0 is the standard potential, R is
the ideal gas constant, T is the temperature, F is Faraday’s constant, z is the number of
electrons transferred in reaction, and aion is the ion activity. The ion activity is a function of
the concentration of the ion in solution and the activity coefficient, which is 1 for sufficiently
dilute solutions. Thus, a potentiometric sensor for a monovalent ion, such as nitrate, at
room temperature is expected to exhibit a 59.1 mV change for every factor of ten change
in concentration of the ion. For monovalent cations (z= +1), this is a positive relationship,
where increasing concentration increases potential. However, for monovalent anions (z= -
1), such as nitrate, this is a negative relationship where increasing concentration decreases
potential.

Figure 5.1 b) shows printed working and reference electrodes on the same substrate. The
WE is inkjet printed gold and the RE is screen printed Ag/AgCl. Membranes are drop-casted
on top of the active areas.

The sensors in this work were developed to operate in a field, as shown in Figure 5.2.
The vision of this project is to disperse nitrate and moisture sensors throughout a field which
can then wirelessly communicate with readers attached to the irrigation system in a field.
Since this irrigation system moves over the entirety of the field, each sensor in the field can
eventually communicate. The sensors for this project would be designed to degrade after
the crop is harvested, meaning they would not need to be recollected.

The sensor node to be dispersed is shown in Figure 5.3. Here, one of two sensors is chosen
for each node: either nitrate or moisture. This sensor is mounted on a stake with an antenna
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Figure 5.2: A schematic indicating the final goals of the Precision Agriculture using Networks
of Degradable Analytical Sensors project. Sensors are dispersed throughout a field, where
they can communicate wirelessly with readers mounted on a center-pivot irrigation arm.
After the crop cycle, the sensor will degrade.

Figure 5.3: Schematic of the sensor node to be used in the Precision Agriculture using
Networks of Degradable Analytical Sensors project. The node includes either a nitrate
sensor or moisture sensor mounted on a stake with a chip and antenna which are used for
wireless communication.

attached to a chip, which is used for wireless communication. The stake is designed so that
the sensors will be positioned at about 6 inches below the soil surface.

The first step in achieving this vision, and focus of the work in this chapter, is on the
development of the sensor itself. This work focuses on the nitrate sensor and ensuring
meaningful measurements can be made in the presence of soil and fertilizer chemicals.
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Electrode Printing

Gold electrodes were printed using Harima Nanopaste(Au) NPG-J gold ink in a Dimatix
inkjet printer at ambient conditions. Dimatix inkjet printers employ a piezo inkjet cartridge.
When a waveform is applied, ink droplets are deposited on the substrate below. The desired
pattern was generated in CAD software and converted to a format compatible with Dimatix
software for waveform application. Printed gold electrodes were sintered at 250 ◦C for 50
minutes. Ag/AgCl was screen printed using Engineered Materials Systems, Inc. CI-4001 ink.
During screen printing, a silkscreen with a predetermined pattern is flooded with ink. The
ink then is pressed through the screen onto a substrate below. Printed Ag/AgCl electrodes
were then baked at 120 ◦C in a vacuum oven for 2 hours. Electrodes were printed on PQA2
PEN 25 µm thick. Printed electrodes were encapsulated using laser-cut Teflon tape. Printed
electrodes had circular active areas of 3 mm diameter, resulting in an active area of 0.07068
cm2.

5.3 Printed Working Electrode Development

Methods

Working electrodes were made by mixing Nitrate Ionophore VI 5.2 wt%, dibutyl phthalate
47.1 wt%, tetaroctylammonium chloride 0.6 wt%, and PVC 47.1 wt%. A total of 0.2 g of
this mixture was dissolved in 1.3 mL of THF. The resulting solution was drop-casted on the
printed working electrode sensor surface as 6 µL total in 3 separate 2 µL increments. The
resulting working electrode was allowed to dry in a fume hood for 15 minutes.

For sensitivity measurements, NaNO3 was dissolved in deionized water, then diluted to
various concentrations. Commercial Ag/AgCl reference electrodes were obtained from Milli-
pore Sigma (Z113107). A Keithley 2400 Series SourceMeter was used to measure potentials.

Results

Printed working electrodes were characterized with a commercially available Ag/AgCl ref-
erence electrode. Figure 5.4 a) indicates the performance of a nitrate sensor over time in
decreasing concentrations of nitrate. This was chosen to indicate that the sensors have a fast
reaction in both increasing and decreasing concentrations. Sensors showed no hysteresis, as
denoted in Figure5.5. The range measured for the sensor in Figure5.4 a) is 0.05 mM nitrate
to 20 mM nitrate, which corresponds to 3.2 to 1240 ppm. This range is more than suffi-
cient to sense the amounts of nitrate-based nitrogen fertilizer in soil. In the Western United
States, 40 ppm nitrate is considered barely excessive and most fertilizer recommendations
are for applying 30 ppm[128].

Finally, the sensitivity graphs of 6 sensors are overlaid in Figure 5.4 b), showing close
agreement from batch-to-batch. These sensors were measured in differing concentrations
and ranges and overlaid on the same graph showing that despite changing experimental
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Figure 5.4: a) Potential over time of a printed nitrate sensor WE in changing concentrations
of nitrate. WE is measured vs. a commercial Ag/AgCl RE. b) Sensitivity plot of 6 sensors
overlaid, showing good repeatability and near-Nernstian response, even though some sensors
were measured using differing concentrations or a subset of the range of concentrations.

Figure 5.5: Graph of a single sensor, measuring potential over time in cycled increasing and
decreasing concentrations of nitrate, showing no hysteresis.
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conditions, sensors show good repeatability. These sensors have a near-Nernstian response
of -53.3 mV/decade ± 1.1 mV/decade. For WE development and optimization purposes,
printed WEs were measured against a commercial Ag/AgCl RE. Concurrently, printed REs
which maintained consistent potential in changing nitrate environments were also developed.

5.4 Printed Reference Electrode Development

Methods

The printed Ag/AgCl reference electrodes with no membrane were used as-is after printing
and encapsulating, hereafter referred to as the pristine Ag/AgCl reference electrodes.

The reference electrodes with membranes employed a CNT transducer between the
Ag/AgCl electrode and the membrane. This transducer was composed of 0.01 g of CNT
and 0.05 g of F127 dissolved in 10 mL of THF, which were sonified for 1 hour in an ice bath
using a Branson Digital Sonifier probe. The resulting mixture was deposited on the printed
reference electrode surface as 4 µL total in 2 separate 2 µL increments.

The reference electrode employing the PVB and NaCl membrane was made by dissolving
1.58 g of PVB and 1.00 g of NaCl in 20 mL of methanol. This mixture was sonified for 30
minutes in an ice bath. The resulting mixture was deposited on top of the CNT transducer
as 6 µ total in 3 separate 2 µL increments.

The reference electrode employing the PVB, NaCl and NaNO3 membrane was made by
dissolving 1.58 g of PVB, 1.00 g of NaCl, and 1.00 g of NaNO3 in 20 mL of methanol. This
mixture was sonified for 30 minutes in an ice bath. The resulting mixture was deposited on
top of the CNT transducer as 6 µ total in 3 separate 2 µL increments.

For sensitivity measurements, NaNO3 was dissolved in deionized water, then diluted to
various concentrations.

Results

While a printed nitrate WE was being developed, the printed RE was also optimized. This
was done using a similar method as Zamarayeva, et al[141], where the printed RE was
measured vs. a commercial Ag/AgCl RE to determine its response to changes in the ion
of interest. The purpose of the RE is to maintain a constant potential in varying ionic
environments. The magnitude of the potential of the RE matters less than the change
in potential it exhibits in changing ion concentrations. If the RE is designed to maintain a
constant potential in varying ionic environments, it is not ideal for it to exhibit large changes
in potential when the ion of interest changes.

It has been shown that inclusion of the ion of interest in the membrane of a reference
electrode reduces its sensitivity to that ion[20, 141]. Here, we aimed to confirm that point by
optimizing the formulation of the RE. Pristine printed Ag/AgCl electrodes shown in Figure
5.6 a) were compared with printed Ag/AgCl electrodes with varying membrane combinations.
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Figure 5.6: a) Potential over time in changing concentrations of nitrate of a printed Ag/AgCl
electrode with no added membrane, measured vs. a commercial Ag/AgCl RE. b) Potential
over time in changing concentrations of nitrate of a printed Ag/AgCl electrode with PVB
membrane with NaCl added, measured vs. a commercial Ag/AgCl RE. c) Potential over
time of a printed Ag/AgCl electrode with PVB membrane with NaCl and NaNO3 added,
measured vs. a commercial Ag/AgCl RE. d) Sections from b) and c) overlaid on a normalized
potential plot over time to show the difference in potential change for changing concentrations
of nitrate.

First, in Figure 5.6 b), the formulation demonstrated by Zamarayeva, et al[141] to work in
chloride-rich environments was tested. This involved mixing NaCl with PVB to form a
membrane. Second, in Figure 5.6 c), a new formulation was tested which involved mixing
both NaCl and NaNO3 with PVB to form a membrane.

Figure 5.6 d) shows normalized potentials from the RE with PVB and NaCl overlaid
with the normalized potentials from the RE with PVB, NaCl, and NaNO3. Normalized
potentials were determined by subtracting the minimum absolute potential from all of the
potentials of the RE. This allows for a direct comparison of the changes in potential for
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each RE formulation, regardless of its absolute magnitude of potential. As shown in the
vertical scales of Figures 5.6 a), b), and c), each electrode formulation results in a different
magnitude potential, though each y-axis displays a 50 mV range at the relevant magnitude
to better display the changes in potential for each electrode in a comparable manner.

For this WE, the formulation with a PVB, NaCl, and NaNO3 membrane is ideal over
the pristine Ag/AgCl and the RE with a PVB and NaCl membrane. The potential for the
RE with a PVB, NaCl, and NaNO3 membrane changes less than 20 mV over more than
4 orders of magnitude of changing nitrate concentration, while the RE with a PVB and
NaCl membrane exhibits more than 35 mV difference over just 3 orders of magnitude of
changing nitrate concentration. The pristine printed Ag/AgCl RE shows a difference of
just over 20 mV for a 3 order of magnitude change in nitrate concentration. Of these three
options, the RE with a PVB, NaCl, and NaNO3 membrane changes the least even though the
range of concentrations covered is higher, demonstrating that it is the most stable reference
electrode of the three formulations we explored. Such a result is consistent with Cattrall’s
predictions[20].

While printed WEs were not measured with the printed REs for this particular work, the
expected performance would be close to that achieved in Figure 5.4 d), with near-Nernstian
behavior, possibly modified by approximately 5 mV/decade based on the potential changes
of the RE. Testing each electrode separately was deemed sufficient since the focus of this
study was to determine whether simple potentiometric nitrate sensors may be useful in soil.
Future studies may choose to focus on the practical aspects of putting full sensors together
and measuring directly in soil.

5.5 Definitive Screening of Sensor Selectivity

Methods

For cation selectivity analysis, 3 solutions were made: (1) 1 mM KNO3 in deionized water,
(2) 1 mM NaNO3 in deionized water, and (3) 1 mM NaNO3 with 1 mM NaCl in deionized
water. Each solution contained the same amount of NO−

3 ion, though solution (1) contained
1 mM K+, solution (2) contained 1 mM Na+, and solution (3) contained 2 mM Na+ and
1 mM Cl− in addition to nitrate ion. A sensor was measured alternately in each of these
solutions 11 times each to obtain 11 different sensor potentials for each solution.

Solutions for screening experiments were made as specified in Figure 5.8 a) and Figure 5.9
a) by dissolving solutes in deionized water. Experiment matrix generation and data analysis
were performed using the design of experiments platform of the statistical software JMP 14
(SAS, Cary, USA).

For selectivity screening experiment 1, NaNO3 was used as the source of NO−
3 , commer-

cially available water-soluble Monopotassium Phosphate Fertilizer 0-52-34 from Greenway
Biotech, Inc. containing P2O5 and K2O was used as the source of P2O5, the same water-
soluble fertilizer augmented with KCl was used as the source of K+, MgCl2 was used as the
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source of Mg2+, and Na2SO4 was used as the source of SO2−
4 . A single solution was made

for each run outlined in Table 5.1 and is detailed in Figure 5.8 a), including concentration of
each chemical for each run. Thus, 17 solutions were made for this experiment. The sensor
potential was measured against a commercial Ag/AgCl RE in each solution to obtain the
results in Figure 5.8 b) and Table 5.3.

For selectivity screening experiment 2, NaNO3 was used as the source of NO−
3 , NaCl was

used as the source of Cl−, commercially available water-soluble Monopotassium Phosphate
Fertilizer 0-52-34 from Greenway Biotech, Inc. containing P2O5 and K2O was used as the
source of P2O5, NaNO2 was used as the source of NO−

2 , and Na2SO4 was used as the source
of SO2−

4 . A single solution was made for each run outlined in Figure 5.9 a). The sensor
potential was measured in each solution to obtain the results in Figure 5.9 b) and Table 5.6.

Results

A potentiometric chemical sensor should change potential only in the presence of the analyte
of interest. To test selectivity of the printed nitrate sensor, WEs were measured against a
commercial Ag/AgCl RE in solutions of potentially interfering ions common to soils.

An initial experiment tested sodium and potassium cations for interference with the
nitrate sensor, since these ions are most prevalent in agricultural fertilizers. The box plots
in Figure 5.7 show the distributions of measured potential of a single sensor in three salt
solutions, with 11 observations per group. The box plot on the left in Figure 5.7 shows
measurements taken in 1 mM KNO3, the middle shows measurements taken in 1 mM NaNO3,
and the right shows measurements taken in 1 mM NaNO3 with 1 mM NaCl. For this
experiment, 1 mM was chosen because it lies in the middle of the known measurement range
of the sensor and is near the upper limit of what is found in soil[128]. The comparative
similarity between the three plots suggests that the nitrate sensor is insensitive to both the
cation associated with the NO−

3 ion and a changing cation concentration, as well as chloride.
Even though drift in sensor potential over time tended to increase the range of measurements,
none of the ions in this experiment were shown to affect the nitrate sensor.

Screening experiments are an economical way to identify important factors in a system
when a large number of potential variables may affect the response. The Definitive Screening
Design is a three level experiment that can identify active factors using a number of runs
that is at minimum one more than twice the number of factors for an even number of factors
and three more than twice the number of factors for an odd number of factors [64]. This is
far fewer runs than a full factorial experiment testing every possible combination of factor
levels. We demonstrate the use of this design for selectivity testing of the printed WE against
several ions common to soils. Table 5.1 shows the design structure of the experiment. Here,
we use 5 factors (or chemicals). We add 4 extra runs to increase the power of the experiment,
resulting in 17 runs.

The levels used in the first experiment are detailed in Table 5.2, and graphical results
are presented in Figure 5.8. The upper limits (+1 value) represent a maximum of what is
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Figure 5.7: Distributions of nitrate sensor potential in three different salt solutions of 1 mM
NO−

3 measured against a commercial RE. Sample means (left to right): 357.4 mV, 357.6
mV, 357.3 mV; 11 observations per group. Since the means and ranges for each solution are
so similar, none of the ions show effects on the nitrate sensor.

considered barely excessive in soil in the western United States[128]. The details for the
source of each chemical in this experiment can be found in the Methods section.

In Figure 5.8 a), the coded values in the design structure of Table 5.1 are substituted
for their factor levels from Table 5.2, and then the rows are randomized giving the chemical
amounts in each run. In Figure 5.8 b), the experimental data is ordered by factor, and the
slope of each line indicates the sensitivity of the nitrate sensor to the respective ion. Thus,
a horizontal line suggests little interference. Statistical analysis showed only nitrate to have
a significant effect on the nitrate sensor, which is visible in the nitrate graphs as a steeper
best-fit line compared to those of the other ions. The raw data graphed in Figure 5.8 b) is
shown in Table 5.3 and the model developed by JMP 14 is outlined in Table 5.4.

A second definitive screening experiment was executed with the lower limits of each
potential interfering ion set to 0 and upper limits set to twice what is considered excessive
in soil in the western United States[97, 128]. The chemicals tested here are not expected
to be present in soil at their upper factor limits. The factor list has changed to eliminate
codependence between factors, since the range of chemical concentrations was more than
doubled. The units for nitrate in this experiment have also changed to reflect what should
give a linear response. This treatment of nitrate units is what should be used in any future
experiments which aim to create a model for nitrate sensor behavior from definitive screening
experiments, since the result will be linear behavior. The details for the source of each
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Entry X1 X2 X3 X4 X5
1 0 +1 +1 +1 +1
2 0 -1 -1 -1 -1
3 +1 0 +1 +1 -1
4 -1 0 -1 -1 +1
5 +1 -1 0 +1 +1
6 -1 +1 0 -1 -1
7 +1 -1 -1 0 +1
8 -1 +1 +1 0 -1
9 +1 +1 -1 -1 0
10 -1 -1 +1 +1 0
11 +1 -1 +1 -1 -1
12 -1 +1 -1 +1 +1
13 +1 +1 -1 +1 -1
14 -1 -1 +1 -1 +1
15 +1 +1 +1 -1 +1
16 -1 -1 -1 +1 -1
17 0 0 0 0 0

Table 5.1: Five factor Definitive Screening Design with four extra runs, generated with
JMP 14. Factor levels are given as their coded values. Run order was randomized for the
experiments.

Factor with Levels -1 0 +1 Units
NO−

3 10 25 40 ppm
P2O5 20 60 100 ppm
K+ 150 475 800 ppm

Mg2+ 60 180 300 ppm
SO2−

4 2 11 20 ppm

Table 5.2: Factor table for first definitive screening of potential interfering species for nitrate
sensors.
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Figure 5.8: a) Table of runs for first definitive screening experiment with assigned values
for each factor for each run, with b) effects plots from definitive screening experiment using
upper limits of what is considered barely excessive in soil. Each data point on each graph in
b) corresponds to the results from a single run which is a row in a).
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Run Average Potential, Trial 1 (V) Average Potential, Trial 2 (V)
1 0.298 0.353
2 0.299 0.367
3 0.291 0.356
4 0.284 0.348
5 0.297 0.357
6 0.300 0.358
7 0.304 0.357
8 0.283 0.336
9 0.290 0.337
10 0.293 0.342
11 0.299 0.350
12 0.284 0.334
13 0.282 0.332
14 0.282 0.331
15 0.302 0.343
16 0.284 0.332
17 0.285 0.326

Table 5.3: Table of data acquired from the first definitive screening test. These are the
voltage values used in the plots in Figure 5.8

Term Estimate Standard Error t-Value p-Value
Intercept 344.65 1.4049 245.32 ¡0.0001

NO3 (ppm) -11.43 1.5481 -7.382 ¡0.0001

Table 5.4: Model coefficients, standard errors, t-values, and p-values. P-values ¡ 0.05 indicate
a significant sensitivity to the ion or compound. Root-mean-square error (RMSE) = 5.793;
Correlation coefficient (R2) = 0.78.
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Factor with Levels -1 0 1 Units
log10([NO−

3 ]) -0.7924 -0.4914 -0.1903 log10(mM)
Cl− 0 50 100 ppm

P2O5 0 100 200 ppm
NO−

2 0 50 100 ppm
SO2−

4 0 20 40 ppm

Table 5.5: Factor table for second definitive screening test of potential interfering species for
nitrate sensors.

Run Average Potential, Trial 1 (V) Average Potential, Trial 2 (V)
1 0.371 0.318
2 0.360 0.308
3 0.362 0.313
4 0.368 0.319
5 0.362 0.318
6 0.354 0.310
7 0.370 0.324
8 0.387 0.338
9 0.348 0.309
10 0.372 0.330
11 0.375 0.337
12 0.359 0.322
13 0.347 0.313
14 0.348 0.324
15 0.369 0.330
16 0.359 0.325
17 0.357 0.324

Table 5.6: Table of data acquired from the second definitive screening test. These are the
voltage values used in the plots in Figure 5.9

chemical in this experiment can be found in the Methods section. The factor table for this
experiment is shown in Table 5.5, and graphical results are shown in Figure 5.9, with the
data in Table 5.6.

The experimental data showed NO−
3 , P2O5, and NO−

2 to significantly affect sensor signal,
though nitrate had the greatest effect, as visible in Figure 5.9.

Slight drift in measured potential over time is typically minimized in the nitrate sensor
with extended conditioning. We disregard the effects of time-dependent drift for the screening
experiments, since the aim of this work is to determine the efficacy of nitrate sensors and
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Figure 5.9: a) Table of runs for second definitive screening experiment with assigned values
for each factor for each run, with b) effects plots from definitive screening experiment using
upper limits of twice what is considered barely excessive in soil. The data points on each
graph in b) correspond to the results from a run in a).

Term Estimate Standard Error t-Value p-Value
Intercept 362.44 1.2202 297.02 ¡0.0001

NO3 log10([mM]) -8.429 1.3446 -6.268 ¡0.0001
P2O5 (ppm) 4.5357 1.3446 3.3732 0.005

NaNO2 (ppm) -4.143 1.3446 -3.081 0.0088

Table 5.7: Model coefficients, standard errors, t-values, and p-values. RMSE = 5.031; R2 =
0.82.
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Component Weight (g) Weight %
Nitrate Ionophore VI 0.0104 5.2

Dibutyl Phthalate 0.0942 47.1
Tetraoctylammonium Chloride 0.0012 0.6

PVC 0.0942 47.1
Total 0.2 100

Table 5.8: Composition of WE sensing membrane. The 0.2 g of dry components was dissolved
in 1.3 mL of THF.

identify potentially interfering ions. An exact model for nitrate sensor behavior may include
a term to account for potential drift. Follow-up experimentation is necessary to arrive at an
accurate model for the effects of P2O5 and NaNO2 at these excessive ranges.

5.6 Investigation of Degradable Polymers in Sensing

Membrane

Since the nitrate sensors developed for the purposes of this work are intended for use as
degradable soil sensors, this work endeavored to determine if degradable polymers could be
used in lieu of PVC in the WE sensing membrane. The WE sensing membrane composition
used throughout this chapter is given in Table 5.8. This is the membrane composition which
gave the results reported in previous sections of this chapter. In this section, the PVC
portion of the composition outlined in Table 5.8 was traded for poly(lactic acid) (PLA) and
poly(caprolactone) (PCL) in the same weight percent as PVC, keeping all other components
the same.

To ensure the only variable tested was the use of degradable polymers, sensors employing
PVC (labeled PVCNitrate) were made and measured the same day as sensors made with
PCL (labeled PCLNitrate) and sensors made with PLA (labeled PLANitrate). The results
from these sensors are shown in Figure 5.10, which agrees closely with the results of sensors
throughout the chapter. Sensors show near-Nernstian response in a wide range of concen-
trations of nitrate. Two sensors are shown in Figure 5.10, with results from the first shown
in Figure 5.10 a) and b) and the results from the second shown in Figure 5.10 c) and d).

From these graphs, we can see that the fabrication procedure followed the day of making
these sensors was consistent with that of previously fabricated sensors. The sensitivities of
the tested sensors were -53.4 mV/decade and -49.9 mV/decade. These are near-Nernstian.
However, it is possible and fully expected that the composition of the membrane using
PVC may not be the optimal composition of the membrane using another polymer. This
acknowledged, if the polymer is able to properly form a matrix to hold the ionophore, the
response should be close to Nernstian.
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Figure 5.10: Response of two different WEs made with PVC made the same day as electrodes
made with degradable polymers for reference. a) The response of PVCNitrate1 in nitrate
over time with b) the points plotted for sensitivity. c) The response of PVCNitrate2 in
nitrate over time with d) the point plotted for sensitivity. Printed WEs were measured vs.
a commercial RE.
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Figure 5.11: a) The response of a working electrode employing PCL instead of PVC in
changing concentrations of nitrate over time. b) The potentials plotted to extract sensitivity.
Printed WEs were measured vs. a commercial RE.

The results from a sensor using PCL instead of PVC are shown in Figure 5.11, where
the response of the sensor in changing concentrations of nitrate over time is shown in Figure
5.11 a) and the sensitivity is shown in Figure 5.11 b). The sensitivity of this sensor is -27.0
mV/decade. This is nearly half the expected Nernstian response, indicating that PCL is not
properly forming a matrix to hold the ionophore in place.

The results from a sensor using PLA instead of PVC are shown in Figure 5.12, where
the response of the sensor in changing concentrations of nitrate over time is shown in Figure
5.12 a) and the sensitivity is shown in Figure 5.12 b). The sensitivity of this sensor is -27.7
mV/decade. This is also nearly half the expected Nernstian response, indicating the PLA is
also not properly forming a matrix to hold the ionophore in place.

Both PCL and PLA showed nearly half the expected Nernstian sensitivity, indicating
they may both have something in common, whether in structure or other properties, which
prevent both from performing as a proper ionophore matrix. Since both polymers showed
similar response, the properties of PVC, PCL and PLA were all investigated in further depth.
The purpose of this was to attempt to understand why PVC is used with such prevalence in
potentiometric sensors[9, 21, 24, 51, 93, 98, 117, 124, 136].

First, glass transition temperature and crystalline nature were investigated to see if the
behavior of PCL and PLA were simple to explain using basic polymer characteristics. The
glass transition temperatures and crystallinity of PVC, PCL, and PLA are listed in Table
5.9. Here, it is clear that if glass transition temperature alone were the factor that dictated
polymer behavior in potentiometric sensors, PLA would perform much closer to PVC. This
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Figure 5.12: a) The response of a working electrode employing PLA instead of PVC in
changing concentrations of nitrate over time. b) The potentials plotted to extract sensitivity.
Printed WEs were measured vs. a commercial RE.

Polymer Glass Transition (◦C) Crystallinity
PVC 82 Amorphous
PCL -60 Semi-crystalline
PLA 60-65 Can be Amorphous or Semi-crystalline

Table 5.9: Enzyme activity for varying concentrations of MgCl2 incubated with the enzyme.
Standard deviation is calculated using at least 3 samples.

table also makes it clear why plasticizers such as dibutyl phthalate are incorporated in PVC
membranes. The plasticizer functions to lower the glass transition temperature of PVC,
producing flexible polymer films which are soft and mechanically stable. In fact, PCL with
its -60 ◦C glass transition temperature could be used as a plasticizer itself. In fact, it has
been shown that using a polymeric plasticizer can extend the lifetime of a PVC membrane
in comparison to those employing a non-polymeric plasticizer[140].

Further, if crystallinity alone dictated a polymer’s performance when used in a poten-
tiometric sensing membrane, PLA would show performance somewhere between PVC and
PCL. It is clear that glass transition temperature and crystallinity alone cannot dictate how
well a polymer performs in a potentiometric sensing membrane.

Instead, we turn to the polymer chemical structures to illuminate why PCL and PLA
show similar performances. The chemical structures of each polymer are shown in Figure
5.13, with PVC shown on the left, PCL in the middle, and PLA on the right. Here, the
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Figure 5.13: The chemical structures for PVC (left), PCL (center) and PLA (right).

Figure 5.14: A schematic of the process of hydrolysis, where the ester group of a polymer
reacts with water to break off a side chain leaving a carboxylic acid group instead.

difference becomes glaringly obvious. PCL and PLA both have an ester group where PVC
has none. Further investigation into the degradation mechanisms of these polymers shows
that they both degrade by the same mechanism: hydrolysis. This means that in the presence
of water, the ester group between monomers will break down into a carboxylic acid group,
separating monomers, as shown in Figure 5.14.

This breakdown mechanism is particularly sinister when combined with sensors which
are characterized in solutions of nitrate dissolved in deionized water and are destined for
use in fields of moist soil to be in the presence of water for its foreseeable lifetime. This
unique structure incorporating an ester group, combined with the breakdown mechanism
of hydrolysis, ensures that these sensors are doomed for failure. This explains why both
PCL and PLA had similar, non-Nernstian performance when integrated into potentiometric
sensing membranes.

From this study, it was determined that while a fully degradable sensor may be ideal, the
poor sensor performance determined that degradable polymers were not worth using to re-
place PVC. The working electrode membrane is approximately 0.5 mg, where the conductor,
substrate, and insulator are larger by approximately an order of magnitude, and the total
sensing node is larger by up to 5 orders of magnitude. Thus, for the purposes of this work,
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a PVC-based sensing membrane was deemed acceptable for use.

5.7 Conclusion

Printed potentiometric nitrate sensors with near-Nernstian sensitivity of -53.3 mV/dec ±
1.1 mV/dec were demonstrated. These sensors were shown to be insensitive to common
chemicals found in soil at average soil levels. However, these sensors experience interference
at highly excessive concentrations of P2O5 and NO−

2 , which should be considered when
applying these sensors in a region with high levels of specific chemicals. It is possible that at
low concentration ranges, the effect on the sensor was too small to be identified, resulting in
a false negative. However, in this case the effect on the sensor due to these normal chemical
concentration ranges would likely also be too small to cause interference in the field. A
printed reference with relatively low sensitivity to nitrate was developed using a membrane
composed of PVB with NaCl and NaNO3. Since these sensors are printed, the materials
employed in this study can be substituted for degradable materials to realize a naturally
degradable sensor.

It should be noted that the PVC in the working electrode sensing membrane cannot be
substituted for a degradable polymer if the degradable polymer breaks down by hydrolysis.
When choosing degradable material replacements, the effects on sensor performance should
be weighed carefully, noting both the relative weight of the portion of the sensor in question
and the degradation in sensor performance it may produce. The conductor, for instance,
makes up a large portion of the sensor. Theoretically, if the conductor is conductive enough,
changing the conductor will not affect the sensor’s sensitivity. Thus, replacing the conductor
with a degradable material is high priority when transitioning to degradable sensors. The
sensing membrane, on the other hand, makes up a small portion of the sensor and is vital
to maintaining the sensor’s sensitivity. Thus, the sensing membrane must be handled with
care, and the use of non-degradable materials is most appropriate here.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

The work in this thesis represents significant progress toward sensors for many applications.
The use of printing facilitates customization and is ideal for the applications presented in
this work. Two types of electrochemical sensors are investigated: amperometric and poten-
tiometric. Two applications are also invested: sweat sensing and soil sensing. Print-based
fabrication techniques are ideal for sweat sensing because they enable the use of substrates
with flexible form factors, which match those of skin much more closely than devices fabri-
cated using lithographic processes can. Conformation with skin is important in continuous
sweat monitoring to ensure that sweat is measured as it is produced. Print-based fabrication
techniques are ideal for soil sensing because solution processing allows for fabrication using
innovative materials such as naturally degradable materials, thus enabling the development
of what can in future become a fully printed, fully degradable sensing node.

Chapter 1 served as an assessment of literature to date on printed electrochemical sen-
sors. Most printed amperometric sensors have been developed for sweat sensing purposes,
though some have been shown useful for food, blood, saliva, and milk sensing. Most printed
potentiometric sensors have also been developed for sweat sensing purposes, though some
have been shown useful for water testing, soil monitoring, and corrosion monitoring.

The development of lactate sensors in Chapter 2 was also done with the intention of
sweat monitoring. The lactate sensors combined inkjet printed gold working and counter
electrodes with screen printed Ag/AgCl reference electrodes on 25 µm thin PEN to allow for
highly conformal sensors. The printed sensors were optimized for maximum linear range and
sensitivity, resulting in sensors which had the best performance yet reported in literature.
These sensors had sensitivity of 4.8 µA/mM and a linear range up to 24 mM lactate, which
made them useful for detection of lactate in sweat during workouts, when an increase in
lactate indicates the transition from aerobic metabolism to anaerobic metabolism. Sensors
were able to be operated continuously for more than an hour with 97% current retention.

The sensors resulting from Chapter 2 were rigorously tested for selectivity in Chapter 3.
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One of the most desirable qualities of a sensor is that it sense only what it is designed to
sense. This is not the case for enzymatic sweat sensors. Even though the chemical reaction
between an enzyme and its substrate is highly selective, the activity of the enzyme, or how
well it reacts with its environment, is highly affected by the presence of salt. This is not
ideal for a sensor designed to be used in sweat, which is inarguably salty. The presence of
these salts renders the calibration curves obtained in pH buffered, non-salty environments
completely inaccurate. Until the components of sweat can be fully characterized for their
effect on enzymatic sensor performance and accounted for in a multi-sensor patch, enzymatic
sensors cannot be used in sweat.

Chapter 4 endeavored to show that sweat sensing could still be done using potentiometric
sensors, which rely on ionophores as the sensing method instead of enzymes. It has been
shown that this type of sensor is insensitive to the salts present in sweat[141], which is a
marked improvement upon the enzymatic sweat sensor. Results for ammonium sensors were
shown, along with a proposal for a multi-sensor patch incorporating ammonium, sodium,
and potassium. The multi-sensor patch would be made using inkjet printed gold working
electrodes and a single screen printed Ag/AgCl reference electrode. By including multiple
metabolites in one sensing patch, we would be able to gain more information about one
person’s health. This also serves as a step toward incorporating multiple sweat metabolite
sensors to compensate for their effect on enzymatic sensors.

A potentiometric sensor was also utilized in Chapter 5, wherein a nitrate sensor for soil
was developed. This nitrate sensor was fabricated using an inkjet printed gold working
electrode and a screen printed Ag/AgCl reference electrode. The printed electrodes were
developed separately. The working electrode showed near-Nernstian response to nitrate
in solution, while the reference electrode showed minimal response to nitrate in solution.
Further, the working electrode showed relative insensitivity to chemicals commonly found in
soil at normal soil levels, though at excessive levels, P2O5 and NaNO2 presented interference
with the sensor. Finally, the composition of the working electrode was investigated for the
possibility of using a degradable polymer in lieu of the typical PVC. It was determined
that the performance of the sensor degraded too much to make integration of a degradable
polymer worth the time it would take to optimize. The polymers investigated, PCL and PLA,
both degrade through hydrolysis which is not ideal for a sensor which will be in the presence
of water for its entire working life. Based on the relative weight of the membrane to that of
the entire sensing node, up to 5 orders of magnitude difference, the use of non-degradable
PVC in the sensing membrane was deemed acceptable.

6.2 Suggestions for Future Work

Though the work in this dissertation indicates steps toward various commercializable elec-
trochemical sensors, much more must be done before achieving true commercializability.
Avenues for further study have been identified throughout this thesis and are summarized
here. Here, suggestions for future work are outlined by type of sensor and applications. The
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wonder of these sensors is that they are not limited to the applications outlined in this thesis,
though. One of the opportunities for future work is adapting enzymatic lactate sensors for
use in food sensing. Food also gives off ammonia when it spoils. Both of these specific sen-
sors can be adapted into food sensors. Furthermore, nitrate in soil leaches into groundwater,
making that water less safe for human consumption. Nitrate sensors can be used for water
sensing as well as soil sensing. The applications mentioned in this thesis are by no means
the only applications for sensors, much less the only applications for sensing the specific ions
mentioned. The applications in this thesis merely offer a starting point for developing the
sensors in question.

Enzymatic Sweat Sensors

The lactate sensors developed in this work were shown to have too much interference from
salts to be used as sensors as yet. However, a sweat lactate indicator could still be employed.
This indicator would essentially act as a traffic light, indicating whether a person is working
out aerobically or anaerobically by just monitoring changes in lactate, without trying to
determine the specific amount of lactate present.

If enzymatic sensors were to ever be used as sensors for the specific amount of anything
present in sweat, they would first need to be rigorously evaluated for the effect of each
constituent in sweat on enzyme activity and sensor performance, as was done in Chapter
3 for NaCl, KCl, NH4Cl, MgCl2, and CaCl2. This could be prohibitive due to the sheer
number of constituents in sweat[56], though over time it may be done. Then, the enzymatic
sensor in question, must be incorporated with sensors for each constituent in sweat known
to affect enzyme activity and sensor performance. Thus, by measuring the amount of each
constituent present and using the current measured from the enzymatic sensor, the amount
of substrate may be calculated knowing the effect of each amount of constituent on sensor
performance. Alternatively, a membrane may be employed which only allows lactate diffusion
to the sensor surface. Such a membrane would need to be extensively studied for its effect
on sensor performance and reproducibility.

Potentiometric Sweat Sensors

Potentiometric ammonium sensors were reported in this work, and potentiometric sodium
sensors have been previously reported[141]. Potentiometric potassium sensors have been
developed in conjunction with this work, and a multi-sensor measurement system has been
developed for reading multi-metabolite sensing patches. The final step in this work is to put
each of the individual pieces together. First, the three sensors must be fabricated on the
same substrate. While this may be difficult, there is precedence showing it can be done[141].
Second, these sensors must be measured using the multi-sensor measurement system in vitro
to ensure the system and sensors are all working properly together. This measurement can
be repeated with a Keithley 2400 Series SourceMeter to ensure accuracy.
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There are several steps to in vivo measurements. Being able to measure these sensors
on the body is important to their function as sweat sensors. Proper encapsulation must
be designed for the board used for this multi-sensor patch. Sweat is ubiquitous on the
body and is conductive, meaning it has the potential to short pathways on the board which
would otherwise not be shorted. This is a very important step in in vivo measurements
which cannot be ignored. Obtaining IRB approval for in vivo measurements is also vital.
Finally, these sensors will most likely perform best if integrated with a microfluidic channel
designed to flow sweat over then away from the electrode surface as it is produced[96, 124].
A microfluidic channel would benefit the multi-sensor patch greatly.

Ultimately, sweat sensors should be incorporated with a thermistor, to ensure the cal-
ibration of the sensors, since temperature is one of the factors which affects sensitivity of
potentiometric sensors according to the Nernst equation. Sensors should also be tested for
the effects of pH, and a pH sensor should be included if any effects are observed.

Finally, more sensors may be developed for integration with those listed in this thesis.
Ionophores have been developed for many ions which can be incorporated with the existing
ion sensors. On this point, only the availability of materials is the limit!

Nitrate Soil Sensors

The opportunities for continued work on potentiometric sensors for determination of nitrate
in soil are rich with possibilities. First and foremost being the integration of the printed
working electrode with the printed reference electrode presented in this work. The combi-
nation of printed electrodes is expected to give similar performance to that of the printed
working electrode measured with the commercial reference, ±5 mV/decade. This is the most
pressing of the future work.

It will also be important to test the lifetime of the sensors and any potential drift they
may have. This will affect their field performance. While the lifetime of a sensor printed
with non-degradable materials is expected to be much longer than that of a sensor printed
with degradable materials, both lifetimes are valuable information to have.

Testing the sensor physically in soil will also be vital to being able to predict how it
performs in a field. To this end, multiple soil types should be gathered - sand, topsoil,
and potting soil. Each soil has a unique moisture holding capacity and will have its own
challenges for measuring nitrate. In each of these soils, known amounts of nitrate fertilizer
may be added and measured in a demonstration of the sensor working in soils.

Finally, as degradable inks are developed, they can be integrated into the fabrication
of the sensor. Each degradable material should be incorporated one-by-one and tested to
ensure proper functioning of the sensor, and to see if any single factor prevents the sensor
from performing similarly to one made with non-degradable materials.

This sensor was developed to be integrated with a full sensing node. The vision for this
project, as outlined in Chapter 5,is to develop sensors which can be deployed throughout a
field and wirelessly addressed to give real-time information about the state of a field. The
final steps of this project are to integrate the sensor with the rest of the sensing node - the
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stake, antenna, chip, etc. - and deploy the node(s) in a field with RFID readers attached to
the field’s center pivot irrigation system. In this way, a wirelessly addressable sensing node
may be realized.
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