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Abstract

Inflammatory biomarkers present in the human body play a vital role in medical field by guiding the
clinician in decision-making for many diseases. The levels of these inflammatory biomarkers are
associated with the severity and progress of several diseases. Researchers have found that increasing
severity of many diseases such as cardiovascular disease, after surgery infection, and adverse clinical
outcomes due to infectious diseases, results in the elevation of the level of inflammatory biomarkers
in human sweat. Furthermore, the inflammatory cytokines indicate the pathophysiology and
prognosis of critically ill SARS-CoV-2 patients. In this thesis work, different sensors have been
developed for the detection of inflammatory biomarkers, such as C-reactive proteins (CRP),
Interlukin-6 (IL-6), and Interlukin-10 (IL-10) to enable real-time monitoring of the aforementioned
disease conditions. These inflammatory biomarkers also provide valuable information on the wound
healing progress. Hence, a wound monitoring sensor has also been fabricated in this thesis work for
real-time monitoring and management of wound dynamics. Besides detection and monitoring the
disease conditions, it is also necessary to provide controlled and on-demand drug delivery. Therefore,
an electronically controlled drug delivery module was fabricated to deliver transdermal drug through
the human skin. The developed sweat sensors detected the target analytes from a small amount of
artificial sweat sample collected via a microfluidic channel that minimized the requirement of sweat

sample, and reduced contamination and evaporation of sweat from the human skin. The microfluidic



channel collected the sweat from skin and directed the sweat flow to the main sensing region. In
addition, a substantial amount of attention is needed to ensure the high-precision performance of
wearable sensors irrespective of any body movements such as stretching, bending, and twisting
motions. To achieve this, kirigami-patterned strain-insensitive sensors were integrated on a biaxially
stretchable kirigami structure to quantitively measure sweat pH and temperature. The strain-
insensitive sensor depicted an excellent performance under biaxial tensile strain applied up to 220%
and torsional strain up to 360°. Finally, tattoo sensors, fully conformal like a tattoo on the skin, were
fabricated. In order to validate the performance of the tattoo sensor on a living cell, the temperature
and humidity data were collected from live plants under both water-stress and unstressed conditions.
All the sensors reported in this thesis have impressive performance with high sensitivity, accuracy,
and low limit of detection (LoD), which are the expected parameters for every sensor. The sweat
sensors fabricated in this thesis depicted an excellent combination of flexible structure, cost-effective
fabrication, skin conformity, and high linearity of response that make our devices introduce a

promising new route in the healthcare application of skin-inspired wearable sweat sensors.
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Chapter One

Introduction

After seeing the entire world struggling with the COVID-19 pandemic, it is our
opportunity and responsibility to use the lessons learned and experience we had to
prepare ourselves for any upcoming pandemic by fabricating devices to rapidly detect,
monitor, and ensure on-demand treatment for any infectious diseases, mitigate the spread

of those infections and ensure a better management of such infectious diseases.

1.1 Inflammatory Biomarkers

A biomarker that provides information about inflammation is called an inflammatory
biomarker. The immune system in our body responds to any perceived infection, injury,
or toxin via a complex process. In response to an inflammation, our immune system
releases specific cytokines, which are known as signaling molecules. The signals produced
by cytokines activate more cells in our immune system, releasing even more of these
cytokines. Some cells also release specific proteins activating other parts of our immune
system. In severe inflammation, the immune system goes into a state of chronic condition

or long-term inflammation. Patients with autoimmune diseases such as rheumatoid



arthritis, cardiovascular disease, lupus, after surgery infections, inflammatory bowel

disease, diabetes, and heart disease struggle with inflammation conditions [1].
1.2 Association of Inflammatory Biomarkers with Diseases and Wound

Clinicians get an idea about disease prognosis by detecting inflammatory biomarker levels
and find out possible causes of symptoms. If the levels of inflammatory biomarkers are
out of bound, it indicates that the patient might have a disorder caused by inflammation.
For example, in cancer patients, if the inflammatory biomarkers levels are high, then the
patient will have an increased risk of death. In order to get a more accurate understanding
of inflammation conditions, it is essential to monitor more than one inflammatory
biomarker. Different inflammatory biomarkers provide specific and slightly different

information on the health status.
1.2.1 C-reactive Protein (CRP)

CRP protein is known as acute phase reactant that is released in response to an
inflammation. The level of CRP is elevated in several inflammatory conditions, many
bacterial or viral infections such as pneumonia, different autoimmune diseases like lupus
or rheumatoid arthritis, chronic inflammation, cancer, and cardiovascular diseases [2]. In

addition, CRP provides valuable information on wound healing progress [3].



1.2.2 Interlukin-6 (IL-6)

IL-6 interleukin is mainly produced by T-lymphocytes and macrophages in response to
pathogens and is a pivotal biomarker in detecting several viral infections. Furthermore,
IL-6 biomarker is released in response to hyper-inflammation caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). Elevated levels of IL-6 indicate disease
severity and possibility of death. IL-6 is considered as a particularly important biomarker
in the COVID-19 pathogenesis because it is positively correlated with disease severity,
treatment stages and radiologic changes. By quantifying the level of this biomarker, the
clinicians can predict the need for mechanical ventilation [4]. In addition, IL-6 is involved
with skin wound healing as the IL-6 levels in wound fluids is correlated with wound-

healing progress rates [5].

1.2.3 Interlukin-10 (IL-10)

The importance of IL-10 as an inflammatory biomarker in diagnosis and treatment of
severe COVID-19 disease has emerged. Together with IL-6, high levels of IL-10 can more
accurately predict possible outcomes in severe/critically ill COVID-19 patients.
Researchers have found significantly higher IL-10 concentrations in COVID-19 patients
admitted to intensive care units (ICU) in comparison to the non-ICU patients.

Furthermore, IL-10 concentrations are strongly correlated with other inflammatory



markers such as IL-6 and CRP and the levels of all these biomarkers can predict the status

of the diseases with a higher accuracy [6, 7].

Researchers have found that increased levels of IL-10 are associated with higher rate of
tumor growth and recognized IL-10 as an important biomarker for cancer disease [8].
Furthermore, elevated IL-10 levels can impede wound repair, whereas IL-10 deficiency in

the blood results in an accelerated wound closure [9].

1.3 Sweat Biofluid Collection Via Microfluidic Channel

Significant research efforts have been made in the development of wearable technology
for detecting and real-time monitoring of biomarker levels in accessible biofluids such as
saliva, tears, urine, and sweat. Sweat is considered to be an ideal candidate for prolonged,
nonobtrusive, noninvasive and semicontinuous health monitoring because of being a
continuously accessible biofluid and containing physiological and metabolic information

[10].

1.3.1 Sweat Biofluid

In recent years, wearable sweat-sensing platforms have attracted the attention of
researchers worldwide. A fully integrated wearable sweat patch consists of two
components: the sweat collector and the sensor. The choice of designing the sweat-

collection mechanism is dependent on the amount of sweat produced by the user. For



instance, a wearable sweat sensor designed for athletes should have the capacity to collect
a sufficiently large volume of sweat and capable of removing the sweat to facilitate the
next round of collection. In contrast, a wearable sweat sensor designed for inactive patients
admitted to the hospital should have a sweat-collection mechanism that works with a

minuscule amount of sweat [10].

1.3.2 Microfluidic Channel

A very crucial part of the wearable sweat sensing is the collection of the test sample, which
is eccrine sweat in this work. The goal is to transport the sweat that originates from the
eccrine sweat glands towards the sensing regions where the concentration of the target

analytes is measured.

Microfluidic channel is most commonly used in wearable sweat sensors to collect and
transport small volume of sweat sample. Microfluidic channel enables precise control of
sweat flow and confinement of the sweat sample in micro/nanoliters volume. Inside this
channel, a capillary force governs the transport of the biofluid. Generally, the microfluidic
architecture consists of channels and chambers, such as inlets and outlets. The function of
inlets is to collect the sweat from skin surface and direct it towards the sensing part for
successful detection of biomarkers. The outlets are designed to direct the sweat out of the

sensing part so that a new sweat keeps flowing at a specific time interval. In this way, the



changes in the concentration of biomarkers in sweat can be detected and monitored

continuously in real-time.

The design of the microfluidic channel should be straightforward and the best suited
fabrication techniques should be adopted depending on the design of the sensor. The
microfluidic channel integrated with wearable sensor consists of multiple layers, such as
multiplexed sensors scribed on a flexible substrate, a microfluidic channel with outlets and

inlets patterned on a double-sided adhesive layer [10, 11].
1.4 Sweat pH and Skin Temperature Monitoring

Eccrine sweat pH and skin temperature can be measured noninvasively with wearable
sweat sensors to diagnose and aid in continuous monitoring of a wide range of
physiological conditions. Measurement of sweat pH and skin temperature for continuous
and real-time health monitoring provides valuable information about fitness and wellness

[12].

1.4.1 Sweat pH

Besides the inflammatory biomarkers, variations in sweat pH (i.e., acidity or alkalinity)
indicate whether the body is dehydrated and indicate skin conditions such as dermatitis,
acne, and other skin infections. In diabetic patients, monitoring of sweat pH can save

patients from life-threatening conditions. Moreover, if the diabetic patient is going



through a low level of blood glucose for a prolonged period of time followed by excessive
sweating at night, that can be detected by a high level of sweat pH. As a result, an

immediate medical intervention can take place [13].
1.4.2 Skin Temperature

For real-time monitoring of the patient’s hydration, measuring skin temperature together
with sweat pH continuously, can provide more accurate data on patient’s health [14].
Furthermore, an elevated body temperature indicates a wide range of disease conditions
such as COVID-19 [14]. The final goal of measuring skin temperature is to complement
the biomarker monitoring and determine the disease severity and find out when there is a

need to intervene.
1.5 Strain-insensitive Structure

Wearable sensors are exposed to body movements, such as stretching, twisting, flexion,
and extension. Therefore, it is crucial to achieve reliable detection of inflammatory
biomarkers and pH levels in sweat irrespective of body movements. Kirigami-like
structures inspired by Japanese traditional paper-cutting art, has created a new dimension
in the field of flexible and wearable devices by featuring a stretchable and deformable
framework. In order to achieve stable electrical signals from a skin-conformal device, it is

compulsory to decouple desired output signals from mechanical stretchability-induced



electrical signal due to the changes in body movements. Kirigami structures create a
reconfigurable morphological response that enables superior stretchability and strain-
insensitive response under stretching or mechanical deformations. Furthermore, kirigami-
inspired wearable sensor design features notches to tune the stiffness of flexible devices in
order to improve surface conformity and breathability onto human skin. Under mixed
applied strain, such as high tensile and torsional strain states, strain-insensitive response
of the sensor is achieved by uniformly redistributing stress concentrations away from the

active sensing elements via cuts and notches [15-17].
1.6 Drug Delivery

In the drug delivery process, the required drug is introduced into the patient’s body for a
desired period of time at a specific rate. It is important that the drug concentration in the
blood is maintained at a specific level to ensure the maximum therapeutic benefit. There
are different categories of controlled drug delivery systems: oral systems, intravenous, and
transdermal drug delivery. The disadvantages of oral route include poor absorption,

bioavailability, and drug degradation [18].

On-demand drug delivery by releasing drug molecules from wearable biomedical devices
enables targeted dosing with precise control to meet treatment requirements for different

therapeutic applications.

10



Electrically stimulated transdermal drug delivery systems are an attractive alternative
because of non-invasiveness, ease of delivery, personalized, safe, and better pain
management. With this approach, continuous drug monitoring and delivery has the

prospective to become a promising alternative to current therapeutic strategies.

1.7 Overview of Thesis

This thesis project reports different skin-interfaced wearable devices integrated with a
microfluidic channel and a strain-insensitive kirigami structure for the detection of
inflammatory biomarker levels, skin temperature and pH levels in human sweat. The
device will be used to monitor the health conditions of patients with cardiovascular,
infectious, or viral diseases. The device also includes a drug delivery component for
electrically controlled drug delivery in real-time to provide immediate treatment and save
lives in emergency situations. Finally, this work presents a tattoo sensor that can be
attached on a skin like a tattoo. The reported sensors have a strong potential to monitor
inflammatory biomarkers in sweat and improve the treatment management in real-time.
The tattoo sensor was functionalized for temperature and relative humidity detection and
monitoring on the leaves of a live plant. The sensor monitored vapor-pressure deficit
(VPD) providing valuable information on plant transpiration. Different types of wearable

sensors developed in this thesis are summarized below:
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° Development of a silicon-based multiplexed sensor functionalized with selective

coatings for inflammatory biomarkers detection and monitoring

e  Fabrication of a screen-printed flexible and wearable sweat sensor integrated with

microfluidic channel for the detection and monitoring of inflammatory biomarkers

° Development of a strain-insensitive kirigami-inspired flexible sensor with
improved skin conformity for measuring sweat parameters irrespective of body

movements such as stretching, bending, twisting, or shearing.

. Development of a wound sensor for wound status monitoring by continuous

detection of wound biomarkers in wound fluid

. Fabrication of a fully skin-conformal tattoo sensor for prospective detection of
inflammatory biomarkers in sweat and continuous monitoring of disease progression.
The performance of the tattoo sensor was validated in live plants by monitoring the

temperature, relative humidity (RH), and vapor-pressure deficit (VPD) in real-time.
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Chapter Two

Development of Functionalization
Coatings

This chapter aims to give an overview of preparation and verification of functionalization

coatings for the detection of target biomarkers.

2.1 Literature Survey

There have been numerous ongoing researches on developing improved diagnostics and therapeutics
for COVID-19 and other emerging infectious diseases. Following the recent research trend, this thesis
is focused on detecting the infectious diseases at an early stage (e.g., 1-7 days ahead). Our developed
sensor has the potential to detect biomarkers in less than one minute at the point-of-care. By ensuring
early detection, patients can be isolated, and the treatment can be started immediately that will in turn
mitigate the spread of an infection. It is important to monitor the recovery process of viral infection in
both symptomatic and asymptomatic patients. Even if the patients are found to have a low
concentration of antibodies, it might hinder the recovery process because of the deficiency in cellular
immunity [19]. In contrast to the current diagnostic methods, point-of-care tests have the potential to

cope up with the exponential spread of COVID-19 virus by enabling earlier detection of disease, easier
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monitoring at the bedside or in a remote area without the requirement of trained personnel [20].
Various laboratory-based techniques have been developed to detect the COVID-19 infection including
enzyme-linked immunosorbent assay (ELISA) [21], reverse transcription real-time quantitative
polymerase chain reaction (RT-qPCR) [22-24], clustered regularly interspaced short palindromic
repeats (CRISPR) [4], chemiluminescence immunoassay (CLIA) [20], and lateral flow immunoassay

(LFIA) [25].

The ELISA method requires the collection of a large volume of blood sample, which is invasive,
particularly for infants and kids [26 ,27]. RT-qPCR and CRISPR need to go through multiple sample
processing steps in a laboratory setup that makes it a slow technique (up to two weeks or longer).
Therefore, these methods have limitations in handling cities with fast-growing number of COVID-19
patients. Moreover, the accuracy of the test is compromised with the high mutation rate of virus in the
target genomic region [19]. The LFIA-based test kit detects viral COVID-19 antigen from
nasopharyngeal swab within 10-30 min [20], however, this method lacks continuous real-time
monitoring of the infection level that will guide doctors in adjusting the treatment procedure and
following up on the healing progress of the patients. Moreover, detection of the level of only one

inflammatory biomarker in viral or bacterial infection may lead to false positives/negatives.

To address these challenges, our multiplexed sensor comprised of four working electrodes is capable
of quantifying the levels of four inflammatory biomarkers that get elevated in patients infected with
COVID-19 or other infections. The four biomarkers include Interleukin-6 (IL-6), Interleukin-10 (IL-10).

procalcitonin (PCT), and CRP [27, 28]. In this work the sensor was functionalized to detect and
14



monitor two inflammatory biomarkers including CRP and IL-6 at the same time on a single chip. This
sensor will allow diagnosis and prognosis of the disease accurately, rapidly, and non-invasively.
Additionally, this sensor will ensure efficient control and management of emerging infectious diseases
by providing an early detection of any viral and/or bacterial infection so that patients can get the

appropriate treatment right away and quarantine themselves to protect others.

2.2 Sensor Structure and Working Principle

Our screen-printed electrochemical sensor consists of 4 working electrodes (WE) for detecting
4 biomarkers, one reference electrode (RE), and one counter electrode (CE) (Fig. 1). The WE and
CE are made of gold and RE is made of Ag/AgCl. The WE will measure the levels of biomarkers
(CRP and IL-6). Being made of gold, the CE will be chemically inert providing the electrons a
path to flow. The RE mainly provides a stable point for reference redox potential. Gold
nanoparticles decorated multi-walled carbon nanotube nanocomposite (Au-MWCNT) was
formed on each WE to create a three-dimensional working electrode surface to enhance the
sensitivity. The Au-MWCNT functionalized WEs were immobilized with specific antibodies to

detect the specific biomarkers.
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3.5cm

24 cm
Counter Reference Working
Electrode Electrode Electrode

Fig. 1: Silicon-based sensor with four Working Electrodes, one Counter Electrode and one
Reference Electrode

2.3 Sensor Development with Functionalized Coatings

Different coatings were made in the fabrication process of this sensor (Fig. 2). The preparation

details and significance of each coating are given in the following;:

The electrolyte solution was composed of both the oxidized and reduced forms of iron, namely,
potassium ferrocyanide and potassium ferricyanide, which were mixed in 1:1 ratio using PBS pH
74 buffer. This electrolyte ensured current flow through the working and counter electrodes. Gold

Decorated MWCNT Modified Electrode were prepared by following the reduction process of
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HAuCls.HO with sodium citrate described below. 8 pL of this solution was taken, drop-casted on

the WE and left to dry for 3 hrs [29].

To prepare the Au-MWCNT solution, firstly 0.01% HAuCls was brought to boiling point, to which
1.0% sodium citrate was slowly added under stirring and left to react for 15 min. Then the solution
was centrifuged at 14 000 rpm for 20 min to purify the gold nanoparticle dispersion and remove
the remaining traces of unreacted HAuCls and sodium citrate followed by redispersion of the
precipitated solid in Milli-Q water. Modified MWCNTs were synthesized by treating the MWCNT
in 3M HNO:s Acid Solution under continuous stirring for 24 h. Afterwards, the MWCNTSs were

thoroughly washed with Milli-Q water and dried for 12 h.

For the functionalization of the gold nanoparticles, 1% (v/v) Acetic Acid solution was prepared,

and 1% (w/v) chitosan was dissolved in that Acetic Acid Solution. 0.5% (w/v) dried Au-MWCNT

nano particles were mixed into that Acetic Acid and Chitosan solution and sonicated for 8 hrs [29].

1mM of linker acid (HS (CHz)~—~COOH) solution was prepared in pH 7 PBS Buffer, 8 uL of which
was drop coated on the Au-MWCNT layer. This Linker Acid coating binds the EDC-NHS in the

antibody to the MWCNT-AuNP layer perfectly [29].

For antibody immobilization, a 1:1 solution of EDC and NHS was prepared, followed by adding
the mixture to Img/mL of anti-CRP solution. 8 puL of the anti-CRP solution was coated on the WE

and kept at 7° C for 12 hours so that the antibody attaches and immobilizes to the surface [29].
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A bovine serum albumin (BSA; 2 mg mL) solution was drop coated on the sensor to block the
non-specific sites so that the protein doesn’t get attached to non-specific molecules and get

attached to antibody only. The list of all functionalization coatings is given in Table 1.

CRP Protein was reconstituted at 100 pg/mL concentration and fourteen different concentrations
were prepared for target protein detection. After each functionalization step, the electrochemical
measurement was taken. For example, electrochemical readings were recorded for bare sensor,
Au-MWCNT Coating, Acid Coating, Antibody, and BSA coating. Finally, measurements were
recorded when the sensor was exposed to CRP concentrations ranging from 1 femtomolar (1 fM)
to 1 micromolar (1 uM). The cut-off concentration of CRP in healthy person is <10mg/L ( ~ 0.8 uM)

whereas in infected body this CRP level gets elevated.

Antibody

B — »EDC-NHS
% -% BSA
SO0 S

<g——————rProteh1

Fig. 2: Cross-sectional view of the sensor with surface functionalization coatings: MWCNT-AuNP,

Linker Acid, Anti-body, and BSA
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Table 1: List of Functionalization Coatings with Purpose

Coatings Purpose

Coating 1:  Gold Decorated MWCNT Increases the surface area
Coating 2:  Linker Acid Binds to the antibody
Coating 3:  Antibody Provides selective detection
Coating 4: BSA Blocks non-specific molecules

2.4 Experimental setup

The three electrodes of the sensor were connected to a benchtop potentiostat using alligator
clips and results of electrochemical tests (Cyclic Voltammetry, Chronoamperometry) were
displayed on the screen of a smartphone via Bluetooth (Fig. 3). In this small-spaced
experimental setup, the infection level detection can be done at the bedside or in a remote area

within one minute without any requirement of trained personnel.
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Fig. 3: Experimental setup of the sensor, wherein the data was collected by a benchtop

potentiostat and displayed on a smartphone.

2.5 Electrochemical Characterization

We conducted all the electrochemical measurements using a benchtop potentiostat. For the
electrochemical characterization of redox activity, we conducted cyclic voltammetry (CV) scans
for different functionalization coatings on the WE surface, as shown in Fig. 4a. The MWCNT-
AuNP-coated electrode exhibited a 10-fold enhancement in redox current, eventually increasing
sensitivity of the sensor. The redox current of the electrode decreased with the immobilization
of additional coatings because of the insulating property of the layers. As a result, electron

transfer through the electrodes slowed down.

Next, we employed chronoamperometry (CA) to characterize the response time for both the

MWCNT-AuNP-coated and bare sensors by applying a constant potential of 0.4 V to WE with
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respect to RE (Fig. 4b), where it's evident that the response time for the sensor without MWCNT-
AuNP coating is ~0.04s and for the sensor with MWCNT-AuNP coating is ~0.08s. The MWCNT-
AuNP coated sensor depicted a delay in response time due to the diffusion of charge carriers
through the three-dimensional CNT matrix. However, 0.08s is a significantly faster response

time compared to many other nanostructured sensors reported in the literature.
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Fig. 4: (a) CV curves in response to different functionalization layers on the working electrode;

(b) CA responses with and without the MWCNT-AulNP coating on the working electrode

2.6 Electrochemical Measurements of CRP Biomarker

We have demonstrated the detection of CRP protein with our sensor using a small volume
of sample (~100 uL). The CV responses for fourteen different concentrations of CRP,
ranging from 1 femtomolar to 1 micromolar is depicted in Fig. 5a where it’s evident that
with the higher concentration of CRP protein, the current flow between WE and CE is

decreasing. This reduction in the redox current took place because of the formation of a
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thicker insulating layer of immunocomplex with increasing concentration via binding a

larger number of CRP protein molecules with the anti-CRP coated sensor surface.

The calibration plots for both the sensor with MWCNT-AuNP coating and without MWCNT-
AuNP coating are shown in Fig. 5b. The current is inversely proportional to the CRP
concentration. The slopes of the calibration curves are 1.375 and 0.912 uA pM, the sensitivity
10.95 and 7.26 pA uM* cm?, and limit-of-detection (LoD) 0.0066 and 0.9 femtomolar (cut-off
CRP level in healthy person is ~0.8 uM, whereas in infected person it gets elevated) for the
sensors with MWCNT-AuNP coating and without MWCNT-AuNP coating, respectively. To

calculate the LoD, we employed the following equation [29].

LoB = Mean of signal (blank sample) + 1.645 x (Std dev of blank sample)

Limit-of-detection of the signal (YLoD) = LoB + 1.645 x (Std dev of target at low concentration)
LoD = (YLoD - c)/slope of the calibration curve

The MWCNT-AuNP coated sensor also demonstrated an impressive selectivity (Fig. 5c) against
interfering species typically present in blood plasma, namely IL-6 (0.1 nM), Glucose (5 mM),
and cortisol (0.4 uM). When the sensor was exposed to the mixture of interferent molecules
without any presence of CRP, there was no significant change in the current response w.r.t. the
current for blank sample (i.e., absence of any biomolecules), proving to be promising device for

the detection and continuous and real-time monitoring of infection level.
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The sensor was further examined for repeatability (Fig. 5d) showing a consistent current level
for 1 pM CRP at three consecutive days. Moreover, the reproducibility test (Fig. 5e) shows that
for four consecutive weeks, the performance of the sensor was consistent showing the same
current level for 1 pM CRP, proving that our sensor is reusable over a month. There was an

excellent linear agreement (Fig. 5f) between the sensor-measured CRP level and reference CRP

level.
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Fig. 5: (a) CV responses of the sensor for CRP concentrations ranging from 1 fM to 1uM in PBS
(pH=7.4); (b) Calibration plot of the sensors with MWCNT-AuNP coating and without MWCNT-
AuNP coating. Error bars represent 3 repeated measurements with the sensor; (c) Selectivity test:
current variations w.r.t. the baseline current for the blank sample, in presence of specific CRP
concentrations (1 uM and 1 pM) and the nonspecific interferents, Interleukin-6 (0.1 nM), glucose
(5 mM), and cortisol (0.4 uM); (d) Repeatability test: in response to the CRP concentrations (1
pM) for three consecutive days; (e) Reproducibility test: in response to the CRP concentrations

(1 pM) for four consecutive weeks. (f) Agreement between the developed sensor and reference.

2.7 Summary

In this work, a user-friendly, high-performance, and rapid point-of-care sensor was
developed for non-invasive infection level detection and continuous monitoring of the
recovery process. This research project developed the biofunctionalization coatings on a
novel biochip for rapid and real-time detection of infection at the point-of-care. The biochip
tfeatures multiplexed detection of 4 inflammatory biomarkers using electrochemistry-based
measurement techniques. We have demonstrated the detection of C-reactive proteins (CRP),
an inflammatory biomarker, elevated levels of which is found to be associated with
cardiovascular disease, mortality after vascular surgery, adverse clinical situations, and
death in critically ill COVID-19 patients. We have functionalized the working electrodes
(WE) with Gold nanoparticles (AuNPs) decorated multi-wall carbon nanotube (MWCNT)

so that the protein biomarkers are selectively captured on the respective WEs depending on
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the protein-antibody binding ensuring higher sensitivity. The sensor demonstrates a
sensitivity of 10.95 pA puM* cm?, a limit of detection of 0.0066 femtomolar, and a response
time of only 0.08 seconds. Our research holds potential to benefit the society by reducing
the time to detection, especially in an under-resourced setting and save lives. Moreover, our
device has huge potential to manage future pandemics through early diagnosis and timely

treatment and isolation.

25



Chapter Three

Screen-printed Flexible Sweat Sensor Integrated with Microfluidic
Channel for Inflammatory Biomarkers Detection

3.1 Literature Survey

Chronic conditions, including diabetes, cognitive impairment, arthritis, heart disease, and other
inflammatory conditions get severe in adults as they age and in younger population as they
become more obese. Elevated levels of inflammatory cytokines such as interleukin-6 (IL-6) is
identified as one of the most efficient cytokine predictors of all-cause mortality. Therefore,
continuous monitoring and detection of IL-6 levels with high sensitivity plays a vital role in
improving the health condition of patients suffering from chronic diseases. A wearable and
flexible sensor integrated with wireless data transmission to a smart device has huge potential to
ensure real-time healthcare monitoring with good compatibility and lower installation costs. For
these sensing devices, a non-obtrusively accessible biofluid must be chosen that can be an ideal

candidate for prolonged and semicontinuous health monitoring [30].

Sweat is a clear, odorless substance, rich in physiological information and contains 99% of water
and other molecules including Interleukin-6, cortisol, neuropeptide Y, and electrolytes. Unlike

saliva, urine, or blood, the collection process of sweat is not cumbersome. Additionally, sweat
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collection and monitoring is noninvasive and doesn’t require specific laboratory facilities or well-
trained personnel. Moreover, saliva specimens are influenced by dental and gingival diseases
and require multiple collection throughout the day. Urine samples increase study burden
requiring 24 h of processing in special laboratory and cold storage facilities. However, sweat
sensor offers a reliable, non-occlusive, and noninvasive detection, overcomes circadian timing

issues and offers a great potential to effectively monitor inflammation and chronic diseases [30].

Firstly, a wearable sweat sensor requires a convenient sweat collection method. Among the
three major categories, namely, microfluidic collection, absorption collection, and direct on-skin
collection, microfluidic channel provides precise control, flow, and confinement of
micro/nanoliters of fluid at a comparatively smaller space. Among electroanalytical and optical
sensing technologies, electroanalytical technology is preferred because optical technology
shows deviations with nonuniformity of color and requires bulky and dark measurement
setup. In contrast, electroanalytical technology is more stabilized and more suited for

continuous measurements [30].

3.2 Device Fabrication and Biofunctionalizations

This paper reports a flexible sweat sensor integrated with microfluidic channel facilitating
low-cost fabrication, wearer’s comfort, and high sensitivity in multiplexed detection and
monitoring of inflammatory biomarkers. Our sensor is fabricated on a polymer sheet

comprised of two working electrodes (WEs), one reference electrode (RE) and one counter
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electrode (CE). The WEs and CE were made of graphene ink and the RE was made of

Ag/AgCl paste using a screen-printing technique [30].

Our device contains three layers, including large multi-inlet two-sided adhesive medical
tape, one-sided thin medical tape, and multiplexed sensor scribed on the polymer substrate
as depicted in Fig. 6a. The layer with large inlets was attached to the skin at one side and to
the microfluidic channel on the other side. The adhesive side of the second layer was
attached to the sensor that was visible on top of the skin in Fig. 6b. The flexible feature of
the device matched with the non-planarity of human skin. The flexibility of the sensor is
shown in Fig. 6d. As sweat started flowing into the device through the microfluidic channel
shown in Fig. 6e-g, the electrochemical analytical techniques such as Cyclic Voltammetry
and Chronoamperometry were performed for real-time monitoring at the bedside without

requiring any trained personnel.

At first, the electrochemical co-deposition was performed in an aqueous solution of Prussian blue

(PB) and gold nanoparticles integrated multi-walled carbon nanotube (AuNP-MWCNT) containing

Ks[Fe(CN)s], FeCls, KCl, HCl and 1 mg mL!' AuNP-MWCNTs by running two hundred voltammetry

cycles over —0.3 to +1.2 V potential range and 0.05 V/s scan rate at room temperature [30].

The biofunctionalization of WEs prior to sensing different concentrations of biomarkers was carried

out in several steps. Firstly, 1 mM of thiol cross-linker (HS (CH2)«~~COOH) acid solution was drop

coated to facilitate binding of antibody over AuNP-MWCNT layer. Next, an antibody solution was
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prepared using EDC/NHS activation process and drop coated over the acid coating to ensure selective

detection of target biomarker. After that, bovine serum albumin (BSA) solution was drop coated on

the WEs to block non-specific binding sites. Artificial sweat (AS) was prepared using 85 mM NaCl,

13 mM KCl, 17 mM lactate and 16 mM urea in pH 7.4 buffer [30].
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Figure 6. (a) Layers of sensor with the microfluidic channel in contact with skin (bottom) and
sensor located at the top layer; (b) Photographic image of flexible skin patch; (c) Photographic
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image of the beginning of sweat secretion process; (d) Microfluidic channel partially filled with
artificial sweat; (e) Continuous sweat flow through the microfluidic channel

3.3 Results and Characterization

While several functionalization coatings were added to the WEs, the redox activity was
characterized by applying CV technique as shown in Fig. 7a. The AuNP-MWCNT coating
enhanced the redox current significantly as compared to the planar electrode and the
oxidation current peak decreased due to the insulating layer formed on the WEs surface

with each coating added.

Finally, the sensor integrated with the microfluidic channel layer was tested for eight varying
concentrations of IL-6 protein starting from 0.1 pg/mL up to 1000 pg/mL that falls within the
normal IL-6 level in the sweat (5-15 pg/mL) of a healthy person. Fig. 7b shows that with the
increasing concentration of IL-6 protein, oxidation peak current was decreasing due to the
dielectric property of protein molecules. The calibration curve shown in Fig. 7c was found by

plotting CV oxidation peak currents vs. IL-6 concentrations.

To evaluate the selectivity of our sweat sensor, we tested the sensor with two different AS
solutions, one with 10 pg/mL IL-6 and another without any IL-6 protein, but both containing a
mixture of interferents such as 180 g/L glucose, 100 ng/mL cortisol, and 10 pg/mL CRP, typically
found in a healthy individual’s sweat [30]. In the absence of the IL-6, the current level was

similar to the current level with zero target protein, whereas with the presence of 10 pg/mL of
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IL-6, the sensor selectively detected the target protein and depicted a significant difference in

the current level with respect to the blank sample as shown in Fig. 7d.

The CA plot with and without AuNP-MWCNT is depicted in Fig. 7e indicating that the sensor

with AuNP-MWCNT coating has higher redox current and response time of 2s compared to

the one without AuNP-MWCNT coating with a response time of 1.5 s. This higher response

time was due to diffusion of charge carriers.
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Fig. 7: (a) CV response with different functionalization coatings; (b) CV response for different
IL-6 concentrations from 0.1 pg/mL to 1000 pg/mL; (c) Calibration curve with error bars
representing three repeated readings; (d) Selectivity test in presence of interferents; (e) CA
response with and without the AuNP-MWCNT coating.
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3.4 Summary

In this paper, we have presented a novel method of the collection and detection of
cytokines using a wearable and flexible sensor integrated with microfluidic channel. The
integrated device depicts a high detection capability and continuous monitoring features.
The fabrication process, materials, and substrates used for this sensor and microfluidic
channel layers are cost-effective and simple proving our sensor to have high potential to
be manufactured in large-scale and provide effective healthcare applications in under-
resourced settings and rural areas. Therefore, our skin patch will aid in rapid detection
and monitoring of biomarkers at the bedside ensuring multiplexed sensing with a high
sensitivity of 122.59 pA (pg/ml)' cm? and a limit of detection (LoD) of 0.886x10- pg/ml.

The sensor is wearable on arm just like a small adhesive bandage.
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Chapter Four

Strain-insensitive Kirigami Designed Skin Patch for Detection and
Monitoring of Sweat pH and Skin Temperature

4.1 Literature Survey

Over the past decade, electronic skin (e-skin) has attracted a lot of interests in realizing
soft, flexible, skin-like devices for continuous monitoring and therapeutic applications.
Efforts are underway to enhance the sensitivity, flexibility, stretchability, and
conformability of the e-skin devices. Some recent successes in this field range from tapping
into the existing fabrication techniques to developing new materials such as conductive
electrode material patterned on a spaghetti-like mesh of polyvinyl alcohol; flexible organic
polymers and electronic components designed from the molecular level; wireless,
biodegradable sensor that can be wrapped around blood vessels for blood flow
monitoring; and metal oxides blended with stretchy rubbers [31]. While these studies have
generated breakthroughs in terms of overcoming key challenges associated with
commercial wearable electronics including rigidity and brittleness, most of them are

primarily centered around tuning the materials and not the sensor configuration [31].
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Furthermore, wearable sensors are subjected to different kinds of strain due to daily
human activities. For instance, in the event of walking, due to the stretching and
contraction of joints, a wearable sensor would experience a strain of up to ~55%, which
exceeds the limits (~6.5%) for conventional chemical vapor deposition grown graphene
(a widely used material in flexible electronics). It is highly desirable for any wearable
sensor to have a consistent output and sensitivity under any mechanical deformations
owing to human movements. In order to impart stretchability and bendability to the
sensor with minimal variance in the resulting electrical signal, previous techniques
utilized flexible elastomeric substrates, serpentine electrode design, or multi-layered
nanomaterials. However, these devices still suffer from strain dependency due to the
presence of structural failure modes. Hence, it is important to design the sensor in a way
that will ensure desired response after decoupling signal variations induced by different

mechanical deformations [31].

Kirigami is a form of Japanese art, that mainly includes cutting papers and has introduced
anew era of flexible, wearable, and deformable structures. These structures have superior
stretchability and repeatability due to out-of-plane deformations and thus experience less
strain within the structure as compared to the applied strain. High stretchability,
repeatability and stability are desired features of wearable sensors that monitor

physiological parameters including body temperature and sweat [31].
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Here, we report strain-insensitive, flexible temperature and pH sensors on a mesh

structured kirigami framework. The major contributions of this part of the thesis work

are as follows:

. Detection and real-time monitoring of pH and temperature levels of human body
. Cost-effective roll to roll production on flexible substrates
. High-precision sensitivity and strain-insensitive response under flexion, extension,

stretching, and twisting

4.2 Device Fabrication
Our device was designed with a kirigami structure consisting of pH and temperature
sensors (Fig. 8). The sensors were printed on a 125 um thick flexible polymer sheet using

the screen-printing method.

Fig. 8. Kirigami shaped Sweat pH and Skin Temperature Sensors

35



4.3 Kirigami Structure

The kirigami structure of the sensor was laid out surrounding the sensors. The four
kirigami arms were spread in such a way that they redistributed the applied strain
concentrations symmetrically away from the pH and temperature sensors via the kirigami
notches and holes motif. Each of the four arms of the kirigami structure was 1 cm in length

and was screen-printed with graphene ink [31].

4.4 pH Sensor

The pH sensor had a two-electrode configuration consisting of circular shaped working
electrode (WE) and reference electrode (RE), each having a diameter of 2 mm. Unlike other
pH sensors which work on the mechanism of open circuit voltage, our pH sensor is
conductive in nature, more specifically resistive. To achieve this circuit characteristics, the
Ag/AgCl paste and graphene ink were printed onto the polymer substrate to fabricate the
RE and WE, respectively. Afterwards, the WE of the pH sensor was functionalized for pH

detection [31].

Polyaniline (PANI) nanofiber arrays were deposited onto the surface of graphene
electrode to make the pH sensor highly sensitive to H3O* ions. The redox equilibrium
between the phase transitions of HsO* and PANI is suitable for pH sensing. The PANI
nanofibers also provide a high surface area, biocompatible, and reproducible performance.

PANI layer was electrodeposited on the WE, as shown in Fig. 9.
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Fig. 9: Cyclic Voltammetry (CV) responses for PANI deposition

4.5 Temperature Sensor

The temperature sensor was prepared by mixing 10mg of PEDOT:PSS with 5mg trion X-
100 solution. After sonicating the solution for 10 minutes, (3-glycidyloxypropyl)
trimethoxysilane (GOPS) was added with the mixture at 9:1 weight ratio. Then the
resulting mixture was sonicated for 10 minutes. At room temperature (25°C), the solution
was drop casted onto graphene electrode. The sensor was annealed at 150°C for 1 hour

and then cooled in open air for 30 minutes. After that a Kapton tape was added over the

sensor [31].
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The temperature sensor response was resistive in nature as well [31]. The temperature
value was validated by using an LM 35 temperature sensor and then the corresponding

resistance value was recorded at each temperature.

4.6 Sensor Characterization

The resistance values of both pH and the temperature sensors were measured with a series
resistance topology. As the normal human skin pHis 5.5 and temperature is 35°C, we have
calibrated our sensor for pH value from 2 to 13 while the temperature sensor from 25°C to

65°C. The calibration curves for both pH and temperature sensors are shown in Fig.10

a b.
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Fig. 10: (a) Calibration plot for pH sensor (from pH 2 to pH 13); (b) Calibration plot for

temperature sensor (from 25°C to 65°C)
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4.7 Strain-insensitive Characterization

The developed sensor is tested under different flexibility conditions. The four arms of the

sensor are stretched simultaneously for validation. The two opposite arms of the sensor

are stretched such a way that 220% strain is applied on both sides. Afterwards, the

resistance values of pH and temperature sensors are calculated. It has been found that

the relative resistance deviation (%AR/Ro) of both the pH and temperature sensors is

almost the same. The deviation level for temperature sensor is 0.32% while the pH sensor

shows a deviation of 0.58%. At 22°C and 48%RH (normal room condition), the resistance

response variation of both pH and temperature sensors was verified. The device under

different motions of arm is depicted in Fig. 11. The kirigami sensor was also tested for

180° and 360° twisting (Fig. 12a and 12b). The twist test data is shown in Table 2.

Table2.  Kirigami Sensor Flexibility Test

Twist Angle (°)

pH Sensor Resistance

Temperature Sensor Resistance

Variation Variation
180 2.23% 3.58%
360 3.56% 4.53%
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Fig. 11: Kirigami Sensor on human skin. (a) Extension on right side of the hand (b)

Flexion on the right; (c) Extension on the left side of the hand; (d) Flexion on the left

Fig. 12: Kirigami Sensor tested under (a) 180° twisting; (b) 360° twisting
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4.8 Summary

In this study, a kirigami-inspired pH and temperature sensors were developed for
achieving highly stretchable and strain-insensitive performance in healthcare monitoring.
In future, our fully integrated wireless and wearable device has the potential to highlight
the sensing platform across a broad range of healthcare applications by enabling
personalized care in real-time. Strain-insensitive wearable sensors have aroused
substantial attention due to their high precision irrespective of body movements, such as
stretching and twisting. This work reports a strain-insensitive pH and temperature sensors
based on kirigami structure to quantitively measure and monitor the pH levels in sweat
and detect body temperature. Notably, an impressive strain-invariant response was
achieved under 220% of applied tensile strain and a torsion up to 360°. By depicting an
excellent combination of cost-effectiveness, flexible kirigami structure, breathable notches,
high linearity of response, and conformity to skin, our device will open a promising new

route in the application of skin-inspired wearable sensors.
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Chapter Five

Wound Patch for Real-time Monitoring of Wound Status

5.1 Literature Survey

Based on the origination condition and rate of healing, wounds can be characterized into
two major categories, i.e., acute and chronic wounds (which fails to proceed through the
normal phase of healing) [32, 33]. For instance, diabetic foot ulcer (DFU) is one kind of
severe chronic wound resulting in lower limb amputations in nearly 12% of patients. The
global prevalence of diabetes is anticipated to increase from 8.8. to 9.9% by 2045, thereby
substantially increasing the risk of DFU development [34, 35]. Although there is no
comprehensive data on wound infection, several countries have statistics to estimate the
severity of chronic wounds. In Europe, almost 1.5-2 million people are suffering from
chronic wounds, and in the US, it is more than 6.5 million causing a serious economic
burden on the healthcare treatment that costs up to 25 billion USD per year [36, 37].
Furthermore, with the increase in obesity and diabetes in the elderly population, the

number of patients with chronic wounds is increasing exponentially among aged people.

However, to date, real-time immune regulation of skin wound healing is heavily

unexplored. The immune cells secrete a cascade of signaling molecules (known as
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inflammatory mediators) such as tumor necrosis factor-a (TNF- a), Interleukin-6 (IL-6),
Interleukin-8 (IL-8), and Interleukin-10 (IL-10). A delicate balance in the activation of the

cytokines, chemokines, and growth factors is crucial to successful wound healing [38, 39].

The anti-inflammatory cytokines function primarily to mediate or suppress the
inflammation. The right balance between the pro-and anti-inflammatory responses is
crucial to the orderly and timely healing of wounds [40-42]. The wearable wound patch
reported in this work (Fig. 13) can provide an accurate, non-invasive, real-time, and
continuous monitoring of the dynamics of chronic wounds by real-time tracking of IL-6

and IL-10 levels at the wound site [43].

BT

— Platelet
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Fig. 13: (a) Experimental Setup of the sensor performance for different degrees of bending
(b) Schematic illustration of the wound sensor placed on the wound site for multiplexed

detection and monitoring of wound biomarkers

5.2 Electrochemical Characterization

To perform the electrochemical characterization, the Cyclic Voltammetry (CV) in the
potential range of —0.2 to +2V at 50mv/s scan rate was conducted using simulated wound
fluid (7.4pH). An illustration of CV plots for different functionalized coatings over the
working electrode is shown in Fig. 14a. The bare sensor has the least current. The addition
of AuNP-MWNT causes the increase of electrostatic interaction owing to the increase of
electroactive area as well as the introduction of gold nanoparticles. This modification of
the electrode ultimately causes a significant increase in the current with respect to the bare
electrode. However, as the linker acid, antibody, and BSA coating are introduced, the CV
peak current decreases significantly. The reason for the current decline is the insulating
property of the coatings, causing the electron transfer to slow down [43]. The CV plots
with and without the AuUNP-MWCNT coating is depicted in Fig. 14b. Next, the effect of
different scan rate is analyzed. The sweeping of potential from -0.2V to +2V is carried out

for different scan rates (Fig 14c).

Finally, to investigate the response time of the sensor, Chronoamperometry (CA) test is
carried out so that the characterization of kinetics of chemical reaction can be done. The

CA is employed for the sensor with AuUNP-MWCNT as well as the sensor without AuNP-
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MWCNT by applying a fixed potential of 0.5V across the working and reference electrodes

10

(Fig. 14d).
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Fig. 14: a) Cyclic Voltammetry curves for different coatings on the WE surface. (b) CV for
sensors with and without AuUNP-MWCNT coating. (c) CV as a function of scan rate with
calibration plot indicating the diffusion-limited behavior of the sensor in the inset. (d)

Chronoamperometry plots for sensors with and without AuNP-MWCNT coating
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5.3 IL-6 and IL-10 Characterization

For the electrochemical measurements of IL-6 and IL-10, eight different concentrations of
each protein biomarker were prepared in Stimulated Wound Fluid (7.4pH). The CV
responses for eight different concentrations of IL-6 and IL-10 ranging from 0.1 pg/mL to
1000 pg/mL are depicted in Fig. 15a and Fig. 15b respectively. As the protein concentration
is increasing, the redox current is decreasing due to the formation of a thicker
immunocomplex insulating layer via binding of a larger number of protein molecules with

the antibody-coated sensor surface [43].

The calibration plot for IL-10 with different concentrations of AuUNP-MWCNT as well as
the planar sensor are shown in Fig. 15c and the calibration curves of IL-6 sensor with and

without the AuNP-MWCNT coating are depicted in Fig. 15d.
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Fig 15: CV plots of 0.5% (w/v) AuNP-MWCNT coated sensor for different concentrations
of (a) IL-10 and (b) IL-6. (c) Calibration plots for four different AuUNP-MWCNT coatings.
(d) Performance comparison between calibration plots of IL-6 sensors with and without

the AuNP-MWCNT coating.

5.4 Drift Analysis

The drift of the sensor is analyzed using three concentrations, 0.1 pg/mL, 50 pg/mL, and
1000 pg/mL, of IL- 10, every hour up to 12 hours (Fig. 16a). The sensor was stored at 4°C
temperature after each test session. Although the sensor response fluctuates more for the
higher concentration as compared to the lower concentration, the relative deviation is less
than 5% indicating the minimal drift of the sensor. The drift characteristics of the sensor
were also analyzed in 5 minutes time intervals for the three concentrations over 1 hour
(Fig. 16b). However, in this case, 0.03% relative deviation indicates significantly less drift

characteristics of the sensor in a shorter time interval.
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Fig. 16: Drift characteristics of the sensor for three different IL-10 concentrations over (a)

12hand (b) 1 h.

5.5 Selectivity Analysis

To investigate the sensor’s performance in a real chronic wound, a selectivity test is
performed (Fig. 17a and Fig 17b). In this test, the sensor was tested with common
interferent species such as glucose (180 g/L), cortisol (100 ng/mL), and C-reactive protein
(10 pg/mL). The sensor was evaluated with three SWEF: first, when there is only interferents
present, second, when in addition to the interferents, 10 pg/mL of IL-10 (or IL-6 for IL-6
selectivity) was present, and third, when in addition to interferents 500pg/mL of IL-10 (or
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IL-6) was present. The baseline current was nearly identical to the response with
interferents. However, the introduction of IL-10 and IL-6 contributes to significant
reduction in the oxidation peak current i.e., the increase in difference current with respect

to the baseline current.
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Fig. 17: Selectivity characteristics of the (a) IL-10 and (b) IL-6 sensors in presence of

interfering species found in the wound fluids. (c) Lifetime analysis of the sensor over 7

days.
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5.6 Lifetime Analysis
To evaluate the lifetime of the sensor, one same sensor was tested with a single
concentration for 7 days. At the end of every test, the sensor was stored at 4°C in the fridge.

The test results are shown in Fig. 17c

5.7 Summary

In this work, a wearable multiplexed wound patch was developed for monitoring of
wound biomarkers in real-time. The complete characterization of sensitivity, selectivity,
limit of detection, bending, reproducibility, reversibility, repeatability, and drift analysis
were performed. Excellent performance of the wound patch in all the tests proves its
potential for on-body measurements enabled with on-demand drug release at the wound

site.
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Chapter Six

Electrically Controlled Drug Delivery

6.1 Drug Delivery Characterization

The drug delivery component was comprised of two electrodes (Fig. 18a), a reference and
a working electrode. After the fabrication of screen-printed drug electrodes on a flexible
substrate, the electrodes were functionalized, and a specific drug was loaded on the
working electrode using electro co-deposition method [44]. Different known
concentrations of drug were prepared to produce the calibration plot. After that, the drug
release from two patches were recorded, one without any applied potential and another
with a negative applied potential of -0.5V. The released drug was collected at specific time
points to quantify the concentrations of the drug. The quantification of released drug was
performed with high performance liquid chromatography (HPLC). The drug release rate
with an applied potential was much higher than the naturally released rate of drug as

shown in Fig. 19b.
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Fig. 18: (a) Design of the drug delivery module. (b) The increased drug release rate under

voltage stimulation and decreased natural release without a voltage stimulation.
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Chapter Seven

Fully Skin Conformal Tattoo Sensor

Tattoo Sensor Characterization

The developed tattoo sensor is fully conformal to skin and has the potential to be applied
in healthcare applications as a sweat sensor for multiplexed monitoring of inflammatory
biomarkers in real-time. In order to show the performance of this sensor, the tattoo sensor
was functionalized for relative humidity and temperature sensing. The data presented
with this wearable tattoo sensor was collected from real-time on-leaf monitoring of relative
humidity (RH), temperature, and vapor-pressure deficit (VPD) in both water-stressed and
unstressed plants. This tattoo sensor is flexible and fully conformable to the leaf surface.
The electrodes on the sensor were functionalized for continuous determination of VPD at
the leaf surface to provide information on plant transpiration. Transpiration cools the
plants and affects nutrient uptake, photosynthesis, and the transportation of water within
the plant-soil system. Vapor-pressure deficit (VPD) works as the driving force for
transpiration in plants, suggesting a strong positive relationship between VPD and
transpiration rate. VPD takes into account both temperature and RH at the leaf surface and

in the air. VPD can be too low or high for optimum plant growth. High VPD indicates a
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dry environment for plant indicating that the plant is water stressed, which means the
plant needs more water. Drought stress occurs when the transpiration rate calculated from
VPD exceeds the rate at which water can translocate from the roots to the plant leaves. In
the same way, at low VPD the leaf surface becomes saturated and different plant diseases
and fungal growth become the main concerns. In water stressed plants, there is a decrease
in the amount of water flowing inside the plant making it difficult for the nutrients to
assimilate in the root and then get transported to the other parts of plants. Therefore,
continuous monitoring of VPD will aid in controlling plant growth environments and the
farmers can take actions earlier to ensure optimum water and nutrient supply, apply
disease control measures and improve the production of plants [45]. The experimental set
up to collect data from the tattoo sensor is depicted in Fig. 19. The stressed and unstressed
plants with tattoo sensors attached on their leaves are depicted in Fig. 20. In addition, the
tattoo sensors were attached on the human skin in both relaxed and flexion positions, as

shown in Fig. 21.
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Fig. 19: Experimental set up with the tattoo sensor
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Fig. 20: (a) Plants with tattoo sensors attached to the leaf. Optical images of (b)

unstressed and (c) stressed plants
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(a) (b)

Fig. 21: Tattoo sensor attached to the human skin at ankle under (a) relaxed and (b)

tlexion positions

The selective coating for the temperature sensor was composed of gold nanoparticles
decorated multiwalled carbon nanotube (AuNP-MWCNT). The humidity sensor was
fabricated with functionalized multiwalled carbon nanotube (f-MWCNT) and
hydroxyethyl cellulose (HEC) providing an excellent sensitivity to relative humidity
variations. The calibration plots for temperature and humidity sensors are given in Fig.

22a and Fig. 22b, respectively.
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Fig. 22: (a) Calibration curve of temperature sensor. (b) Calibration curve of humidity

sensor

Generally, VPD is estimated by
VPD = VPsat = VPair.
VPsa: = saturated vapor pressure at the plant leaf

VP.ir = air vapor pressure

VPt =0.6107 x 10751/ @733+ Ty)

Where,
Ti = temperature on the leaf in Celsius,

VPair = 0.6107 x 107°Ta/@733+T,) x RH/100
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Where,

Ta = air temperature in Celsius, and

RH = relative humidity on the leaf surface [45]

After calculating VPD from leaf temperature and RH for both unstressed and stressed
plants, it was evident that the VPD for water stressed plant was much higher than the
unstressed plant indicating an accurate assessment of plant condition with the tattoo

sensor as shown in Fig. 23.
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Conclusion

In summary, in this thesis work, five different types of flexible wearable sensors were
fabricated including, sweat sensor integrated with a microfluidic channel, strain-
insensitive kirigami-shaped wearable sensor, wound patch for wound status monitoring
from wound fluids, electrically controlled drug delivery unit, and a fully skin conformal
tattoo sensor, each focused on a specific application. Different biofunctionalization
coatings were synthesized for the detection and monitoring of inflammatory biomarkers.
The performance of all the sensors presented in this thesis paper was quite impressive in
comparison with recent research reported in the literature. Depending on different
substrate materials, functionalization coatings, and targeted molecules and parameters,
the sensitivity, LoD, detection range, and reproducibility of different sensors varied. In
this thesis work, the highest sensitivity achieved by our sensor for the detection of
inflammatory biomarkers was 653.279 pA (pg/mL)! cm? for a detection range from 0.1
pg/mL to 1000 pg/mL with an LoD of 9 x 10-3 pg/mL [43]. The sensors also exhibited highly
selective and reproducible performance. The lifetime of the sensors was characterized over
7 days, and the sensors exhibited stable response during that one-week period. Further
extension of the lifetime can be achieved in the future. In conclusion, the performance of

all the sensors were excellent and satisfactory.
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Appendix

AS — Artificial Sweat

AuNP - Gold nanoparticles

AuNP-MWCNT - Gold nanoparticles decorated multi-walled carbon nanotube
BSA - Bovine serum albumin

CA — Chronoamperometry

CE - Counter electrode

CLIA - Chemiluminescence immunoassay

CNT - Carbon nanotube

CRISPR - Clustered regularly interspaced short palindromic repeats
CRP - C-reactive Protein

CV - Cyclic Voltammetry

DFU - Diabetic foot ulcer

EDC - Ethylene dichloride

ELISA - Enzyme-linked immunosorbent assay
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f-MWCNT - Functionalized multiwalled carbon nanotube
GOPS - 3-glycidyloxypropyl trimethoxysilane

HEC - Hydroxyethyl cellulose

HPLC - High performance liquid chromatography

IL-6 - Interlukin-6

IL-10 - Interlukin-10

IL-8 - Interleukin-8

LFIA - Lateral flow immunoassay

LoD - Limit-of-detection

NHS - N-hydroxysuccinimide

PANI - Polyaniline

PBS - Phosphate buffered saline

PCT - Procalcitonin

PEDOT:PSS - Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
RE - Reference electrode

RH - Relative humidity
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RT-qPCR - Reverse transcription real-time quantitative polymerase chain reaction

TNF- a - Tumor necrosis factor-a

VPD - Vapor-pressure deficit

WE - Working electrode
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