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ABSTRACT

Advances in point of care technology have led to the development of handheld, low cost, and
reusable biosensors for easy, fast, and daily monitoring of multiple analytes in different
diseases like diabetes and chronic kidney disease. The reusable biosensor also helps in reducing
per-unit cost of the analyte detection in the lab-based instruments. Most of them are blood-
based, which cause pain and discomfort to subjects. In recent years, non-invasive biosensors
using other body fluids such as saliva, tears, sweat, urine, etc. have emerged as better
alternatives to invasive ones. Still, they suffer from various drawbacks such as weak correlation
among body fluids, interferences from surrounding molecules, high cost, inaccuracy, etc.
because of which they fail to create an impact in the biosensor market. Multi analyzer
measurement of the multiple analytes are costlier and bulky therefore cannot be used in point
of care technology. Hence, development of a pain-free, affordable, easy to operate, and reliable
non-invasive multi-analyzer holds excellent commercial potential as well as can gain massive

popularity among ordinary people, especially in developing countries.

In this regard, the present doctoral work consisting of six chapters aims to develop a handheld,
non-invasive multi-analyzer using a simple strategy involving the critical techniques of
immobilization and miniaturization. Most of the work presented in this thesis deals with
reusable glucose biosensor, noninvasive glucose biosensor development using saliva sample
and a handheld multi-analyzer instrument development on a strip based format and finally, the

developed system has been tested for detection of other analytes such as urea and pH in saliva.

The first chapter of the thesis is devoted to the extensive literature survey technologies for the
multi-analyzer instrument in existing, and upcoming technologies for invasive and non-
invasive samples is also discussed. The reusability of the glucose biosensor is also discussed
in this chapter, and the last chapter discusses the work summary along with the future outcomes

of the research work.

The second chapter shows the development of reusable glucose biosensor using low-cost
eggshell membrane in biological samples using the dissolved oxygen probe and LabVIEW.
The proposed sensor was also demonstrated for the estimation of glucose in human blood

samples.

The third chapter demonstrated the design and development of hand-held optical transmission

based instrument and low-cost strip design and fabrication method for the development of the



glucose biosensor strips. The standard operating procedure for the measurement procedure for
real samples was also simplified as per point of care technology. Interference study and clinical
validation are also shown for this biosensor, and good correlation was found for diabetic and
non-diabetic patients saliva glucose level to blood glucose level.

The fourth chapter deals with the improvement of instrument design to accommodate the multi-
analyzer feature along with providing ambient temperature compensation for the enzymatic
reactions. The strip design and manufacturing technology were also improved for decreasing
the manufacturing time of the strips. Shelf life improvement in the biosensor strip and the
ambient temperature compensation is also provided in the developed biosensor. The clinical
results are also verified for diabetic and non-diabetic patients for fasting and non-fasting

conditions and found good correlations for diabetic patients among the results.

The fifth chapter explores the feasibility of the developed system for testing other analytes such
as urea and pH of saliva using the same strategy but with a low-cost strip having different
enzyme (urease) dye combination and pH dye for pH detection. The successful implementation
of the proposed system for urea and pH shows that our methodology for detecting multiple
analytes via developed hand-held instrument is feasible and can be used as multi-analyzer
detection in a non-invasive manner in future, thus replacing many lab-based traditional

methods for multiple analyte detection.
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Urea biosensor strip front view color change for different urea
concentration from A-G (10, 35, 60, 110, 160, 260 and 360
mg/dL) respectively using PR indicator.

(A) Shows the response curve of urea strip at 620nm, (B) 530
nm and (C) 470 nm wavelengths respectively for different
spiked urea concentrations. (D) Shows calibration curve of red,
green, and blue color change for PR indicator for urea
biosensor for strip design (4) for time difference of 60 sec from
start of saliva absorbing time.

(A) Calibration curve shows the green intensity change for
different urea concentrations with 3 sec integration time in
different reducing agents: (X) shows enzyme with 2-ME ()
with DTT and (Z) is without reducing agent (B) Urea biosensor
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Fig.

Fig.

Fig.

Fig.

5.7

5.9

5.10

5.11

5.12

5.13

5.14

5.15

strip front view color change for different urea concentration
from D-H (8, 33, 53, 78 and 108 mg/dL) respectively tested at
25°C with 2-ME.

The activity of urease in different inhibitors and at different
storing temperatures of the urea biosensor strips tested for 30
mg/dL of synthetic urea tested per week. The assay
combination for curve A is urease + 2-ME, B is urease + DTT,
and C is urease stored at 25°C respectively while curve D is
urease + 2-ME, E is urease + DTT, and F is urease at 4°C
respectively.

Response curve of urea biosensor strips tested at different
temperature in the spiked urea concentration from 0-100 mg/dL
up to 50 sec after sample detected (A) urease response at 15°C,
(B) urease response at 19°C, (C) urease response at 25°C, (D)
urease response at 31°C, (E) urease response at 36°C, (F)
urease response at 43°C, (G) urease response at 48°C, and (H)
Response of the strip without urease for LOD calculation
respectively.

(A) The 2D-Calibration curve at different temperature shows
the green intensity change for different urea concentrations for
3 sec (B) 3D calibration curve for the glucose biosensor strip at
different ambient temperature, urea concentration, and LII for
3 sec response time.

Urea biosensor strip front view color change for different urea
concentration from A-H (0, 5, 20, 30, 45, 65, 90 and 120
mg/dL) respectively tested at 25°C with 2-ME.

(A) Interference tests for urea strip in LA, KCI, NaCl, and
NH4CI with 45 mg/dL of spiked urea (B) Biosensor response
due to different sample volume tested at 45 mg/dL spiked
glucose level in saliva.

Clinical results for urea biosensor tested for (A) NCKD and (B)
CKD subjects respectively.

Front view of the pH strip color change for different pH values
from A-1(3.79, 4.70, 5.61, 6.15, 6.68, 7.29, 7.81, 8.24 and 8.94)
respectively tested on a spiked saliva sample.

(A) Shows the response curve of pH strip at 620nm, (B) 530
nm and (C) 470 nm wavelengths respectively for different pH
values. (D) Shows calibration curve of red, green and blue color
change for the universal indicator for pH strip design (4) for
time difference of 60 sec from the start of saliva absorbing time.

Shows the response curve of pH strip (A) for X assay, (B) for
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Fig. 5.16

Fig. 5.17

Y assay and (C) for Z assay at 470 nm wavelength for different
pH values and (D) Shows the calibration curve of the pH strip
at different pH for the three different indicator concentrations
with universal indicator with PVA immobilized (X) one time,
(YY) two time, (Z) three times.

pH strip front view color change for different pH values from
A-F (3.9, 5.0, 6.0, 7.0, 7.9 and 8.7) respectively for universal
indicator with PVA immobilized three times.

pH strip response due to different sample volume tested at 7pH
of saliva, by maintaining the pH of saliva by spiking it with 1M
NaOH and 1M LA stock solution

132

133

XVi



List of Tables

Table Title Page
number number
Table 1.1  Different noninvasive multi-variate sensing techniques 23
Table 5.1 Average pH values of the healthy patients measured 134
using standard electrode-based pH meter and the
developed sensor

Table 5.2 Shows the four instrument average count, SD and 134
percentage SD tested for 60 blank strip.

Table 6.1 Analytical performances of some non-invasive multi 144

variate biosensors/ instruments including
commercializable ones developed so far in comparison to
our developed sensor.

XVii



2-ME
u-PAD
ADC

ASSURED

BGL
BiCMOS
BP
BUN
BUL
CKD
COMP
CVD
DAQ
DO
DNA
DNS
DTT
DW
ELISA
ESRD

FDA

List of Abbreviations

2-Mercaptoethanol
Paper-based analytical device
Analogue-to-digital converter

Affordable, Sensitive, Specific, User-friendly, Rapid and robust,

Equipment-free and Deliverable
Blood glucose level

Bipolar Complementary Metal-Oxide Semiconductor
Bromocresol Purple

Blood Urea Nitrogen

Blood Urea Level

Chronic Kidney Disease

Cartilage Oligomeric Matrix Protein
Cardiovascular disease

Data acquisition card

Dissolved oxygen

Deoxyribonucleic acid
Dinitrosalicylic acid

Dithiothreitol

Distilled water

Enzyme-linked immune sorbent assay
End-Stage Renal Disease

Food and Drug Administration

xviii



FISA Fully integrated sensor array

GDP Gross Domestic Product

GFR Glomerular filtration rate

GOx Glucose oxidase

GSM Grams per Square Meter

H20: Hydrogen peroxide

HRP Horseradish peroxidase

HIV Human immunodeficiency virus
12C Inter-integrated Circuit

IC Integrated Chip

IDF International Diabetes Federation
ISFET lon sensitive field-effect transistor
IR Infrared

IL Interleukin

KCI Potassium Chloride

LA Lactic Acid

LabVIEW Laboratory virtual instrument engineering workbench
LCD Liquid Crystal Display

LDR Light Dependent Resistor

LED Light Emitting Diode

LIl Light Intensity Integration

LOC Lab on a chip

LOD Limit of detection

XiX



MATLAB
MMC
NaCl
NaOH
NCD
NCKD
NH4CI
NIR
NY
PB
PCB
PHT
PIC
POC
POCD
POCT
PR
PTH
PVA
QCM
RBC
RGB

RNA

Matrix Laboratory
Multi-media card

Sodium Chloride

Sodium Hydroxide
Non-communicable diseases
Non-Chronic Kidney Disease
Ammonium Chloride
Near-infrared spectroscopy
Nitrazine Yellow

Phosphate buffer

Printed Circuit Board
Phenol Hypochlorite Test
Programmable interrupt controller
Point of Care

Point of Care Devices

Point of Care Technology
Phenol red

Plated through-hole
Polyvinyl alcohol

Quartz crystal microbalance
Red blood cells

Red Green Blue
Ribonucleic acid

XX



RSD

SAW

SD

SDx

SERS

SGL

SMT

S/N

SOP

SPR

SUL

UN

USA

us

USB

VOCs

WBC

WHO

Standard deviation in sensor measurement
Surface acoustic wave

Standard deviation

Salivary diagnostics
Surface-enhanced Raman scattering
Salivary glucose level

Surface mount technology

Signal to noise ratio

Standard Operating Protocol
Surface Plasmon Resonance

Saliva urea level

United Nations

United States of America

United States

Universal Synchronous Bus
Volatile Organic Compounds

White blood cells

World Health Organization

XXi



	final Thesis.pdf



