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Abstract

Microfluidics has gained huge popularity due to its several promising advantages such as
miniaturization, affordability, transformability, easy handling, minimum fluid consumption and
so on. Out of several microfluidic devices micro-paper based analytical devices (WPAD) has
shown its promising growth due to smooth flow of fluid in paper based porous substrate without
any external pump where capillary actions provide self-pumping. Over last few decades paper
based microfluidic platforms have manifested its huge applicability in food safety monitoring,
environmental health monitoring as well as medical diagnostics. This thesis mainly focusses

on the study of medical diagnostics using promising paper based microfluidic devices.

Among medical diagnostics blood related pathological diagnostics are very common while
detecting any disease ranging from ordinary fever to cancer. Blood is a complex rheological
fluid composed of plasma and several cellular components which can easily flow through
porous paper substrate. On the other hand, in most of blood related liquid biopsy we have to
add reagent to detect a particular analyte in blood and it is worthy to mention that the paper
based microfluidic platform bears minimum consumption of such costly reagent along with
that such paper-based substrates itself provides storage platform of such reagents which can be
considered as an added advantage of using paper-based platform for blood related pathological

diagnostics.

Though during last few decades lots of paper based microfluidic platforms have been used for
pathological diagnostics, most of these platforms use separated plasma for further processing.
There are few reported paper-based platforms which use directly blood, however, separation of
plasma in such platforms either suffer from purity or require costly reagent as well as

fabrication processes. Moreover, present paper-based microfluidic devices mainly concentrate
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to estimate complete blood count (CBC) related parameters such as haematocrit, haemoglobin
etc., however, due to increase of the disease burden in the society, estimation of proteins and
vitamins from blood-plasma become need of the hour specially for underserved populations
where sophisticated health care facilities are really scarce and for disabled and elderly people
who cannot report to the nearest hospitals, for their regular health monitoring. In a nutshell, as
of now there is no such paper based microfluidic diagnostic platform which uses whole blood
and determine several blood-plasma analytes from sample-to-result integration via single step

with the involvement of minimally trained human resources.

In light of the above-mentioned discussion, this thesis at first envisions flow imbibition
mechanism through porous paper substrates. Reported findings pinpoint that flow rate through
porous paper substrate is mainly governed by geometrical as well as environmental parameters.
However, in sharp contrast of reported findings this thesis highlights that different fabrication
protocols also play a significant role in controlling imbibition dynamics because of the
accompanied changes in pore size diameter which is caused due to changes in microfiber
alignment of a paper surface. Accordingly, transient variation of imbibition length as well as
flow rate has been studied for five different fabrication processes such as: 1) scissor cutter, 2)
laser cutter, 3) single side ink printing, 4) double side ink printing, and 5) Blank roll along the
printer. The mean pore size distribution for channels fabricated using scissor cutting, laser
cutting, single-side printing, double-side printing, and blank rolling on Whatman Grade 4 paper
were found to be 24.72, 19.59, 15.46, 13.23, and 12.05 mm, respectively. This indicates that
pore size distribution is significantly influenced by the fabrication process. The flow rates for
channels fabricated using laser cutting, single-side printing, double-side printing, and blank
rolling were 0.27, 0.43, 0.37, and 0.31 times slower than those fabricated using scissor cutting.
Flow rate analysis revealed that scissor cutting provides the highest flow rate, likely due to

minimal contact with the paper substrate during fabrication. In contrast, the lowest flow rates
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were observed for channels fabricated by double-side printing or blank rolling, likely due to
the complete exposure of the paper surface during these processes. These effects are significant
only for microchannels with widths less than 4 mm; however, for wider channels, the flow rate

remains consistent across different fabrication methods.

In line with this, a protocol has successfully implemented to determine plasma viscosity when
flow of plasma is occurring in such porous substrate. The flow mechanism for such cases is
governed by Lucas-Washburn equation and an optimum length has been chosen to observe
duration of flow for different plasma samples having a wide variation of viscosity in a constant
width channel for a fixed sample volume. This would lead to the ultimate value of plasma
viscosity through a developed smartphone app. Plasma mimicking liquid solution glycerol
were used to draw the calibration curve between viscosity against time duration. Brookfield
viscometer is used to measure the viscosity of different liquid samples and validation is
performed with the in house developed paper based capillary device. An excellent correlation
was found between the values measured by both methods with a coefficient of determination
(R?) of 0.9644. The proposed device covers the entire clinical range of blood plasma viscosity
(0.9~4 cP) and can easily distinguish even a small difference of 0.13 cP leading to high

sensitivity in the clinical range of plasma viscosity.

In the next step, blood-plasma creatinine was estimated in paper based miniaturized platform
through sample-in answer-out format using colorimetric assay through RGB sensor. The well-
known Jaffe’ reaction was used in which the yellow color of alkaline picrate changes from
yellow to yellow-orange due to the reaction between plasma creatinine and alkaline picrate.
The blood-plasma separation has also been integrated in this miniaturized platform where wax
dipping technique was used and flow through two paper substrates with different porosities
have been augmented. Moreover, color changes have been observed in a 3D printed box
eliminating the effects of ambient lights and RGB analysis has been carried out in a RGB sensor
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replacing the use of a smartphone where image analysis sometimes become platform dependent
leading to inaccuracies. In a nutshell, the developed microfluidic paper device in this thesis
provides a miniaturized platform for estimating plasma creatinine directly from whole blood
sample considering sample-to-answer integration via single step mediated by spontaneous
blood-plasma separation where sensor has been used to enhance the order of accuracy and bring
the same in line with gold standard devices. The limit of detection (LOD) of our device is 0.219
mg/dL which is well below the normal physiological limits. Furthermore, we have validated
the performance of our device with 35 clinical samples, delineating excellent agreement with

the gold standard measurements.

Lastly, it has been envisaged that in the current society, vitamin testing is too costly affair and
as of now, point-of-care devices have rarely been developed to estimate the concentration of
vitamins. In view of this, in this thesis vitamin C (ascorbic acid) has been targeted to detect as
an analyte from whole blood samples. We combined LF1 blood plasma separation membrane
and Whatman grade 1 filter paper to separate plasma from whole blood through wax printing.
A screen-printed electrode (SPE) was modified with spherical-shaped MgFe;O4 nanomaterial
(n-MgF) to improve the catalytic properties of SPE. The n-MgF was prepared via hydrothermal
method, and its material phase and morphology were confirmed via XRD, FTIR, TEM, SEM,
and AFM analysis. The fabricated n-MgF/SPE/EuPAD exhibited detection of AA ranging from
0 to 80 uM. The obtained value of the detection limit, limit of quantification, sensitivity, and
response time are 2.44 uM, 8.135 uM, 5.71x10° mA uM™! cm™, and 10 seconds, respectively.
Our developed n-MgF/SPE/EuPAD shows marginal interference with the common analytes
present in plasma, such as uric acid, glutamic acid, glucose, urea, lactic acid, and their mixtures.
Overall, our low-cost, portable device with its user-friendly design and efficient plasma
separation capability offers a practical and effective solution for estimating AA concentration

from whole human blood in a single step.
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In earlier reported literature, real blood samples were rarely used whereas in this thesis we
focus processing of real blood samples for detecting above-mentioned analytes. In each case,
this thesis performed a sound statistical analysis in order to validate the efficacy of our device
with the gold standard device. Our accuracy ranges have been found between 96-98%.
Accordingly, Bland-Altman plots have been made for detection of each analyte. Along with
this parametric test, non-parametric such as chi-square tests have also been carried out for
further confirmation of the potential excellence of these developed devices to replace expensive
gold standard devices in order to deploy our devices to resource-poor settings. The guidelines
set by WHO for statistical validation as well as ASSURED criteria have also been followed to
consider these devices as true candidates of POC devices. These diagnostic test kits have two-
fold benefits: on one hand these will provide quick diagnostics reducing disease burden in the
society and on the other hand easy operation of these devices create employment opportunities

among underprivileged population in developing and underdeveloped nations.

xii



Table of Contents

DIEAICATION ...ttt R e Rt r e e e n e nre e i
ThesiS CITIICALE ....vviiurieieei ittt e e e e e n e e s reeene e i
Declaration by the Candidate.........ccooiviiiiiiiiiiiiiiiie e v
COPYRIGHT TRANSFER CERTIFICATE .....ccutiiiiiiieieiieeiee et v
ACKNOWIEAZEMENL ... vi
F N 11 2T ST OP TP viil
TADIE OF CONENIES ...ttt ettt ae et e et e e et e e bt et e e sbe e et e e naneenbeesnnas XVi
LSt OF EQUALION. .....ciiiiiiiieiie ettt XX
LSt OF FIGUIC.....eiiiiieeee et XX1
LSt OF TADIE ...t XXVi
Chapter 1 INrOAUCTION ....iitiii et bb e e e e et e e s e e e nnaes 1
| R 235 1S5l 0 A< o 1 TP PP OPR PR 1
|V (015 A1 5 T ) W TP P TP TUPR PR 2
1.3 Liquid imbibition dynamics through porous filter paper: Overview ...........c.ccccecvennee. 4
1.4  Factors Influencing Paper Substrate Selection in microfluidic devices...................... 7
1.5  Paper based microfluidics: an OVEIVIEW........ccovcveiieiiiiiiiieiicie e 10
1.6 ReSEAICH GaAP.....iiiiiiiiic i e 20
L7 OUtlNe OF thESTS ..oiiuiiieiiiieiie e 21

Chapter 2  How Flow characteristics of Paper-based Devices is Dependent of fabrication

Methods? 24

2.1 OVEIVIEW .ttt b e bt nb e 24
2.2 INEOAUCHION ... 25
2.3 Materials and Methods .........ccoiiiiiiiiiiiiii 28
2.3.1  Fabrication using Laser CUtING..........cccovverriiiiiiiiiiiiiice e 30
2.3.2  Fabrication USING SCISSOT ....ccviiuiiiieiiiiiiiieiisiee ettt 31
2.3.3  Fabrication using blank roll ..........ccccooviiiiiiiiiiii 31
2.3.4  Fabrication using laser JEt Printer.........ccevviiviiieiiiiiiiieec s 31

Xiv



2.3.5  Experimental Methodology ........ccccviiiiiiiiiiiiiiiie s 32
2.3.6  Physics of fluid flow through porous paper surface ..........cccoccevvvvieiiieiiieennnn. 33
2.4 ReSults and DISCUSSION ... .cciuviiiieiiieieesiieeiee sttt ne e e aneennee s 36
2.4.1  Effect of Different Fabrication Process over the Pore Size of Paper Substrate.36
2.4.2  Flow Rate Variations in Differently Fabricated Microchannels ........................ 41

2.4.3  Influence of contact angle measurement of differently fabricated paper substrate

42

2.4.4  Effect of Different Width in Microchannel for Flow Rate Variation through
POTOUS SUDSIIALE. ....coviiiiiiiiciii e 44

2.5 SUMIMATY ooiiiiiiiii e 46

Chapter 3 A low-cost and disposable capillary-based paper sensor for measuring blood-

plasma viscosity using a SMATrtPhONE APP «...eoverveerrireerieeiiree et 48
3.1 OVEIVIBW ..ottt b et b e bttt b e bt e b e b e s nn e 48
3.2 INEOAUCHION ...ttt n e 49
3.3 Materials and INSEIUMENTS ........eoviiieiriiieiieii e 54

3.3.1  Selection of cellulose paper, design and fabrication of the device .................... 54
3.3.2  Blood sample collection and procesSiNg..........ccoccverveririiieerinerieerneseesee e 57
3.4  Experimental methodology ........cccceiiiiiiiiiiiiiiii 58
3.4.1  Measurement of viscosity with Brookfield viscometer ...............cocevvriiiinnnnnn, 58
3.4.2  Optimization of gEOMELriC PAramEterS........ccvueiiririiieeriieiisie e 59
3.43  Measurement of viscosity using LPV ... 63
3.5  Results and diSCUSSION.........cuciiiiiiiiiiiii i 65

3.5.1  Performance analysis of the developed paper-based viscometer against the

Brookfield VISCOMETLET......ciiuiiiiiiiiiiiie e 65
3.5.2  Effect of temperature on Plasma VISCOSILY........cccuvrrerririiiiiniiiiie e 69
I ST 1 1141112 o TP PPRRPO 70

Chapter 4  Quantification of Creatinine on Paper-based Devices from Whole Blood using

RGB Sensor 73

XV



O T 1<) 75 T, 73

4.2 INIOAUCHION ..o 73
4.3  Experimental MethodOLOZY .......cceviiiiiiiiiiiiiiiiiie e 77
4.3.1 Materials and Method ..o 77
4.3.2  Device fabrication PrOCESS .......cueiuieririiiriariiiesieesse st ane s 77
4.3.3  Creatinine estimation Method ............ccoiiiiiiiiiiiiic e 78
4.3.4  Image analysis through RGB SENSOT.........ccccoeiiiiiiiiiiiiic e 79
4.4 ReSult and diSCUSSION ...eiviiiiiiiiiiiiieitie sttt sttt be et be e e e sbeesnee s 81
4.4.1 Reproducibility of fabricated channel..............cccocoeiiiiiiiiiiiic e 81
4.4.2  Blood plasma filtration mechanism through porous paper substrate................. 84
4.4.3  Advantage of combination of Whatman grade 1 and LF1 membrane............... 86
4.44  Performance assessment in relation to the conventional approach................... 89
4.4.5  Performance analysis of the fabricated device............ccoeriiniieiiinic i 92
4.4.6  Impact Of CO-ANALYIES .....cccviiiiiiiiieiie e 92
4.4.7  Comparison with existing creatinine measurement microfluidic device........... 93
4.5 SUMIMATY ..ooiiiiiiiii e 94
Chapter 5  Development of a Biodegradable Microfluidic Paper-based Device for Blood-
plasma Separation Integrated with Non-enzymatic Electrochemical Detection of Ascorbic Acid
97

5.1 OVEIVIEBW .ttt sttt ettt ekttt ettt b et e ekt e e st e e bt e e st e e ke e et e e nbe e et e e sneeennee e 97
5.2 TNITOAUCTION ..ttt ettt et nbe e e e ne e nn e 98
5.3 EXPEIIMENT ...eeiiiiiiiiiiiitieic it 102
5.3.1  Chemical and mMaterialS..........cccourruiiriiiiiiiiie e 102
5.3.2  INSIIUIMENES ...etiiiiiie ettt e e e e b e e s e enneas 103
5.3.3  Blood Sample COlleCtion .........c.cocueiiiiiiiiiiiiiiiec s 103
5.3.4  Microfluidic channel fabrication............c.cccciiiiiiiiiicii e 104
5.3.5  Material synthesis and SPE modification ...........ccccceviiiiiiiiiiiininiie e 105
53.6  Measurement of AA using EQPAD ..o 107

Xvi



5.4 ReESUILS ANA QISCUSSION. . .eiiiiiirrtrieiiieeeitterrtierereeeteters e eeeetees it rreeereeertranrrreeeres 107

54.1  Microfluidic channel optimiSation ........c..cocvieiiiiiiiiiesiiie i 107
54.2 LF1 Membrane and sample volume optimisation data............ccceeverriveeniunnnns 108
5.4.3 Time taken by various Hct sample to reach at detection zone............ccceevveenns 108
5.4.4  Material phase and morphology characterisation ............cccccvvveiiviiiieciiennenn, 109
5.4.5  Electrochemical analysis..........ccccueiiiiiiiiiiiiiiiicnicee e 112
5.4.6  Calibration curve and interference study of n-MgF/SPE sensor for AA ......... 118
5.4.7  Comparison with another developed SENSOr ..........ccccovveiiiiiiieiicicnc e 120
5.4.8  Real sSample analySiS .......cceiiiiiiiiiiiiiiiie i 123

5.5 SUMMATY .eoiiiiiiiieie e 124
Chapter 6  Conclusion and future perspective of the Work............ccovviiiiiiniiii 127
6.1  Concluding Remarks ..........cccoviiiiiiiiiiii 127
(T O0e) 1138 o] 113 103 4 SO PTRUPPPR 129
6.3 Scope Of FUture WOrK.......cccuiiiiiiiieiiiee e s 132
RETBIEIICES ...ttt ettt et et e e re e 135
List of paper based on thesiS.........cccviiiiiiiiiii 156

Xvii



