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By Peijun He

The demand for low-cost alternatives to conventional point-of-care (POC) diagnostic tools
has led to significant developments in the field of microfluidics in porous materials.
Several approaches have already been reported for fabricating fluidic devices in such

materials, which include photolithography, inkjet printing, wax printing etc.

In this thesis, a new approach towards the fabrication of paper-based POC diagnostic
sensors is proposed, which is a simple laser-based direct-write (LDW) procedure that uses
polymerisation of a photopolymer to produce the required fluidic channels in porous
substrates. Furthermore, this LDW technique is also further developed and explored for
the introduction of a range of additional functionalities in paper-based microfluidic
devices. Firstly, programmable flow control is enabled via two fluid delay mechanisms,
namely, permeable barriers with variable porosity and impermeable barriers with
variable depth. The generated flow delays can span times from minutes to over an hour.
Secondly, the same LDW approach is also developed for stacking and sealing of multi-layer
substrates, for assembly of backing layers for two-dimensional lateral flow devices (LFDs)

and eventually for fabrication of three-dimensional devices.

In addition, we also report an idea of enabling fluidic gating in paper-based devices via
triggerable wax barriers. The printed wax barrier acts as triggerable fluidic gates, which

can be switched on demand via the application of local heating.

Finally, these LDW fabricated paper-based devices were validated via implementation of
various clinical diagnostics and analytical chemistry assays using both artificial samples as

well as real human bodily fluids.

Overall, a huge number of advantages have been established with this approach for both
device fabrication and enabling additional functionalities. Thus, we believe that this

technique could be an ideal choice for fabrication of paper-based microfluidic devices.
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Chapter 1: Introduction

1.1 Motivation

In recent years, the requirements for easy-to-use, low-cost and accurate diagnostic
solutions have led to a rapid progress in the research of point-of-care (POC) diagnostic
devices, especially lab-on-chip (LOC) type POC devices with origins in the 1990s, which
are based on microfluidic engineering technology [1, 2]. One of the main reasons behind
the use of this LOC-type microfluidic technique for POC diagnostics is the possibility of
reducing the quantity of valuable samples or reagents that would be needed and also the
possibility to shorten the detection times, which would result primarily from the compact
structure and small size of such LOC devices. However, although this technology is
promising and there have been a large number of achievements in this field, there is still a
bottleneck in the development of commercialized products, which can be attributed to a

disconnect between users, academic researchers and manufacturers [3].

This situation is changing however with the emergence of capillary-based microfluidic
devices and in particular with the relatively recent adoption of paper, one of the most
simple and widely used capillary structures. The field of paper-based microfluidics, which
has led to many different LOC type devices for implementing a range of analytical assays,
has been a hot topic and is currently widely researched since it was first proposed by the
Whitesides™ group in 2007 [4, 5]. Microfluidic paper-based analytical device (uWPADs) are
regarded as a relatively new class of POC device that are cheap, easy-to-use and possess a
rapid modus-operandi especially for use in developing countries which lack basic

infrastructure and trained personnel.

To date, paper, or more generally porous material, as the functional substrate has already
been widely researched as an alternative to other commonly used substrates such as glass,
silicon, SU8, and PDMS (polydimethylsiloxane) and many different kinds of microfluidic
devices with a range of structures and applications have been reported [4, 6-12]. This is a
direct result of the many advantages offered by paper, namely its low cost, availability,
ease of storage and transport and finally being easily disposable in a non-hazardous
manner. Paper-based fluidics, therefore, presents itself as a LOC technology that could

become the technique of choice for mass-market commercialized POC diagnostic devices.

In addition, when compared with other solid-material-based LOC-type microfluidic
devices, those devices based on porous paper do not require any additional pump because

of the inherent ability of paper to wick fluids via capillary forces. This provides a real



Chapter 1

advantage with regards to both the cost and manufacturability of any such device, and has
hence led to the development of many paper-based POC devices based on simple
colorimetric bio-assays, i.e. enzymatic-based colorimetric detection [13-17], colorimetric
immunoassay [18-20], and nanomaterials-based colorimetric detection [21-24]. In
addition, porous nitrocellulose (NC) membranes, since their first demonstration in the
1960’s, have been widely used, due to some key features, such as their smooth surface,
uniform pore size, and high protein-binding capability [25]. A large number of biological
assays, namely blotting assays, flow-through assays, and lateral flow tests have been
developed on these porous nitrocellulose membranes, and hence nitrocellulose-based
microfluidic devices are currently regarded as the alternative of choice for improving the

performance of existing POC assays.

These facts hence form the basic motivation for this research project which aims to
develop a novel technique for patterning of these porous materials for fabrication of
paper-based POC devices, which are low cost, easy to operate and hence can fill in the gap
described above and indeed bring paper-based devices into the real market. Thus, this
thesis describes the initial work in exploring the use of a laser direct-write (LDW)
procedure based on light-induced photo-polymerisation for development of a novel
technology for creating the fluidic patterns in a porous substrate for fabrication of paper-
based diagnostic sensors as well as enabling a range of additional functionalities, i.e. flow
control, three-dimensional (3D) flow paths etc. In contrast to other reported methods, this
approach not only eliminates the requirements for cleanroom-based steps, expensive
masks, specialist reagents and custom-designed equipment but is also amenable to large-

scale commercialization.

Another main objective of this work is the validation of the effectiveness of these LDW
fabricated devices as medical diagnostic sensors. This involves the implementation of a
range of real clinical diagnostics and analytical chemistry assays onto those LDW

patterned paper-based devices.

These are the main objectives that have been achieved during this thesis, and as a future
goal, we intend to build upon these initial results for the further development of this LDW
technique for eventual realization of large-scale fabrication of commercialized paper-

based POC diagnostic sensors and truly realize paper-based diagnostics in the real world.

1.2 Outline of this thesis

In chapter 2, an introduction to LDW techniques will be presented, with more focus given

to laser direct-write modification, which is the main approach that is further explored and
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developed for the fabrication of paper-based devices as described in this thesis.
Additionally, light-induced photo-polymerisation will be presented, as it is the main
principle applied during LDW modification. Finally, an overview of paper-based
microfluidic sensors will also be given, including an introduction to paper-based devices,

their advantages, limitations and also the current situation.

Chapter 3 will introduce a novel approach for patterning of various porous materials
towards the fabrication of paper-based POC diagnostic sensors. Through a simple LDW
procedure, which relies on light-induced photo-polymerisation of a photopolymer
previously impregnated in the substrate, microfluidic structures can be patterned in a
wide range of porous materials, i.e. cellulose filter paper, glass fibre filter, nitrocellulose
membranes, fabric etc. In addition, two main improvements to this LDW technique have
also been proposed in this chapter including the introduction of a galvo-scanner and a
local deposition procedure, which satisfactorily addressed several limitations and further
develop this LDW technique to eventually meet all requirements for large-scale

commercialized fabrication of paper-based devices.

Chapter 4 is focused on introducing fluid delay mechanisms, which can be intentionally
introduced during the same device fabrication procedure that allow programmable fluid
delivery in paper-based devices. Two strategies will be presented - solid barriers with
variable depths and porous barriers with variable porosities. Through adjustment of the
depth and/or the porosity of these barriers, programmable flow delays can be introduced

spanning time scales from minutes to over an hour.

In chapter 5, the same LDW technique is utilised to design three-dimensional structures
within a single or a stack of porous substrates for fabrication of 3D devices. Through
controlling the depths of the produced hydrophobic structures within a substrate, 3D flow
paths can be achieved. In addition, this depth-variable patterning protocol can also be
explored for stacking and sealing of multi-layer substrates and for assembly of backing

layers for lateral flow devices (LFDs).

Chapter 6 describes an idea to enable fluidic gating in paper-based microfluidic devices via
triggerable wax barriers that are introduced using a cheap office wax printer. The printed
wax barriers act as triggerable fluidic gates, which can be switched on demand via the

application of local heating.

Chapter 7 is focused on validation of those LDW fabricated devices by implementing a
range of both clinical diagnostics and analytical chemistry assays. Single step colorimetric

analyses as well as multi-step enzyme-linked immunosorbent assays (ELISAs) will be
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presented for both qualitative and semi-quantitative detection of various markers in

artificial laboratory samples as well as real human bodily fluids.

Finally, chapter 8 summarises the works described during this thesis, which are mainly
focused on developing a LDW approach for fabrication of paper-based diagnostic
biosensors with the possibility of a range of additional functionalities. It also gives some
outlook on possible future works for further developing this LDW procedure as a unique

technique for commercialised fabrication of paper-based diagnostic sensors.

1.3 Main achievements

The following lists the main achievements attained during the Ph.D. and contained within

this thesis.

e We developed a laser-based fabrication procedure to produce fluidic channels and
structures in porous materials including cellulose filter paper, glass fibre,

nitrocellulose membranes, fabric etc.

e Results showed that laser-patterned polymerised walls/barriers could successfully

guide the flow of fluids in channels or contain them in wells.

e The minimum width for the barriers that prevented fluid leakage was ~120 pm
and the minimum width for the fluidic channels was ~80 um, both are the smallest

reported so far for paper-based fluidic patterns.

e Demonstration of programmable flow-delays on paper-based fluidic devices
spanning timescales from minutes to over an hour, which allows programmable
and timed fluid delivery which enables implementation of multi-step analytical

assays in an automatic manner.

o Demonstration of using the same LDW approach for stacking and sealing of multi-
layer paper substrates that can help to solve potential evaporation and

contamination problems.

o Fabrication of a polymer backing layer with a specific thickness within the paper
substrate itself, which can be used as backing for paper-based devices or to reduce
the paper volume, which in turn allows reduction of the required reagent/sample

volume and most importantly, can be used to increase the limit of detection.



Chapter 1

Demonstration of using the LDW approach for fabrication of 3D flow paths in a
multilayer paper stack or inside a single layer of the substrate for fabrication of 3D

devices.

Fabrication of wax-based triggerable fluidic gates in paper-based devices which

allows flow-on-demand control of the fluid in paper-based devices.

Implementation of single step colorimetric assays on LDW fabricated paper-based
devices for both qualitative and semi-quantitative detection of protein, glucose,
and nitrite.

Implementation of complicated multi-step ELISA on LDW fabricated paper-based
devices for both qualitative and semi-quantitative detection of C-reactive protein

(CRP) and tumor necrosis factor alpha (TNF-a).

Demonstration of the above assays using real clinical samples: human bodily fluid

samples including urine and blood plasma.
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Chapter 2: Background

2.1 Laser direct-write techniques

LDW is one of the most versatile direct-write techniques, which uniquely enable adding,
removal and modifying target materials without any physical contact. Additionally, it is
able to process complex materials with a resolution spanning more than three orders of
magnitude, from millimetres to microns, which makes LDW process a unique technique to

fabricate structures that are not possible using other techniques [26].

One of the unique features that the LDW technique provides is that it allows processing
and modifying of a wide range of materials for fabrication of devices and structures within
a research laboratory environment or even as an entire manufacturing system on the

factory floor.

The key components of a LDW system normally consist of three parts: the laser source,
beam delivery pathway, and substrate translation system. The heart of any LDW process is
always the laser source. A wide range of lasers, from ultrafast pulsed systems to
continuous wave (c.w.) systems, can be applied during the LDW process as befits different
applications. The fundamental interactions of the laser with the target material are usually
the main factors in choosing the appropriate laser source, via parameters including the
wavelength, pulse duration, divergence, beam quality etc., which directly determine the

energy absorption efficiency and the subsequent material response [27].

To date, many kinds of LDW systems have been used in science and engineering, and they
can be classified into three main categories: LDW subtraction, where material is removed
[28]; LDW addition, where material is added [29, 30]; and finally LDW modification, where
material is modified [31, 32]. The technique we have developed and describe in the
following sections belongs to the last category (LDW modification), namely using the LDW
procedure to modify the material in the substrate in order to form designed patterns

based on light-induced photo-polymerisation.

2.2  Light-induced photo-polymerisation

Polymerisation is a process whereby individual small monomer molecules react together
via a chemical reaction to produce chains or three-dimensional networks, called polymers.
There are a large number of polymerisation processes, including plasma-induced

polymerisation, pressure-induced polymerisation, heat-induced polymerisation etc. In
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general terms, polymerisation is defined as a process of converting a monomer or a

monomer mixture into a polymer [33].

Light-induced photo-polymerisation, also known as photo-induced polymerisation, is a
polymerisation reaction initiated by radiation, which is usually taken to mean light. The
polymer used in this process is called a photopolymer, which is a polymer that can change
its properties when exposed to light [34]. A photopolymer is usually comprised of
monomers, oligomers, photoinitiators, or a mixture of these materials. When exposed to
light, it undergoes photochemical reactions (cross-linking of monomers or oligomers), also
called curing, forming a network polymer that changes its chemical and mechanical
properties [35]. A simple schematic in Figure 2.1 describes a typical light-induced photo-
polymerisation process. High-intensity light sources such as lasers can be used for
selective and high-speed curing and are regarded as one of the main advantages of photo-
induced polymerisation. However, most of the monomers and oligomers are not easily
activated by light, thus photoinitiators are usually required in the formulation at usually
just a few percent concentration of the photopolymer mixture. Photoinitiators are
compounds that can be decomposed into two or more parts by radiation, which then help
to activate polymerisation of specific functional groups on the monomers and oligomers to
link them together [36]. Photoinitiators are only sensitive to light of specific wavelengths,
but most of them are sensitive to ultraviolet radiation. Lasers and other types of light

sources such as lamps are normally used as the radiation source for curing.

Liquid photopolymer Solid polymer

Light
. A A. A

A.A.-

Induced

. A . A | photo-polymerisation

. Oligomer A Monomer Photoinitiator

Figure 2.1 Schematic of a light-induced photo-polymerisation process for a photopolymer

mixture of oligomer, monomer, and photoinitiator.

There are two main chemical schemes (free radical polymerisation and cationic
polymerisation) that are commonly used and each requires different photoinitiators. In
cationic polymerisation, the bonding process of monomer and oligomer is induced by a
strong acid that is released by the initiator when exposed to light. On the other hand, in
free radical polymerisation, the radiation will induce complex radicals that are split off

from the initiator, which combine with monomers and oligomers to start the
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polymerisation reaction. Most of today's photopolymers are based on the free radical

scheme.

During the reaction, the molecules of monomers and oligomers first combine together to
form long chain molecules and then during a cross-linking process these longer chains link
together to form the final solid material (polymer). As it is a chain reaction, it keeps going
once the polymerisation process begins. An additional radical or acid molecule will be
liberated every time a monomer and/or oligomer link together, which then cause
additional molecules to bond. These chain reactions will continue going until radicals
recombine to form non-reactive products or the ingredients needed for the reaction are no
longer available in the correct proportions, or finally by trapping reactive molecules in the
hardening matrix where they can no longer move into position to combine. Thus in some
cases, the polymerisation process can even continue for a short time in the dark after
removing the light source. The final properties of the polymer rely on both the

composition of the oligomers and monomers and also the way they bond together.

Compared to other polymerisation processes, especially thermal-cured polymerisation,
photo-polymerisation allows local curing and is able to achieve much better spatial
resolution and higher rates of polymerisation. As a result, photo-curable materials and the
photo-polymerisation technique are widely used for a range of applications in medical,

imaging and photoresist techniques [34, 37].

As described in this thesis, laser-induced photo-polymerisation was used as a
manufacturing tool to create hydrophobic polymer structures within porous material
substrates during a LDW procedure for both fabrication of paper-based diagnostic sensors

and introduction of additional functionalities.

2.2.1 Depth of laser-induced polymerisation

One of the important parameters in order to study this LDW polymerisation process is the
penetration depth of laser light in photopolymer-soaked porous material, which will
directly determine the achievable dimension in depth of the solid polymer structure inside

the porous substrate.

Attenuation coefficient is used to describe the extent to which the radiant flux of a beam is
reduced as it passes through a specific material. A large attenuation coefficient means that
the beam is quickly "attenuated" (weakened) as it passes through the medium, and a small

attenuation coefficient means that the medium is relatively transparent to the beam.
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The Beer-Lambert law, also known as Beer's law, relates the attenuation of light to the
properties of the material through which the light is traveling. According to the Beer-
Lambert law, the intensity of an electromagnetic wave inside a material falls off

exponentially from the surface as:
I(z) = I,e™** [1]

where I is the incident intensity, [(z) is the axial dependence of the intensity on the depth

z into the material and a is the attenuation coefficient.

When a narrow (collimated) beam passes through a volume, the beam will lose intensity
due to two processes: absorption and scattering. Absorption of light describes the process
by which energy of a photon is absorbed by matter, typically the electrons of an atom. On
the other hand, scattering is a general physical process where light is forced to deviate
from a straight trajectory by one or more paths due to localized non-uniformities in the
medium. As a result, both absorption and scattering lead to the decay of the light intensity
in the +z direction. The volume absorption coefficient a for absorption and scattering can
be defined in the same way as for attenuation coefficient[38]. Hence, attenuation
coefficient of a volume can be described as the sum of absorption coefficient and

scattering coefficient:[5]
a=a, +a [2]
where a, is the absorption coefficient and as is the scattering coefficient.

In terms of the absorption, as described by the Beer law, once inside the material,
absorption causes the intensity of the light to decay with depth at a rate determined by the
material’s absorption coefficient a.. In general, o, is a function of wavelength and

temperature and can be expresses by the following formula:

where A is the wavelength and k is the extinction coefficient.

Finally, by substituting equations [2] and [3] into [1], the Beer's equation can be written as

follows:

4tk

I(z) = Ioe_( 7 Tas) [4]

In order to estimate the depth of the polymerised structure inside the substrate which is
directly related to the light penetration depth inside the substrate, the above equation can

be rearranged as follows:

10
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__ 4 o
z= Amk+Aag In(](z) [5]

As shown in the above equation, for a fixed 1(z), the penetration depth of laser light is
related to the intensity of the light and the wavelength. Therefore, as the polymerisation
depth is directly determined by the light penetration depth, it can be controlled via the

laser power and wavelength.

Based on the discussions here, as described in Chapter 4 and 5 in this thesis, by changing
the patterning parameter, namely incident power and wavelength, solid hydrophobic
polymer structures were created with different depths in the porous substrate for

implementation of both flow control and 3D flow path.

2.3  Paper-based microfluidic sensors

POC diagnostics, also known as bed-side testing, is specifically targeted at medical testing
at or near the site of the patient care, without further need for a specialist laboratory
environment and trained personnel. Such POC testing is facilitated through the use of
uncomplicated, user-friendly and portable testing devices and much effort has been
directed towards producing diagnostic test-kits that are not only smaller, faster and
smarter, but also satisfy the elusive goal of being cost-effective - a vital requirement that
ensures economic viability, since such POC test procedures may need to be performed
repeatedly over potentially very large sample groups, that could even extend to an entire

nation in the case of a pandemic.

It has been recognised that microfluidic-based LOC technology has considerable potential,
and hence sustained efforts have been directed towards developing LOC-type fluidic
systems for medical diagnostic devices since its origins in the 1990s [39]. The prime
reason for this enthusiasm lies in the obvious advantages presented by these compact LOC
devices such as the use of smaller reagent volumes, faster reaction times and portability

arising from the device sizes, as well as ease of manufacture and distribution.

Compact LOC devices have primarily been developed on platform substrates such as
silicon and glass [40-42], using cleanroom-based fabrication processes adapted from the
semiconductor processing industry. In an attempt to further reduce the manufacturing
costs, a low-cost polymer, PDMS, which can be used in a rapid prototyping environment,
was considered as a better choice for implementation of microfluidic-based LOC devices
[43-46]. This material still presents certain limitations and comparatively high fabrication
costs, however, which has led to a subsequent search for other alternatives, which now

include paper, and thread [10].

11
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In particular, paper, with its varied characteristics, is now considered as a highly suitable
alternative for fabrication of LOC-type devices, and many labs have focused their attention
in this direction [6, 47, 48]. The first demonstration of paper-based diagnostic devices was
by the Whitesides™ group at Harvard University [4, 49]. In recent years, paper-based POC
devices have been thoroughly researched and rapidly developed, especially for medical
diagnostics and biochemical analysis [47]. The reason behind this is because of the urgent
need for reliable diagnostic tools in developing countries where people suffer from
infectious diseases, and also have a lack of infrastructure, trained personnel and cannot

afford expensive technologies [50].

Compared with the polymer, silica or silicon-based microfluidic devices, paper-based
devices offer considerable advantages. First of all, paper is readily available in a range of
different properties, such as porosity, wettability and wicking capability [6]. In addition, it
is cheap and biocompatible, which makes it suitable for implementation of simple
biological assays [6, 47]. Furthermore, paper is widely manufactured from renewable
resources and can be easily stored and transported and it is also biodegradable and can be
incinerated [51]. Finally, an important feature that makes paper very attractive for
microfluidic devices is its inherent ability to wick fluids via capillary forces, which avoid
the need for external pumps which are necessary for the case of microfluidic devices on

other platforms [52].

Paper is currently used for analytical and clinical chemistry, and chromatographic tests
are routinely performed in commercial analytical laboratories for the detection of
different chemical species. Two of the most commonly known paper-based
chromatographic clinical tests are the pregnancy test and the lateral flow-based urine
dipsticks that can simultaneously detect sugar, pH, ketone etc. [27-30, 53]. However,
clinical tests that can yield quantitative information of a multiplexed nature (i.e. can
perform a series of parallel tests) using a single test strip are clearly the way forward, and
recent reports of microfluidic paper-based analytical devices (LWPADs) suggest that these

may be the ideal platform for performing such tests [50].

As their name suggests, paper-based microfluidic devices normally consist of
interconnected hydrophilic fluidic channels, which are demarcated by the hydrophobic
walls, to guide and transport an analyte fluid, from a point of entry on the device to a
reaction zone that has been pre-treated with specific reagents. Unlike glass, silicon or
polymer substrates, where the fluidic channels are surface-relief structures that have been
inscribed in these substrates, for paper-based devices the fluidic channels are formed
inside and extend throughout the full thickness of the paper. A number of methods have

been demonstrated for creating these hydrophobic walls, which can be subdivided into

12
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two general categories: (i) physical blocking of pores [54, 55], and (ii) two-dimensional
shaping/cutting [56-59]. Table 2.1 provides an overview of the reported techniques for

fabrication of paper-based microfluidic devices.

As described in Table 2.1, the earliest approach presented by the Whitesides' group [80,
81], relied on a cleanroom-based lithographic technique that involved exposure of a UV-
sensitive polymer (SU8) impregnated in a paper, through a custom-designed mask, to
cross-link it and form the required barriers for the intended fluidic channels. In order to
reduce the costs associated with such a conventional lithographic procedure, a subsequent
approach they presented involved the use of a modified desktop plotter that dispensed an
ink composed of the low-cost elastomeric polymer PDMS [82]. Several other groups have
also proposed and demonstrated the usefulness of other paper patterning approaches
such as inkjet printer-based etching of paper impregnated with polystyrene [52, 83],
plasma-treatment through a metal mask of a paper impregnated with hydrophobic AKD
[86], paper-cutting using a computer-controlled X-Y knife plotter [55, 56], printing of wax
[84, 85], flexographic printing [87], wax-screen printing [54], and laser-ablation [58].

Each of these procedures has its own advantages, as well as some characteristic
drawbacks. Techniques such as UV-lithography and plasma-treatment require the use of
expensive and fixed-pattern masks as well as dedicated equipment and controlled lab
conditions. The wax printing technique has potential for scaling up for commercial use.
However, it requires additional post-processing procedures and the achievable feature
size is limited by the spread of the wax. In addition, the solid wax barriers are very fragile,
ambient (hot) air conditions and long-term storage in the developing world may cause the
wax to melt, thus deforming the channels. Inkjet etching method requires the use of
organic solvents and multiple printing processes. The knife-plotting technique requires
specialised or custom-modified patterning equipment, and when paper is being cut, it is
necessary to have at least three sequential overlapping cuts to prevent tearing of the
paper. Other important issues include the limitation on achievable feature size resulting
from the lateral spreading of the hydrophobic material (for example with wax printing and
inkjet printing of hydrophobic materials), and the need for specialised chemicals or inks

(for inkjet etching) or the use of harsh chemical etchants.

Fabrication technique Substrate Consumables
Photolithography [60, 61] Chromatography paper SU-8 photoresist
Polydimethylsiloxane Filter paper PDMS
(PDMS) printing [62]
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Inkjet etching [53, 63] Filter paper Polystyrene
Wax printing [64, 65] Filter paper Solid wax
Alkenyl ketene dimer (AKD) Filter paper AKD
printing [66]
Screen printing [55] Filter paper Solid wax
Flexographic printing [67] Chromatography papers Polystyrene
Knife shaping [56, 57] Chromatography paper and None
nitrocellulose
CO: laser cutting [59] Chromatography paper and None
nitrocellulose

Table 2.1 Summary of reported methods for fabrication of paper-based microfluidic

devices.

In terms of using these paper-based microfluidic devices to realize diagnoses, a range of
detection mechanisms have been proposed, which cover the area of medical diagnostics
[68-71], food pathogens [72-74], and environmental testing [75, 76]. So far, the majority of
these studies are focused on healthcare with limited studies reported on environmental
applications and food safety. The reported sensing mechanisms include colorimetric
detection [76-79], electrochemical sensing [2, 72, 80], nanoparticle-based detection [73,
81, 82], fluorescence [83-85], electrochemiluminescence [86-88], etc. To date, most
studies are based on more mature sensing mechanisms such as colorimetric and
electrochemical sensing in paper-based devices. In chapter 7, several colorimetric
detections will be implemented on our LDW fabricated paper-based devices in order to

validate the effectiveness of those devices as medical sensors.

2.4 Capillary action in porous materials

As mentioned above, one of the most important features that make paper or porous
materials very attractive for microfluidic devices is their inherent ability to wick fluids via
capillary forces, which then avoid the need for external pumps which are necessary for the

case of microfluidic devices on other platforms [51].

Capillary action is a result of the intermolecular attraction within the liquid and solid
materials, which describes the ability of a liquid to flow in narrow spaces without the

assistance of, or even in opposition to, external forces such as gravity. It is defined as the
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movement of a liquid within the spaces of a porous material due to the forces of adhesion,

cohesion, and surface tension [89].

The one-dimensional transport of the fluid in a porous medium (such as paper) during
wet-out follows the Washburn equation under two assumptions (a non-limiting source

fluid and a constant cross-sectional area) [90]:

LZZV_Dt

4u

[6]

where L is distance moved by the fluid front, y is the effective surface tension of the fluid, t

is time, D is the average pore diameter, and p is viscosity [91].

According to the Washburn equation, the fluid front velocity decreases with time (L ~v/t).
The force comes from the surface tension that pulls the fluid further into the paper and

counteracting this is the viscous resistance, which is proportional to the velocity with a
- 8uL , . , . .
coefficient (%) that increases as the fluid column lengthens. This results in a decrease in

flow velocity as the fluid penetrates the porous medium [92].

As described in Chapter 4, two delay strategies are proposed based on introduction of
delay barriers in the flow path to either alter the porous size or the cross-section area, in

order to control the flow in paper-based devices.
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Chapter 3: Laser-based patterning for fluidic

devices

3.1 Introduction

To date, a few methods have been reported for fabrication of paper-based microfluidic
devices, and these can be generally classified into three categories: physical blocking of
pores in the paper, physical deposition of a hydrophobizing reagent and chemical
modification of fibre surfaces that constitute the paper [47]. The techniques reported so
far include the use of photolithography [4, 5, 93], inkjet printing [94-96], wax printing [65,
97, 98], plotting [99], shaping [100], plasma oxidation [101, 102], laser cutting [103],
flexographic printing [67], screen printing [55] and inkjet etching [53, 63].

Photolithography, as the first approach used for fabrication of paper-based devices, was
first proposed by the Whitesides™ group in 2007 [4, 5]. Similar to our proposed LDW
technique, photolithography also relies on UV exposure of photoresist-saturated paper,
however, with the aid of a photomask. Uncured photoresist is removed with solvent,
leaving hydrophobic, cured photoresist barriers within the paper. This work was a major
breakthrough that led to significant research growth in this field. However, one of the
potential problems with the use of photolithography to create a microfluidic channel is
that it lacks flexibility as the design totally relies on the photomask. In addition, it also
requires expensive cleanroom facilities, otherwise dust particles in the air can settle on
lithographic masks and damage the mask hence cause defects in the devices. Since the
pioneering work by the Whitesides™ group on paper-based microfluidics, a range of
alternative approaches have been introduced by other researchers. However, each of these
procedures has its own advantages, as well as some characteristic drawbacks as discussed
in Chapter 2. In general, the ideal technique should be as simple, cheap, and fast to
implement as possible, and therefore multiple printing steps, the use of specialist
chemicals, or complex post-processing procedures are to be avoided. The other factor is
the feature sizes achievable, which is where procedures such as plotting or wax printing

may present restrictions in this context.

This chapter presents the use of a LDW technique based on the principle of light-induced
photo-polymerisation for creating fluidic patterns in porous material substrates. This LDW
procedure is non-contact, mask-less and non-lithographic in nature. In addition, the
patterning process can be simply controlled through choice of the laser parameters such

as the laser power, wavelength, pulse duration and finally the laser scanning/writing
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speed. More importantly, if desired, it is routinely possible to considerably reduce the
dimensions of the patterned features as compared to other existing methods. Finally, this
LDW process is also suitable to scale up for mass-production, possibly on a roll-to-roll

scale.

3.2 Experimental work

3.2.1 Experimental setup

The basic LDW setup is shown in the schematic in Figure 3.1. During the LDW step, the
laser beam is focused onto the substrate through a focusing lens. The substrate, normally a
porous material, was mounted on a stage and translated either in two (x, y) or three
directions (x, y, and z). By programming the movement of the stage in the x-y plane, a
user-defined two-dimensional (2D) structure can be patterned into the substrate. In
addition, the axis z was used to adjust the position of the substrate (which was mainly at

the focal plane of the lens).

Mirror

Polymerised structures
< * Lens

Polymer soaked
substrate

Figure 3.1 Schematic of the LDW process used to form polymerised hydrophobic

structures in a paper-based substrate.
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The lasers we have tried so far were either a pulsed 266 nm laser (with a pulse duration of
10 ns, a maximum single pulse energy of 2 mJ, and a repetition rate of 20 Hz) or much
cheaper and smaller continuous wave (c.w.) diode-lasers, which operated at 375 nm (with
a maximum output of 70 mW) and 405 nm (with a maximum output of 110 mW). In
addition, the lenses used for LDW experiments were either cylindrical (f = 25 mm, 36 mm)

or spherical (f = 15 cm).

For experiments with the pulsed 266 nm laser, the range of translational speeds was
varied from 0.05 mm/s to 0.5 mm/s, together with a variation of incident average powers
ranging from ~7 mW to ~10 mW (corresponding to energies of ~0.35 m] to ~0.5 m] per
pulse). The paper was positioned at a distance of 10 mm away from the focal point of the
cylindrical lens (f = 36 mm), and the corresponding dimension of the laser spot (on the
paper substrate) was ~0.3 mm x 1 mm. The corresponding incident fluence hence ranged
from 4.6 J/cm2 to 66 J/cm2. More details on the calculation of the laser fluence can be

found in appendix A.

For experiments with the c.w. 375 nm laser, the range of translational speeds was varied
from 4 mm/s to 6.7 mm/s, with the corresponding variation of incident power ranging
from 1 mW through to 50 mW. The paper was positioned at the focal point of the
cylindrical lens (f = 25 mm), and the corresponding incident fluence ranged from ~1.9

J/cm2to ~156 ] /cm2.

For experiments with the c.w. 405 nm laser, the range of translational speeds was varied
from 4 mm/s to 10 mm/s, with a corresponding variation of incident power ranging from
1 mW through to 100 mW. The paper was positioned at the focal point of the cylindrical
lens (f = 25 mm), and the corresponding incident fluence ranged from ~1.25 J/cm? to

~312.5]/cmz2.

3.2.2 Experimental method

As described above, the paper-based devices were fabricated by forming hydrophobic
barriers that extend through the full thickness of the substrate, and demarcate the
hydrophilic channels. The method we developed to create fluidic patterns is based on
light-induced photo-polymerisation through the LDW technique, and this is described in
the step-wise schematic in Figure 3.2. For the first step, the substrate is fully soaked with a
photopolymer, and then a laser beam is scanned across the substrate, as a second step,
which leads to polymerisation of photopolymer in the laser-exposed areas. Finally, in the
third step, a solvent is used during the development step in order to wash away un-

polymerised photopolymer in the unexposed regions. After evaporation of the solvent, the
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polymerised regions, which remain and extend throughout the thickness of the substrate,

serve as hydrophobic barriers that define the channels that contain and guide fluids.

During the paper-patterning procedure, the light-induced photo-polymerisation process
is controlled by choosing the laser wavelength or adjusting the incident fluence (through
laser output power or exposure time/scanning speed), so that any user-designed fluidic
structure (including both the outline of the design and the integrity of the barriers) can be

easily achieved in a single step.

Step 1 Step 2

=
B

xposur

Impregnation ‘

k3

Step 3

Polymer walls Development

B R

Fluidic  Untreated . .
channel paper

Figure 3.2 Step-wise schematic showing the typical paper patterning procedure using the

LDW approach.

3.2.3 Materials and reagents

From the perspective of bioactive paper, critical properties include surface chemistry,
porosity and optical properties, such as transmission to laser light and the colorometric
signal produced within the volume of the paper itself.. Surface chemistry influences
biomolecule immobilization, non-specific binding and colour expression in enzyme-
catalysed reporting assays. Porosity, a measure of the void spaces in a material, together
with surface chemistry, influences wet properties, which are important for bioactive-
paper fabrication by printing or coating. Finally, the optical properties may influence

colour-based or fluorescence-based reporting schemes.

Therefore, we have tried to pattern a range of materials with very different properties.
The substrates tried so far are cellulose paper, nitrocellulose membrane, polyvinylidene
fluoride (PVDF), fabric and normal printing paper (e.g. A4). The initial experiments were
performed on cellulose paper (Whatman no. 1 filter paper with pore size of 100 pm and

porosity of ~ 68%). The work was then extended to the patterning of nitrocellulose
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membranes (Whatman BA85 Protran with pore size of 0.45 pm and porosity of ~ 0.31%).
Porous nitrocellulose membranes, since their first demonstration in the 1960s, have been
widely used, due to some key features, such as their smooth surface, uniform pore size and
high protein-binding capability [25]. Finally, in order to further develop and explore the
technique, other porous materials including PVDF, fabric and printing paper were also

tested.

The photopolymer we first explored for patterning cellulose paper was a photopolymer
used to coat optical fibres (DeSolite® 3471-3-14 from DSM Desotch Inc. USA), followed by
a 3D printing polymer (SubG from Maker Juice, USA). However, during the experiments of
patterning nitrocellulose membrane, it was observed that the photopolymer applied alters
the properties of the nitrocellulose substrate, which is itself a polymer-based porous
material. In order to find out an appropriate photopolymer that is compatible with
nitrocellulose, several different photopolymers were also tested, such as Ablelux A4061T
& A4086 (Henkel AG & Co. Germany), Norland 61 & 68 (Norland Products Inc. USA) and
WaterShed® XC 11122 (DSM Desotch Inc. USA). However, most of the photopolymers
either dissolved the nitrocellulose or transformed it into an extremely hydrophobic
material, which is not desirable. So far, of all tested polymers, DeSolite® 3471-1-14 is the
best choice as it seems to only slightly change the hydrophilicity of the nitrocellulose.
Meanwhile, we are still trying to explore and discover the most suitable photopolymers,

which hopefully would be perfectly benign to the nitrocellulose.

The solvents normally used during the development step are acetone and isopropyl
alcohol (IPA). Again, because of the vulnerability of the nitrocellulose, a large number of
solvents were tried, such as methanol, ethanol, hexane, dichloromethane etc., and toluene
proves to be the best so far, even though it still affects the hydrophilicity of the

nitrocellulose to a small extent.

3.3 Experimental results

3.3.1 Patterning of cellulose paper

3.3.1.1  Patterning with a pulsed laser

The initial experiment was started with the patterning of cellulose paper using a 266 nm
pulse laser and the DeSolite® polymer. Because of the high viscosity of the photopolymer,
we need to dilute it in a solution of IPA with a ratio of 1:2. The initial result is shown in

Figure 3.3: three parallel channels, each formed by a pair of identical polymerised lines,
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were inscribed with different scan speeds of 0.06 mm/s, 0.07 mm/s and 0.09 mm/s at a

fixed incident average laser power of 7 mW.

In order to test the ability of these barriers to contain and guide the liquid, a blue ink was
pipetted into each channel from one side. As shown in Figure 3.3, the polymerised barriers
start to be able to contain and guide with scan speed down to only 0.06 mm/s. It was
found that the polymerisation depths of the barrier walls for channel (c) was only about
60% of the thickness of the paper, whereas for channel (b) this depth was about 75% of
the paper thickness. For channel (a) however, the barrier walls extended throughout the
full thickness of the paper, enabling leak-free transport of the ink on introduction at one
end of the fluidic channel. In contrast, for channels (b) and (c), whose barrier walls do not
extend throughout the entire paper thickness, undesirable and irregular leakage of the ink
was seen from either side of the channel walls. For speeds slower than 0.06 mm/s, for this
pulsed laser source, ablation along a central section of the barrier wall was observed as
the local fluence had exceeded the paper ablation threshold at the peak of the Gaussian

laser profile.

Figure 3.3 Image showing three sets of parallel polymerised lines that were written with a
fixed laser average power of 7 mW at different scan speeds. a) 0.06 mm/s, b) 0.07 mm/s

and c) 0.09mm/s.

Subsequent experiments were performed with the paper held at a distance of 1 mm from
the focal point. Translation speeds were trialled ranging from 0.06 to 0.5 mm/s, and for
speeds greater than 0.35 mm/s the photo-polymerised structures did not extend

throughout the paper, while for speeds slower than 0.25 mm/s ablation occurred along
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the central region of the scanned lines. For speeds lower than 0.2 mm/s the paper was

physically cut through along the length of the scanned line.

From the above results, the correlation between spot size of the incident laser source and
resultant size of the polymerised regions is easily determined, and hence for a specific
choice of laser and photopolymer, it is then possible to deduce the correct exposure
regime that will produce any desired line-width. However, for our demonstrations, it is
important to note that the smallest barrier widths that are able to contain and guide the
fluid flow are of order 100 pm. Since there is a minimum fluence requirement for photo-
polymerisation at any specific translational speed, this fluence then determines the
maximum translational speed and hence device fabrication speed. However, the above
demonstration clearly shows the ability to build compact fluidic flow-based devices which
encompass the basic needs for smaller volumes of expensive reagents in the fabrication of
low-cost LOC-type medical diagnostic devices. These then act as the first proof-of-principle

experiment of the technique.

3.3.1.2  Patterning with c. w. laser

In order to explore the usefulness of this technique with different laser parameters, two
c.w. lasers (375 nm and 405 nm) were tested instead of a pulsed laser. One of the reasons
for choosing these c. w. lasers was because they can avoid the very high peak power from a
pulsed laser, which could lead to ablation of the substrate. Most importantly, as longer
wavelength translates into greater absorption depth in the substrate, it gives a chance to

increase the scan speed.

In order to investigate the relationship between the polymerised barriers and all relevant
laser parameters, sets of parallel lines were written with the 375 nm laser with different
laser output powers as well as scan speeds. The polymerised line widths were then
measured using Corel DRAW based on USB camera images. Figure 3.4 shows a set of lines
polymerised with the 375 nm laser, where the line-widths obtained are shown as a
function of incident laser power and paper translation speed. Figure 3.4a shows results for
a fixed incident laser power of 1 mW, and the line-widths are seen to increase from a value
of ~130 um at 6.7 mm/s to a value of ~320 um at 4 mm/s. Similarly, as shown in Figure
3.4b, for a fixed scan speed of 6.7 mm/s, the width of the polymerised lines increases with
increasing incident laser powers from a value of ~500 pm at 5 mW, to a value of ~1200
um at 50 mW. This can be attributed to the fact that with an increase in the incident laser
power, a larger fraction of the incident Gaussian intensity laser profile would be above the

polymerisation threshold, thus resulting in polymerised lines with larger widths.
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The graph in Figure 3.5 summarises the above observations and presents the relationship
between the line-widths of the polymerised regions for different scan speeds and different
laser powers. The data presented in Figure 3.5 show that, for a fixed laser power of 10 mW,
the widths of the polymerised lines increased from ~680 pum to ~1000 pm with
decreasing scan speeds, and for a fixed scan speed of 6.7 mm/s, the widths of the lines

increased from ~130 um to ~1200 um with increasing laser powers.

We observed a similar effect for the 405 nm laser, and the relationship between the width
of polymerised barriers and different laser parameters are plotted in Figure 3.6: for a fixed
scan speed, the width of the lines increases with an increase of the incident laser power.
For example, at a fixed scan speed of 4 mm/s, the width of the lines increase from ~ 200
pum to ~1000 pm. A similar tendency was observed with line widths increasing from ~ 180
pum to ~ 900 um and ~ 80 um to ~ 800 pm at a fixed scan speed of 5 mm/s and 6.7 mm/s
respectively. For a fixed laser power, the widths of the polymerised lines increase with
decreasing scan speeds, i.e. for a fixed laser power of 10 mW, the widths of the

polymerised lines increase from ~220 pm to ~330 pm with decreasing scan speeds.

Figure 3.4 Images showing sets of parallel lines that have been photo-polymerised using a
375 nm c.w. laser under different writing conditions: (a) fixed laser power, variable
translation speeds, and (b) fixed translation speed, variable laser powers. Photopolymer

used was DeSolite®.
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Figure 3.5 Graph showing the widths of the laser-patterned lines for different incident
laser powers from the 375 nm source at different scan speeds. Error bars indicate the

standard deviation for 5 measurements along each line.

During the experiment, we found that the performance of 375 nm and 405 nm lasers were
very similar and the 405 nm laser was finally chosen because of its better beam quality.
The smaller line-widths for the irradiation at a wavelength of 405 nm, are a direct
consequence of the better beam quality of the 405 nm laser compared to the 375 nm laser
and the absence of parasitic lobes in the spatial intensity profile that we saw with the 375
nm source which, though of low intensity, do induce additional photo-polymerisation and
therefore produce a broadened line-width compared to the theoretical limit for a perfect
single mode laser source. Plots in Figure 3.7 show a summary of the resulting line-widths
for the lines polymerised with the two c.w. wavelengths under different laser writing

conditions.

For a useful comparison, another photopolymer, SubG, was tested. Due to the extremely
low viscosity (12 cP @ 25 °C) of SubG, we soaked the paper directly with the
photopolymer solution without the need for any solvent-based dilution, unlike the case for
DeSolite®, which had to be diluted in a solution of [PA prior to impregnation into the paper

substrates.
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Figure 3.6 Plots showing the relationship between the widths of the polymerised lines
using a 405 nm c.w. laser and the different incident laser powers at different scan speeds.

Error bars indicate the standard deviation for 5 measurements along each line.
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Figure 3.7 Plots show the summary of the line-widths for writing wavelengths of 375 nm
and 405 nm, at different incident powers up to a maximum value of 50 mW, but a common
writing speed of 6.7 mm/s. Error bars indicate the standard deviation for 5 measurements

along each line and lines are a simple guide for the eye.

Figure 3.8 shows a series of parallel lines that were patterned with the same laser-

patterning conditions using two different photopolymers. As can be seen, the polymerised
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lines written with SubG (Figure 3.8b) were more compact and had edges that were more
sharply-defined when compared with those formed with DeSolite® (Figure 3.8a) under the
same patterning conditions. Figure 3.9 shows the variations in the width of the lines
patterned with the 405 nm laser for the two different photopolymers at different incident
laser powers but the same scan speeds of 10 mm/s. The smallest polymerised barriers

that can be formed using this technique are ~ 50 pm (SubG) and ~ 80 um (Desolite®).

—
100 70 50 30 20 10 5 3 1 mW

b f ‘ 1 mm

Figure 3.8 Sets of polymerised lines formed using a 405 nm c.w. laser with different

incident powers and two different photopolymers. a) DeSolite® and b) SubG.

An important advantage offered by LOC-type fluidic devices is their cost-effectiveness,
which is a consequence of their much reduced sizes, so an important requirement is to
implement the entire device with the smallest possible footprint. Using our LDW
procedure for making such compact devices would require finding the smallest
dimensions not only for the fluidic barrier walls but also for the fluidic channels. To this
effect, we initially investigated the minimum barrier wall widths that could be created
with our procedure using a c.w. 405 nm laser. As shown in Figure 3.10, under the
appropriate writing conditions (scan speed of 10 mm/s, incident power of 10 mW), we
could polymerise lines with widths of ~50 um, which is smaller than the dimensions we
could achieve using the pulsed laser, and to our knowledge, is also the smallest line-width
reported so far for barrier-walls in paper-based devices. Although such feature
dimensions would have been possible through lithographic procedures, our LDW method

presents a far less complicated approach as it does not require lithographic masks or
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cleanroom-intensive processing. However, fluidic channels formed with barrier-walls that
had such narrow line-widths were found to be unable to contain and guide fluids, and

instead, a minimum line-width of ~120 um was required.
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Figure 3.9 Graph showing the widths of the laser-patterned lines for different incident
laser powers and a scan speed of 10 mm/s. The lines were patterned with a c. w. 405 nm
laser and the photopolymers used were DeSolite® and SubG. Error bars indicate the

standard deviation for 5 measurements along each line.

Figure 3.10 Microscope images showing two parallel lines written in SubG via LDW using
a scan speed of 10 mm/s and an incident power of 10 mW at 405 nm, and having widths of

~50 um.

28



Chapter 3

To further investigate the quality of the polymerised barriers, namely the ability to contain
and guide the liquid, these polymerised lines were tested by introducing ink in the laser-
written fluidic patterns. As shown in Figure 3.11, the squares with line-widths greater
than ~ 120 pm and ~ 300 um for Desolite® and SubG respectively were able to contain ink.
The minimum line-width for a barrier wall to contain ink was found to be different for the

two photopolymers.

According to the results described above, use of a c.w. laser significantly increases the
writing speeds by about ~150 times as compared to those for a pulsed laser. This shows
that the technique has one essential element needed for the stage of commercialisation

and mass production.

1 mm
| -
=~ 80 um =~120 um =~3500 pum = ~800 um
3 mW SmW 30 mW 70 mW

~800 pm

100w

Figure 3.11 Camera images of a series of square structures before and after the

introduction of ink; a) written in Desolite®; b) written in SubG.

Further experiments were done for exploring the minimum dimension that can be

achieved using this technique for fabrication of a fluidic structure. Figure 3.12a shows four
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fluidic channels with different channel dimensions. After the introduction of the red ink
into the channel, the 80 pm channel was still able to contain and guide, which is shown in
Figure 3.12b. This is the smallest fluidic structure dimension for a fluidic channel on
cellulose paper reported so far and is better than the dimensions that can be achieved with
the wax-printing procedure that is currently one of the most widely used for the creation
of fluidic patterns in cellulose paper, and for which the dimension limitations are imposed
by the undue spreading of wax during the heat-treatment/wax-penetration step. The
smallest dimension for fluidic patterns reported recently on a fibre-glass substrate

through the use of a simple cutting method is ~137 um [104].

GERRERNRRNRDRRRRRRRRRRNNNNAAm

~2mm ~1mm ~500pm ~80 pm ~ 80 pm

a) b)

Figure 3.12 Camera images show a) four fluidic channels with different widths formed by

barrier lines with a width of ~ 120 um, b) the ~ 80um fluidic channel in a) guiding red ink.

3.3.2 Patterning of nitrocellulose membrane

The next set of experiments was the patterning of nitrocellulose membrane. As mentioned
above, the photopolymer we currently use is DeSolite® 3471-1-14, however, it is
extremely viscous, having a viscosity of ~10,000 mPas at 25 °C, and so we diluted it in
toluene in the ratio of 5:3 (v/v) to enable it to soak into the nitrocellulose substrates.
These were then left to dry under ambient laboratory conditions, prior to the laser-

patterning step.

The first structures to be investigated were simple straight-line channels which would
allow determination of some of the basic parameters of laser exposure (scan speed and
laser power) required. As shown in Figure 3.13a, two parallel channels were written by
scanning at laser powers of 10 mW and 5 mW under the same scan speed of 10 mm/s, and
the fluid containing properties of these channels was tested by flowing red ink (Parker,
France) through them. As can be seen in Figure 3.13b, the scanned lines form the barrier
walls that contain and guide the flow of red ink through these fluidic channels without any

observed sideways leakage.
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Figure 3.13 Images showing two fluidic channels formed by writing parallel lines with

two different laser powers of 10 and 5 mW at a speed of 10 mm/s.

Because toluene is volatile and easily evaporates under ambient laboratory conditions, it
proved difficult to uniformly soak the substrates with the photopolymer. As the width,
depth and uniformity of the polymerised lines are directly dependent on the polymer
concentration in the substrate, any variations would thus translate into lines having
undesirable variations. To circumvent this, we chose to soak the nitrocellulose paper
directly with the undiluted photopolymer. However, due to its high viscosity, it took ~ 20

seconds for the paper to fully absorb the photopolymer.

To investigate the patterning performance on nitrocellulose, the same sets of experiments
were repeated as those in the case of patterning of cellulose. The relationship between the
width of polymerised lines and the patterning conditions is plotted in Figure 3.14. The line
widths obtained increase from ~ 70 um and ~ 50 um to ~ 340 um and ~ 270 um at scan
speeds of 5 mm/s and 7 mm/s respectively for an increase in the laser power from 0.2 mW
to 10 mW. Similarly, for a scan speed of 10 mm/s, the widths of the polymerised lines
increase from ~ 50 pm to ~ 220 um as the laser power increases from 0.3 mW to 10 mW.
Overall, the width of the lines increases with the increase of the laser output power and
decreases with the decrease of the laser scan speed and the minimum line width that was

achieved is ~ 50 pm, which is comparable with the case of cellulose.

As our final goal was to pattern the nitrocellulose membranes for implementation of LOC
fluidic devices, we then tried to identify the optimum conditions needed to form barriers
that can contain and guide the fluid - as this is one of the most crucial requirements. Figure
3.15a shows a set of straight channels having a common width of 3 mm, written with a
constant laser scan speed of 10 mm/s for varying laser powers ranging from 10 mW to 0.3
mW. Figure 3.15b is an image of the same set of channels after the introduction of red ink
into each channel. As can be seen from this figure, the ink solution only leaks out of the
channel written with the lowest laser power of 0.3 mW, and all other channels contain and
guide the flow without any leakage. Using the proposed LDW photo-polymerisation

technique the smallest size of barrier line that we can form in nitrocellulose and which is
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able to contain and guide the flow, is ~60 pm - the smallest dimensions reported in the

literature [6].
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Figure 3.14 Plots showing the variations in the widths of the polymerised lines for

different laser powers at three different scan speeds.

Figure 3.15 a) Image showing a set of fluidic channels formed under different patterning

conditions; b) after the introduction of red ink into each channel.
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In the next step, we aim to find out the minimum width for a fluidic channel that can be
patterned via LDW that will successfully allow fluid flow. While the typical widths achieved
with the wax printing procedure, which is currently one of the most widely implemented
techniques, ranges from 0.5 mm to 4 mm [47], we anticipated that our LDW technique
could produce channel widths that might be around one order of magnitude lower. To
identify the smallest widths such fluidic channels can have, as shown in Figure 3.16a, we
patterned several pairs of parallel lines with different channel widths which were fed by
the open U-shaped structures that would form the fluid reservoirs for the ink used. All
these lines were scanned at the same laser scan speed of 10 mm/s and an incident laser
power of 1 mW, a condition we knew produced barrier-walls that reliably contained the
fluid. As shown in Figure 3.16b, after the introduction of the ink, channels down to a width
as small as ~ 100 um could reliably guide the fluid. To our knowledge, this is the smallest
achievable dimension reported so far for any existing paper-patterning technique, and this
can be vital for reducing the footprint of such devices, which in turn can help reduce the
costs of such devices because you would then need less reagents, and less of the bodily

samples/fluids [6, 47].

Figure 3.16 Photographic images showing a set of parallel fluidic channels having

different channel widths: a) before, and b) after the introduction of red ink.

The next set of experiments relates to the writing of wells in paper, and their ability to
contain fluid. Figure 3.17a shows a set of square wells with dimensions of 5 mm x 5 mm
with barrier-walls written using laser powers ranging from 0.3 mW to 10 mW at a fixed
scan speed of 10 mm/s. Red ink was again introduced in a fixed volume of 3 pL that was

sufficient to fill each square completely. As shown in Figure 3.17b, we similarly observed
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leakage only for the wells written with a laser power of 0.3 mW, which we have

determined to be the lower threshold value.
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Figure 3.17 Photographic image showing a) a series of 5 mm x5 mm square-shaped wells

patterned with different laser powers of 0.3, 0.4, 0.5, 1, 5, and 10 mW at a constant

scanning speed of 10 mm/s; b) after the introduction of 3 pL of red ink into each square.

The final step was to determine the maximum volume of liquid that these wells could
contain without any sideways leakage, a parameter which is important when dealing with
actual samples under test, where loss of potentially expensive samples of reagents outside
the test area must be avoided. A similar set of squares was written (shown in Figure 3.18a)
into which red ink of different volumes ranging from 1 pL to 15 pL (Figure 3.18b) was
introduced. Even when the volume increased to a value of 15 pL, the wells were still able to

hold the ink solutions without any overflow.

On further investigation, we observed that a surface-relief ridge was formed along, and
above the patterned lines because of the polymerisation of the photopolymer that was
present on the surface of the nitrocellulose membranes prior to the laser-patterning step,
and has been investigated through surface-profile imaging measurements. The trace in
Figure 3.18c is a surface-profile scan across a laser-polymerised line, and clearly shows the
presence of a ridge (having a width of ~ 120 pm and a height of ~ 8 um) along the
polymerised line. Hence it can be concluded that the polymerised patterns defined in
nitrocellulose using the LDW method not only show excellent ability in containing small
liquid volumes but also show the capability to contain larger liquid volumes without any
undesired spill-over, a characteristic that is of immediate interest for practical diagnostic

assays.
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Figure 3.18 Images showing a) a series of 5 mm x5 mm wells patterned with a laser
power of 3 mW and a scan speed of 10 mm/s; b) after the introduction of red ink in
different volumes of 1-15 pL into each square; c) a surface profiler scan across a

polymerised barrier-wall.

3.3.3 Patterning of other porous materials

To further explore the compatibility of this technique, the next set of experiments was
patterning of other porous materials. The photopolymer and solvent used here were SubG
and acetone and the laser was a 405 nm cw. laser. The results of these patterning

experiments for the different materials are shown in Figure 3.19, 3.20 and 3.21.

First of all, a glass fibre filter was tested as it is one of the important component materials
for a lateral flow type device. It is normally applied as the conjugate pad to hold the
detector particles in a dry state and keep them functionally stable until re-hydrated by the
sample [105]. As the liquid moves through the glass fibres, the detector particles
previously located in the glass fibre will be released rapidly and quantitatively [106]. The
result of patterning glass fibre filter is shown in Figure 19a: sets of channels were
patterned in glass fibre filter with different laser incident powers at a fixed scan speed (10
mm/s), which lead to different barrier widths. After introducing red ink into each channel,
all the channels were able to contain and guide the red-ink through them as shown in

Figure 19b.
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Figure 3.19 Images showing a set of parallel fluidic channels writing in glass fibre filter
with different laser power at a fixed scan speed a) before, and b) after introduction of red
ink.

Recently, fabric-based devices have been widely studied and regarded as an alternative to
paper-based devices for low-cost POC diagnostics [107-110]. Many types of fabric have
been explored for developing fabric-based microfluidic devices including nylon [108],
polyester [111] and silk [109]. The advantages of using fabric as a material for fabrication
of microfluidic devices include lightweight, one dimension capillary flow, flexibility,
possibility of large volumetric flow, straightforwardness of chemical modification and also

potential for large-scale fabrication [107, 108, 112].

To explore the effectiveness of our LDW technique for patterning fabric materials in order
to fabricate fabric-based devices, we then tried to pattern a polyester wipe as a proof-of-
principle demonstration. As shown in Figure 3.20, a T-shape structure was patterned in
filament polyester wipe, which nicely contained and guided the fluid after the introduction
of red ink from the upper end of the vertical arm of the T, which served as the sample inlet
point. This shows a potential capacity of our LDW procedure as an accessible technique for

making fluidic structures in fabric materials.

Figure 3.20 Images showing a T-shape structure patterned in filament polyester wipe a)

before, and b) after the introduction of red ink.
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Apart from these, we also tried to pattern a range of other porous materials, which may
have further potential applications in different fields that we have not been able to explore
further at the moment. As shown in Figure 3.21a and 3.21b, the patterns polymerised lines
and squares in PVDF, which is a very important material in making electrical sensors and
transducers due to its high piezo-, pyro- and ferroelectric properties [113-117], and

printing paper respectively using our LDW technique.

Figure 3.21 Images show the results of patterning different porous materials using LDW

technique. a) PVDF and b) printing paper (photo-copy paper).

Above all, this technique can be used for patterning all kinds of substrate materials we
have thought about and tried so far. These materials (glass-fibre filter, polyester and PVDF)
were chosen as they are important materials used in diagnostics testing devices and
protocols. Thus, we believe that in principle this method can also be suitable for

patterning other kinds of porous materials having applications in diverse fields.

3.4 Performance improvement and optimisation of the LDW

procedure

Above all, we have demonstrated a simple low cost LDW methodology for fabrication of
paper-based devices based on simple light-induced photo-polymerisation. In contrast to
the most widely used methods for patterning paper, our LDW technique is a non-contact,
non-lithography and maskless procedure, which does not require cleanroom facilities and
expensive equipment. However, some limitations still exist, when we consider this method
as a mature technique for mass commercialised fabrication of paper-based devices. For
example, the motorised stages currently used have a maximum translation range, speed
and acceleration rate, and certain user interactions are required for enabling custom-
designed complicated designs, such as coding and calculation etc. On the other hand, a

problem has arisen during the patterning of nitrocellulose membranes that both the
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photopolymer and the solvent applied during the patterning procedure alters the
properties of the NC substrate to some extent, i.e. the flow rate. Although several studies
have been done to identify the best photopolymer and solvent to minimize these effects, it
seems to be not possible to completely eliminate this problem due to the global treatment

process that is currently applied to the nitrocellulose membranes.

Therefore, to overcome these limitations and further develop our LDW technique to
eventually meet all requirements for large-scale commercialized fabrication of paper-
based devices, several optimisations and improvements have been explored as described

in the following sections.

3.4.1 Introduction of a galvo scanner

As shown in the schematic in Figure 3.1, the basic LDW setup we first built involves linear
motorised stages (DDSM100, Thorlabs, Inc.), which have a maximum translation range of
10 cm in each direction. The maximum translation speed and acceleration rate that can be
achieved are 500 mm/s and 5000 mm/s? respectively. Thus the maximum patterning
speed and hence the throughput is limited by the maximum achievable sample translation
speed via these motorised stages. Meanwhile, as described previously, the resulting
patterned polymer structures are dependent on the laser fluence, which is directly
determined by the scan speed. Thus the acceleration and deceleration of the stages need to
be taken into consideration and only the centre uniform speed is acceptable during the
fabrication. As a result, the actual working ranges are further limited below 10 cm due to

the acceleration and deceleration of the stages.

Furthermore, because of these speeding up and slowing down effects, complicated
continuous designs, such as sharp corners, are not achievable with a constant speed. In
order to solve this problem, a laser shutter is required to be integrated into the basic LDW
setup, which only opens and lets the beam pass through when the stage has accelerated to
a constant speed and closes when it starts to decelerate. As a result, complicated programs
are required in order to synchronise the stages and the laser shutter for patterning of
complex designs. Finally, for dual-axis applications, two linear motorised stages are bolted
together in an XY configuration by using an XY adapter plate. Thus complex dual-axis
structures, i.e. curves, require lots of user interactions, such as coding and calculation etc.,
in order to operate the movement of the stages in two directions and it is even worse if a

circle or semi-circle is needed.

To overcome the above limitations, a 2D galvo scanner was introduced. These devices are

used in many applications such as laser light show, laser marking, laser machining, wafer
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dicing, barcode reader and laser ablation. Basically, a galvo scanner is a computer-
controlled electromagnetic device that moves mirrors mounted on the end of rotary shafts.
The mirrors are attached to high-speed, limited rotation direct current motors and the
motion is governed by an internal position detector to allow feedback control of the motor.
This is done through a signal that provides position information that is proportional to the
rotation of the motor. These movable mirrors are applied to steer the laser beam to
"draw" images. Galvo scanners are typically identified by their speed of operation,
measured in kilo points per second (available from 8k to 60k per second). The faster the
galvanometers, the smoother and more flicker-free the projected image. Each mirror
inside the galvo scanner moves the beam in one plane, either the X axis or Y axis. Then the
full movement of the laser beam within a defined two-dimensional square area is achieved
by placing two mirrors close together at 90 degrees to each other. To realise the control of
the scanning motion, scanners need a rotary encoder and control electronics that provide,
for a desired angle or phase, the correct electric current to the galvanometer. A software

system is usually required to control the scanning motion and collect the feedback data.

Based on the LDW setup in Figure 3.1, as shown is the schematic in Figure 3.22, a 2D galvo
scanner (Laser 2000 Ltd. UK) is introduced into the optical path just after the focusing lens.
The focus length of the lens is carefully selected that allows the beam to remain focused
onto the substrate when passing through the galvo scanner. In this case, the substrate is
immobilised during the LDW step, while the scanner projects user-defined patterns on it.
The scan speed of the galvo scanner ranges from 1 mm/s to more than 100 m/s, which is
more than sufficient to meet the requirement for large-scale fabrication. On the other hand,
the software designed for controlling these scanners is a package similar to CAD packages
made for technical drawing and optimised for laser marking. It has a quite straight-
forward interface that allows the user to create any complicated designs by simply
drawing inside the software, which does not need additional user-involved calculations or

coding.

In addition, the software also allows direct import of data/design from external sources
including both vector files and raster files. For vector files, images are created using lines
and curves joined at points by nodes to create an outline of a shape. This is then filled to
create a solid shape if desired. The main advantages of using vectors are: firstly, this uses
the same principle for drawing the image that is used for directing the beam; secondly,
scalable images that can be enlarged or shrunk without the loss of any quality; finally,
typically smaller file sizes than raster images. Overall, vector files are ideal for company
logos and other clean-edged images, or where processing time needs to be kept to a

minimum. On the other hand, for raster files, images are created using small dots or pixels
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to make an image. This is the most common type of image used within computing and is
ideal for displaying complex shapes or images that could not otherwise be easily simplified
into vectors. The main advantages of raster images are their high level of detail and they
are commonly used within computing. Therefore, raster files are ideal for marking
photographs or other complex images that cannot be easily translated into lines and

curves.

Galvo
m . scanner
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area

Polymer-soaked
substrate ___,/

Figure 3.22 Schematic of the laser-based direct-write setup with the introduction of a

galvo scanner used to form polymerised hydrophobic structures in a porous substrate.

As the first set of experiment with the implementation of the galvo scanner, a few
examples of text were entered directly inside the scanner software and the patterning
results are shown in the image in Figure 3.23. The polymerised polymer barriers that
define the text were patterned in a cellulose filter paper using a galvo scanner with a laser

output power of 30 mW at a scan speed of 50 mm/s.

Finally, more complicated structures were patterned in NC using the galvo scanner and
then their performance was tested via the introduction of coloured dyes. As shown in
Figure 3.24a4, a triple spiral design was patterned in NC using a laser output power of 10
mW at a scan speed of 200 mm/s. Each of these three spirals has two unconnected flow
paths. Figure 3.24b is an image of the bottom left spiral after the introduction of a yellow
dye into one of the two flow paths from the centre of the spiral. The dye was guided and
flowed along the flow path into the centre junction of three spirals without any leakage
from the side of the channel. Finally, as shown in the image in Figure 3.24c, another

coloured dye (red) was introduced into the second flow path in the same spiral in Figure
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3.24b. As can be seen from this image, the red dye solution was contained and guided

within the flow path without any leakage and contamination to the adjacent path.

x5.8

Figure 3.23 Image shows ‘THANKS FOR YOUR ATTENTION’ text that was patterned in
cellulose filter paper using the galvo scanner with a laser output power of 30 mW at a scan

speed of 50 mm/s.

In conclusion, with the introduction of a galvo scanner into the primary LDW setup, the
fabrication speed can be significantly increased to over one meter per second at a laser
power of ~50 mW. As a typical LFD device is only about few centimetres, this means that
many devices can be fabricated per a second, which is sufficient for mass fabrication. On
the other hand, the user friendly interface allows easy programming of the scanner with
just simply drawing inside the software or importing both vector and raster files from
external sources, which makes any complicated designs easily achievable, hence brings

great flexibility during the fabrication procedure.

3.4.2 Introduction of local deposition procedure

It is widely known that NC is a very vital material in biological applications and is one of
the most important components for LFDs, thus the patterning of NC is always regarded as
one of the main purposes of introduction of our LDW technique. However, NC is also well
known as a very fragile polymer-based porous material, which is extremely difficult to

preserve in order to keep its original properties.

According to the experiments of patterning nitrocellulose membranes described earlier, a
problem occurred in the photopolymer and the solvent applied during the patterning and
development procedures alter the properties of the nitrocellulose membranes substrate.

One of the main properties that can be easily observed to be altered after patterning
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procedure is the flow rate, which is hugely reduced with the application of both the
photopolymer and the solvent during the patterning steps, an unwanted side effect. In
addition, the reduction of the flow rate seems to be increased with the increase of the time
that the nitrocellulose membranes are immersed with photopolymer and the solvent.
Although several different photopolymers, as well as solvents, have been tested as
described previously in the materials and reagents section, it seems that these influences

can only be minimised rather than completely avoided.

REAF x10.2 L~

Figure 3.24 Photographic images showing a) a triple spiral design patterned in NC via a
galvo scanner; b) the introduction of yellow dye into one of the spirals and c) the

introduction of red dye into the same spiral, which shows no over contamination.
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Apart from the flow rate, we believe that other properties might also be altered due to the
contact with the photopolymer and solvent to some extent, although no clear evidence has
been observed and no further studies have been done. Finally, though these effects were
only observed in nitrocellulose membranes so far and have not yet been identified in other
porous materials, which are much less fragile, such as cellulose filter paper, glass fibre
filter etc., we believe that certain effects on the properties will still exist due to specific

polymer or solvent contamination of the original substrate materials.

In order to overcome these problems, the idea of local deposition of photopolymer instead
of global soaking of the substrate with the photopolymer has been proposed. The updated
setup is described in the schematic in Figure 3.25: a local deposition module is introduced
into the initial LDW setup shown in Figure 3.1. As shown in the schematic, the
photopolymer is locally deposited onto the substrate with user-defined designs, and then a
laser beam follows the deposited tracks, which induces the polymerisation of the
deposited photopolymer. The fluidic structures are defined by the deposition procedure
and no further development procedure is required, as there is no unwanted material (i.e.

un-polymerised monomers) that needs to be removed.

Mirror
Laser

Deposition head

Solid Polymerised barrier

AN

Porous substrate

Figure 3.25 Schematic of the modified laser-based direct-write setup with the
introduction of local deposition of photopolymer for creating polymerised hydrophobic

structures in the porous substrate.

The whole patterning procedure is described in the step-wise schematic in Figure 3.26:
two simple steps are involved, which are local deposition followed by laser polymerisation.

In the first step, the photopolymer is locally deposited onto the substrate with a pre-
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programmed design. The photopolymer will then extend through the thickness of the
substrate below the deposited areas via the capillary force after a very short period of
time (normally less than a few seconds) depending on their viscosity. For the second step,
after the photopolymer has extended through the full thickness, a laser beam is applied to
scan along the pre-deposited photopolymer tracks. During the second step, the dimension
of the laser beam is carefully adapted in order to make sure that it is larger than the width
of the deposited patterns. This is to ensure that no un-polymerised material will be left in
or on the substrate after the laser scanning step, as there will be no development

procedure applied afterwards.

Above all, the remainder of the substrate is not either exposed to any photopolymer or
solvent due to the local application of the photopolymer and the elimination of the
development procedure. As a result, the properties of the patterned substrate remain
unmodified, which completely bypasses the problems that can occur during the initial

LDW procedure when the global application of the photopolymer and solvent are required.

Deposited photopolymer lines Polymerlsed polymer lines

vl\\ <—— Scanning laser beam

I

Step 1. Local deposition of Step 2. Scanning of the pre- End-result — Polymerised
the photopolymer deposited photopolymer lines patterned in the
lines with a laser beam porous substrate

Figure 3.26 Schematic of the modified LDW paper-patterning procedure: local deposition

of photopolymer followed by photo-polymerisation.

To implement the local deposition of the photopolymer, we introduced a BioDot AD3220
aspirate/dispense platform (BioDot AD3220). This platform combines three-dimensional
motion control with a BioJet Plus™ non-contact nanoliter dispenser, which is a standard
dispense system widely used in the LFD market for precise deposition of very small
volumes of biological reagents onto various substrates. The BioJet Plus™ technology has

evolved from the BioJet technology, allowing it to dispense quantitatively in a “Step-and-
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Repeat” mode, as well as dispense “On-the-Fly”. The high speed, non-contact, quantitative
dispensing is achieved via coupling the high-speed micro solenoid valve to a high-
resolution syringe pump with synchronisation of the stage. It allows dispensable volume
ranges from 1.3 nL- 2 pL as a single drop, or more than 5 nL with “On-the-Fly” mode,
which directly depends on the material properties of the dispensed fluid, especially the
viscosity, surface tension etc. More details on the theory and working protocol of the

BioDot aspirate/dispense platform can be found in appendix B.

As the system is designed and optimised to dispense biological reagents, which normally
have viscosities close to water, it is the first time that we have tried to explore its ability
for deposition of the photopolymers that usually have much higher viscosities. The main
reason for choosing this platform rather than other dispense systems that are optimised
for high viscosity materials is that it is popularly used in almost all of the LFD manufacture
companies for deposition of bio-reagents onto their devices. Thus we aim to explore the
possibility of the introduction of our laser patterned procedure with minimal change to
their original production lines. Meanwhile, we are also looking forward to enabling the
substrate patterning procedure (deposition of the photopolymer) and the deposition of
the biological reagents ideally simultaneously via the same system with just simply using

different heads.

During the dispensing, several parameters are critical, thus need to be carefully chosen in
order to achieve the desired result. These parameters include drop pitch, the number of
drops, drop volume and open time. Drop pitch is defined as the distance desired between
each dispensed drop and number of drops is the number of dispenses needed for each row.
Drop volume is the size or amount of each drop dispensed, which can be altered from the
nanoliter to microliter level as required. Finally, open time is the amount of time that the
solenoid valve will stay open for each dispense, which is one of the most important
parameters for achieving and maintaining the steady state pressure (SSP). For a dispense
system at SSP, the proper open time will result in the displaced volume equal to the
dispensed volume. If the open time is too short, then over time pressure will build beyond
the SSP. If the open time is too long, the SSP will be dissipated eventually resulting in
drops not being ejected from the tip. As the open time is the approximate time required for
the fluid to move through the valve, it increases with increasing drop size and increasing
viscosity. Above all, a proper open time is extremely critical for accurate dispensing and

needs to be discreetly adjusted for different fluids and drop sizes.

For the first set of experiments, two different photopolymers were dispensed onto an NC
substrate using the BioDot dispense system. The photopolymer was aspirated from an

external microwell plate and deposited from a height of 5 mm at room temperature. The
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results are shown in Figure 3.27a: four parallel lines were deposited on NC with two
different photopolymers, namely Norland 84 and SubG. All lines were dispensed at a set
valve open time of 600 ps with 40 nl drop volume, 0.5 mm drop pitch and 40 drops. It can
be clearly observed in Figure 3.27 that the two photopolymers reacted very differently
with the NC: Norland 84 makes grey tracks on NC, while the lines of SubG are transparent,
whereas the widths of lines with both photopolymers are similar at about 1 mm. In order
to test these dispensed polymer lines even without curing, red ink was introduced into
channels that are formed by these parallel lines. As shown in Figure 3.27b, the dispensed
lines of Norland polymer are not able to contain the red ink with serious leakages clearly
observed along the lines. On the other hand, the deposited lines of SubG polymer are able
to contain and guide the red ink nicely without any undesired leakage. As a result, the

SubG photopolymer was chosen for the following experiments.

REMF x12.8

Figure 3.27 Microscope image showing two sets of parallel lines that were dispensed on
NC via the BioDot dispense system with two different photopolymers with a drop volume
of 40 nL at 0.5 mm pitch. a) Before and b) after the introduction of red ink into the gap

between those polymer lines.
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As the polymer is dispensed onto a porous substrate, it will spread both lateral and
vertically over time due to the capillary force and the speed of this spread depends on the
properties of the applied photopolymer, especially viscosity. On one hand, we would need
a sufficient time for the polymer to spread vertically throughout the thickness of the
substrate in order to achieve a complete wall; on the other hand, we also want to leave as
short a time as possible before curing the polymer, as the width of the polymer line will
become wider with time due to the lateral spreading of the polymer. For an NC substrate
that is commercially available, the thickness is normally only about 80 um, thus in our
experiments the spread of the photopolymer from the top surface throughout to the
bottom is normally accomplished within seconds. Therefore, we made an assumption that
the spread of the photopolymer throughout the thickness of the NC substrate happens

immediately after dispensing.

In order to study how this spreading of the photopolymer affects the width of the
dispensed lines, two sets of parallel polymer lines were dispensed onto NC substrate with
the same dispensing parameters, namely 40 nL drop volume, 0.5 mm drop pitch with a
valve open time of 600 ps. One set of these dispensed polymer lines was cured with the
405 nm laser immediately after dispensing, while the other set was left in a black box
overnight without exposure to light. The images of both samples were captured using a
USB camera as shown in Figure 3.28: a) cured sample and b) non-cured sample. It can be
clearly observed from the images that the lines in the non-cured sample are much wider

than those in the cured sample, which is almost two to three times wider.

Figure 3.28 Photographic images showing sets of parallel-deposited photopolymer lines
on NC via the BioDot system with a 40 nL drop volume and 0.5 mm pitch at a valve open
time of 600 ps. a) Cured with laser light immediately after dispensing; b) Not cured after

deposition and left in the dark overnight.
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For the next step, a set of parametric studies was performed in order to further investigate
the relationship between the widths of those dispensed polymer barriers and the
dispensing conditions. As a few parameters can be adjusted during the dispensing that will
all affect the dispensing result, as a simplification, here we only study the influence of the

drop volume to the width of the dispensed line keeping all other parameters as constants.

To perform these studies, sets of parallel lines were dispensed on NC with different drop
volumes ranging from 10 nL to 50 nL at a fixed 0.5 mm drop pitch. Two sets of samples
were prepared: cured immediately after dispensing and dispensing without curing. For the
first set of samples, the dispensed polymer lines were cured via the 405 nm laser
immediately after dispensing and the image was then taken using a USB camera as shown
in Figure 3.29. For the other set of samples, no laser curing procedure was performed after
dispensing and the image was taken after leaving the sample in the dark overnight, which
allows the un-polymerised photopolymer to spread via the capillary force. An image of
these non-cured samples is shown in Figure 3.30, which clearly shows that the lines were
much wider than those shown in Figure 3.29 due to the spreading of the photopolymer. It
can be clearly observed in both images that the line width of the polymer line obtained is a

function of the applied drop volume.

REMF x12.8

Figure 3.29 Photographic image showing a set of parallel photopolymer lines that are
dispensed on NC via the BioDot system with different drop volumes ranging from 10 nL to
50 nL at a fixed pitch of 0.5 mm. The dispensed polymer lines were cured via a 405 nm
laser immediately after dispensing. Red ink was introduced for testing the performance of

these printed lines.
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In the following step, the width of these dispensed polymer lines in both conditions was
measured again using CoreDRAW based on the photographic images shown in Figure 3.29
and 3.30 respectively. The measurement is summarised as plots in Figure 3.31, which
shows the relationship between the width of the polymerised lines and the drop volume.
As shown in the plot, for the polymer lines that were cured immediately after dispensing,
the line-widths are seen to increase from a value of ~360 pm to a value of ~800 um with
the increase of the drop volume from 10 nL to 50 nL. Similarly, as shown in Figure 3.31
again, for the polymer lines that were dispensed and left overnight in the dark without any
curing procedure, the width increases with increasing drop volume from a value of ~400
um at 10 nL to a value of ~1700 um at 50 nL. This can be attributed to the fact that with an
increase in the drop volume, a larger volume of the photopolymer is dispensed for each
line, thus resulting in polymerised lines with larger widths. Additionally, it can be also
observed that the width of the dispensed line increases with the spreading of the

photopolymer via the capillary force over time.

Figure 3.30 Photographic image showing a set of parallel photopolymer lines that are
dispensed on NC via the BioDot system with different drop volumes ranging from 10 nL to
50 nL at a fixed pitch of 0.5 mm. No laser curing procedure was performed after

dispensing and the image was taken after leaving the sample in the dark overnight.
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Figure 3.31 Image of plots showing the relationship between the resulting dispensed

polymer line before width and the dispensed volume. Lines are a simple guide for the eye.

During the above experiments, we found that after introducing red ink into those fluidic
structures, which are defined by the dispensed polymer barrier, the fluid was nicely
contained and guided. However, a gap can be observed between the fluid and the
dispensed polymer barrier. As shown in Figure 3.29, with the introduction of the red ink
between those dispensed polymer-lines, narrow rectangular spaces (‘white’ areas) that lie
along the polymer lines can be clearly observed. These narrow gaps isolate the fluid from
the polymer barriers, and, however, have not been identified in any of the previous

experiments, where the polymer barriers were produced via the most basic LDW method.

In order to further investigate this finding, these dispensed photopolymer lines were then
studied using light microscopy. As shown in Figure 3.32, a microscopy image shows the
junction of the dispensed polymer line (50 nL one in Figure 3.29) and the fluidic channel
with red ink under higher magnification. A narrow rectangular gap with a width of ~60
um can be clearly identified, which is located along the edge of the dispensed polymer line
that isolates the inked channel and the polymer line. In a more extreme case, as shown in
Figure 3.29, although the dispensed polymer lines with 10 nL drop volume seem
discontinuous, they are still able to contain and guide after the introduction of the fluid.
The microscopy image of these lines is shown in Figure 3.33: the polymer line consists of
individual drops of dispensed polymer and each has an identical diameter of ~450 pm. As
shown in the microscopy image, although the polymer dots are separated from each other,
the fluid (red ink) is still nicely confined without any leakage through the gap in between

and an undulating edge is presented that follows the track of these polymer dots.
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Figure 3.32 Microscope image of the dispensed polymer line in Figure 3.29 with a 50 nL
drop volume shows a narrow rectangular gap that isolates the inked channel and the

deposited polymer line.
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Figure 3.33 Microscope image of the dispensed polymer line with a 10 nL drop volume as

shown in Figure 3.29. Red circles are a simple guide for the eye.

In our view, we believe that these isolation areas are because of the solvent in the acrylic-
based photopolymer we used, which flows further than the monomer. When the
photopolymer is dispensed onto the NC, both the monomer and the solvent in it start to
spread via capillary action, while the solvent flows faster and further than the monomer.
After the light-induced polymerisation, the monomers get cross-linked together forming
the polymer barrier, which can be clearly distinguished from the substrate. According to

our experiment with solvent trials performed previously, we have proved that the
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nitrocellulose membrane is extremely sensitive to this type of solvent, which will destroy
the nitrocellulose membrane and convert it from hydrophilic to hydrophobic. Thus, these
areas also become hydrophobic due to the reaction with the solvent and hence are able to
block the fluid as well.

Finally, to further investigate the performance of the patterned structures that are
achieved with the introduction of this local deposition procedure to the basic LDW
technique, a set of flow channels were produced in NC by dispensing of photopolymer
followed by the LDW polymerisation. As shown in Figure 3.34a, three dispensing
conditions were tried with different drop volumes at 40, 80 and 100 nL at a drop pitch of
0.5 mm, and for each condition, two flow channels were created that are defined by three
parallel walls. All the dispensed polymer lines were cured with the 405 nm laser
immediately after dispensing. To test these flow channels, two different inks, red and
green, were introduced into these adjacent channels respectively. The results are shown in
Figure 3.34b: for all three dispensing conditions, both inks are well-contained and guided

in their respective channels without any leakage or cross-contamination.

Figure 3.34 Photographic images showing the dispensed and cured photopolymer lines
with three different drop volumes (40, 80 and 100 nL) at a 0.5 mm drop pitch. Before a)

and after b) introduction of different colour inks.
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Above all, with the introduction of a local deposition procedure, the photopolymer is only
applied locally to a substrate in accordance with a desired pattern of fluid flow channels,
and that pattern is then cured by localised light exposure, which does not require a
subsequent solvent development procedure. The patterned design of the flow channel
network is then defined predominantly by the deposition stage rather than the laser
scanning step as in the previous case. Most importantly, the remainder of the substrate is
not exposed to either photopolymer or development solvent at all. Thus, with this simple
improvement, the problem of altering properties of the patterned substrate during the

initial LDW procedure has been satisfactorily solved.

3.5 Summary

We have demonstrated that a simple, low-cost laser-based direct-write technique based
on the principle of light-induced polymerisation can be used for the rapid fabrication of
fluidic structures in porous materials. The laser-polymerised patterns form the
hydrophobic barrier-walls of interconnected hydrophilic fluidic structures such as
channels and wells. In contrast to the most widely used methods for patterning paper, our
approach not only eliminates the requirements for cleanroom-based steps, expensive
masks, specialist reagents, and custom-designed equipment, but is also amenable to large-
scale commercialization. Since LDW is a non-contact procedure, it minimises any chance of
cross-contamination, an essential criterion in the fabrication of microfluidic devices for
biological and biomedical applications. Additionally, compared with other methods, the

technique is also well-suited for up-scaling to mass-production.

We have shown that using this method it is possible to create microfluidic channels and
barrier-walls with dimensions of ~100 pum and ~ 60 pm, respectively, the smallest values
that have been reported so far, which will allow for miniaturisation of the diagnostic
sensor, and a corresponding minimal use of reagents. With our existing laser-writing set-
up, it is possible to pattern samples, using a c.w. laser, at speeds of a metre per second, and
accounting for the time required for the pre- and post-processing steps needed to make a
complete device, our estimate is that it is possible to fabricate at least one device per

second.

Finally, in order to further optimise this LDW patterning technique so that it can fully meet
the requirements for mass commercialised fabrication of paper-based devices, two main
improvements have been successfully introduced into the basic LDW procedure. For the
first improvement, a galvo scanner is introduced, which allows further increase of the

fabrication speed and more accurate control of the patterning condition. The user-friendly
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interface also allows easy programming of complicated designs, which brings great

flexibilities during the fabrication procedure.

For the second improvement, in order to avoid any influence of the photopolymer and the
solvent to the patterned substrate, a local deposition procedure is introduced. With this
local dispensing procedure, the photopolymer is only applied locally to a substrate and
then cured via localised light exposure. As no redundant photopolymer is left, no
subsequent solvent development procedure is required. As a result, the remainder of the
substrate is not exposed to either photopolymer or solvent at all, which remains in its
untouched virgin state. Thus, with this simple improvement, the problem of altering
properties of the patterned substrate during the initial LDW procedure has been

satisfactorily addressed.

Overall, we believe that this LDW technique could be an ideal choice for rapid fabrication
of paper-based microfluidic devices that can be used for a variety of applications such as

clinical diagnostics and analytical chemistry.
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Chapter 4: Fluidic delay strategies in paper-based

devices

4.1 Introduction

In order to implement real analytical assays using paper-based microfluidic devices, and
hence bring them to market, several capabilities beyond just a simple platform for running
the assay are required. An ideal paper-based microfluidic device should enable POC assays
with minimal or ideally no intervention and manipulation from the user, truly realising
‘sample-in-result-out’ tests/devices for which all processes in between are automated. In
order to work towards this goal, recent research has been focused on the development of
methodologies to control the flow of fluids in paper-based devices. The introduction of
control over the delivery of fluids could realise a large number of additional attributes in
paper-based devices such as timers and metering [118, 119], diodes and valves [120, 121],
fluidic batteries [2, 122], and fluidic dilution, separation and mixing [123-125]. Most
importantly, these fluid control techniques would immediately contribute to the
realisation of automated multi-step immunodiagnostic protocols such as ELISA, which are
normally performed in a laboratory and require skilled personnel to perform the

sequential multiple steps [126, 127].

Current methods that have already been reported for manipulating fluid flow in paper-
based fluidic devices can be classified into four main categories: manually activated
control [101, 121], modification of the topology and geometry [58, 126], addition of
dissolvable chemicals [120, 127], and creation of physical barriers [128], and each of these
procedures has its own advantages, as well as some characteristic limitations. Techniques
that use manually activated control and physical barriers require additional fabrication
steps, while adding dissolvable chemicals have the dual drawback of additional processing
steps and the introduction of chemicals such as sugar in the flow-path which might alter or
limit the intended function of the devices. Implementation of a similar flow-delay might be
possible through careful considerations of the geometry of the fluidic channels. However,
to introduce a flow-delay through changes to the channel geometry will require either an
increase in the channel dimension or an increase of the channel length, both of which
would have the undesired effect of either increasing the footprint of the device and/or
increasing the volume of the reagents used. Our method instead allows the introduction of
flow-delay to any pre-designed device without any change to the channel geometries, thus

keeping the device compact and requiring smaller reagent volumes.
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In this chapter, to control and engineer fluidic delays in paper-based devices, we report
the use of a new approach that is an extension of the basic LDW technique that has been
described in the previous chapter for creating fluidic patterns and devices made up of
interconnected channels and reaction chambers. To produce flow-control, the approach
presented here relies on the use of physical barriers that run across the flow-path (i.e.
perpendicular to the fluidic channels) and hence introduce a delay in the fluid flow. As was
the case for our LDW method where we demonstrated the use of laser light to form
patterns in paper through light-induced photo-polymerisation, the flow delay barriers in
this report are created using the same principle of light-induced photo-polymerisation. In
brief, the delay mechanism is based on the use of two different kinds of delay barriers -
solid barriers with variable depths and porous barriers with variable porosities, and both
could be achieved during the same device fabrication step by simply adjusting the
patterning parameters, such as the laser output power and scan speed. Unlike other fluid
flow control methods reported for paper-based microfluidics, the approach presented
here does not require any additional processing equipment or specialist materials and as
described earlier uses the same fabrication approach that defines the fluidic channels

themselves.

4.2  Fluidic delay strategies

As mentioned before, the introduction of control over the transport of fluid will enable
greater functionalities for paper-based microfluidic devices. Here, based on our LDW
technique described above, we introduced two methods for producing delay barriers to
control and engineer fluidic delays in such devices. One method is based on the use of a
pulsed laser (266 nm) and is described in Figure 4.1a. During our earlier studies into the
fabrication of fluidic channels using pulsed laser irradiation, we observed that by
controlling the scanning speed (and therefore the effective exposure) of the laser beam,
we could polymerise lines of various depths inside the paper substrate as illustrated
schematically in Figure 4.1a. Slower scanning speeds produced polymerisation through
the full depth of the paper, while faster scanning speeds led to photo-polymerisation only
in the upper portion of the paper, thus creating partial barriers that the liquid had to
overcome. These fluidic ‘delay barriers’ can, therefore, decrease the flow by a rate that is
proportional to their depth, and hence this principle can be used to impose a user-defined

variable time-delay in the wicking of the liquids and test samples.

According to the discussion in Chapter 2, the polymerisation depth is determined by the

light penetration depth, which can be described by the following equation:

56



Chapter 4

7= —2  In(-2 [7]

- 4mk+Aag 1(z)

As shown in this equation, the depth is related to both the wavelength and the intensity of
the light. For a fixed wavelength, the main determinant is the laser intensity that is related

to the scan speed with the following equation:

Ip= — [8]

T 2nwS

where P is the output power of the laser, w is the beam radius and S is the scan speed.

Substituting I, into the former equation, we are then able to obtain the following equation

that describes the relationship between the polymerisation depth and the scan speed.

Z= A n i
- 4mtk+Aag 21wl (z)

[]

An alternative method, which is illustrated in Figure 4.1b, allows the writing of barriers
via manipulation of the extent or degree of polymerisation using c.w. laser (405 nm)
exposure. In this case, however, the barriers produced extend throughout the full paper
thickness, but the degree of polymerisation can be engineered to form barriers whose
porosity can be controlled by varying incident laser fluence, which is determined by the
incident laser power and the laser scan speed. For these less dense, leaky barriers, the
polymerised material does not completely fill the voids within the paper matrix, and
instead the polymerised material simply coats, we surmise, the fibrous strands, without
forming a completely impermeable barrier. Both the depth and porosity of the
polymerised barriers can be controlled through the change in the fluence of the incident

laser light.

The schematic in Figure 4.2 shows a simple fluidic geometry that can be used to produce
delay barriers via either of these two methods, (1) by controlling the depth of
solid/impermeable barriers (as shown in Figure 4.2b) that are patterned across the flow
and which simply impede the fluid flow by reducing the depth of the fluidic channel or, (2)
by forming porous barriers (as shown in Figure 4.2c) that allow controlled leakage of the

fluids.

As described in Chapter 2, the flow of the fluid in a porous medium during wet-out follows
the Washburn equation. However, in both cases here, the constant cross-sectional area
assumption and the non-limiting source fluid assumption of the Washburn equation are

violated.

57



Chapter 4

Higher writing Lower writing
speed: speed:
Polymerisation of Polymerisation of
smaller depth bigger depth

o
- .

5, Development

And final device
Slow liquid Slower liquid
flow rate flow rate
A Pulsed laser source
Lower fluence: Higher fluence:
Polymerisation barriers Polymerisation barriers
with lower density with higher density

Development
And final device

Slow liquid Slower liquid
flow rate flow rate

b c.w. laser source

Figure 4.1 Schematic of the fabrication of polymerised barriers with: a) variable depth

and b) variable porosity.

In order to study the flow, the flow channel with a delay barrier, as described above, can
be treated as three individual parts: part 1 with larger depth/pore size, part 2 with smaller
depth/pore size and finally part 3 with larger depth/pore size. Assume the times for fluid
flow in each part are t;, t2 and tzrespectively, then the overall transport time is t=t;+ty+ts.
Part 1 of the flow path acts as a non-limiting source of fluid for part 2 with smaller
depth/pore size. Hence, the individual flow in both parts follows the Washburn relation. In
terms of the flow in the last part, according to the Washburn equation, the flow velocity
decreases during progression through parts 1&2 of the flow channel. Assuming
incompressibility of the fluid, in terms of the same distance, a greater time will be required
for part 3 with a larger volume to fill. This leads to a further decrease in the velocity in part

3 with larger depth/pore size.

Overall, in this chapter, we have proposed two methods for creating flow constrictions (a

solid barrier and a porous barrier) inside the flow paths, and, as described above, one or
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more constriction can be designed into a flow channel in order to alter the overall

transport time.

Cross-section
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Figure 4.2 Schematic representation of: a) cross-section of a fluidic channel; b) cross-

section of a fluidic channel with solid barriers; c) cross-section of a fluidic channel with

porous barriers; d) layout of a pre-defined fluidic structure.

4.3 Experimental results

The basic LDW setup is the same as described previously in chapter 3, which is shown in
the schematic in Figure 3.1. The lasers used for the making these delay barriers were a Q-
switched Nd: YVO, laser (BM Industries, Thomson CSF Laser, France) operating at 266 nm,
with a pulse duration of 10 ns, a maximum single pulse energy of 2 mJ, and a repetition
rate of 20 Hz (for method 1 as outlined above, and shown in Figure 4.2b) and a 405 nm
continuous wave (c.w.) diode laser (MLDTM 405 nm, Cobolt AB, Sweden) with a maximum
output power of ~110 mW (for method 2, shown in Figure 4.2c). The paper substrates
used were Whatman® No. 1 filter paper from GE Healthcare Inc. The photopolymer

chosen for these experiments was Sub G, from Maker Juice, USA.
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As a first demonstration, Figure 4.3 illustrates the difference between such solid and
porous polymerised barriers. As shown in Figure 4.3a, the polymerised regions for solid
barriers written with a pulsed laser could only be observed on the top, and not the lower
face of the paper, suggesting partial polymerisation through the thickness of the paper.
However, the polymerised regions for porous barriers written with a c.w. laser always
extended throughout the entire paper thickness, as shown in Figure 4.3b. Blue ink was
added to the sample in Figure 4.3a to enhance the contrast between the paper substrate

and the lines.

As described in the following sections, we compared both of these methods for generating
controllable flow delay in fluidic channels. The study was aimed at characterising the
influence of the laser fluence and exposure on the depth and porosity of the barriers for
both methods, including an investigation of delay as a function of positions and numbers
of barriers. All the flow characterisation measurements were done under a specific
arrangement as shown in Figure 4.4. And, in order to quantify the ability of the barriers to
delay the fluid flow, we have introduced a normalised ‘delay factor’, which we define as the
time to flow (from the starting line to the finishing line as shown in Figure 4.4) in a

channel that has barriers, divided by the time to flow in a channel without barriers:

Flow time for a channel with barriers

Delay factor =
v/ Flow time for a channel without barriers

The flow time for a control channel with the same geometry as that in Figure 4.4 but

without any barrier is approximately 2 minutes and 40 seconds.
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Figure 4.3 Images showing the delay barriers from both sides of the cellulose paper. a)
Depth-variable solid barriers formed by pulsed laser exposure; b) porosity-variable

barriers formed by c.w. laser exposure.
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Figure 4.4 Schematic representation of the layout of the fluidic device and the position of
delay barriers (P1, P2, P3 and P4) used for studying the flow delay introduced by delay

barriers.

4.3.1 Delay via solid barriers created by a pulsed laser

In order to explore the relationship between the depth of the solid barriers and the
incident fluence, which depends on both the laser average power and the laser scan speed,
we first fabricated a set of polymerised barriers written with a fixed incident average
power (7 mW) but different speeds from 0.1 mm/s to 1.5 mm/s. We then measured the
depth of these barriers by cutting the paper substrates along a line that intersects the
barriers and then imaged the cross-sections of the paper using an optical microscope. The
relationship between the depth and the barrier writing speed is plotted in Figure 4.5,
which shows that an increase in the writing speed from 0.3 mm/s to 1.5 mm/s leads to a
decrease in the depth of the barrier from ~ 82 + 6 % to ~ 17 + 6 % of the thickness of the
paper. The experimental results here are in agreement with the above calculation, as

shown in Section 4.2.

To understand and quantify the usefulness of these solid barriers with variable depths in
both delaying and even completely stopping the fluid flow, we fabricated a set of 4
channels, as shown in Figure 4.6a, and then patterned delay barriers perpendicular to the
flow direction. Each of the fluidic channels was inscribed with two barriers, both of which
had been written under the same writing conditions. Importantly, for each of the fluidic

channels (1 - 4), these pairs of horizontal lines were written with the same incident

61



Chapter 4

average power (7 mW) but different speeds namely, 1 mm/s, 0.7 mm/s, 0.5 mm/s and 0.3
mm/s, thus forming solid barriers with different depths, which can be calculated from the

plot in Figure 4.5.

As shown in Figure 4.6b and 4.6¢c, blue coloured ink introduced from the inlet of the
channels (marked in the image) experiences a flow rate that is a clear function of the
presence and strength of the inscribed barriers, with channel 4 being the slowest, and
channel 1 the fastest. The ink was introduced at the same time in each of the four channels.
Figure 4.6b and 4.6¢ are images taken 2 minutes and 3 minutes after the introduction of
ink, and as seen in Figure 4.6b, the ink has already flowed past the two barriers of channel
1, is leaking past the second barrier of channel 2, has just reached the second barrier in

channel 3, while it has just crossed the first barrier in channel 4.

Polymerisation depth vs writing speed
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Figure 4.5 Comparison between the depth of the polymerisation in the paper and the
writing speed of the delay barriers. Error bars indicate the standard deviation for 5

measurements.
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Figure 4.6 Image showing the delay of the liquid flow after the introduction of blue ink in

fluidic channels with barriers created using different writing speeds.
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To quantify the flow delay versus writing conditions, we used the arrangement of Figure
4.4, using tris buffered saline (TBS) (pH = 7.4), a reagent conventionally used as a buffer in
bio-chemical assays, as the liquid medium. The fluid ‘delivery time’ was defined and
measured as the time the TBS solution needed to travel from the starting line to the
finishing line, a distance of 15 mm in total. The channel walls were written with the 405
nm c.w. laser (20 mW, 10 mm/s), whereas the barriers were written with a pulsed laser at

writing speeds from 1 mm/s to 0.3 mm/s.

First, we studied the consequence of having solid barriers with different depths in the
flow-path, however with only one delay barrier at position P1 (as shown in Figure 4.4) in
each of the pre-defined devices. Several devices, each with one single delay barrier were
written under different writing conditions, by changing the scan speed (from 1 mm/s to
0.3 mm/s) at a constant laser average power of 7 mW, which corresponded to creation of
solid barriers with depths ranging from ~ 30 + 6 % to ~ 82 + 6 % of the thickness of the
paper (as shown in Figure 4.5). The results for the delay factor are plotted in Figure 4.7
which show an increase in the delay factor from ~ 1.1 to ~ 1.6 with an increase in the

barrier depth from ~ 30 £ 6 % to ~ 82 + 6 %.

Delay vs barrier depth
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Figure 4.7 Plots showing the delay factor for devices with barriers having different
depths. Barriers were written with different writing speeds at a fixed average power of 7

mW. Error bars indicate the standard deviation for 5 measurements.

While use of a pulsed laser allows fabrication of depth variable solid barriers for
implementation of fluid delay in paper-based microfluidic devices, as shown in previous
results, the fabrication speed of delay barriers is only sub-millimetre per second, which is
too slow to meet the requirement for mass and large-scale fabrication. As a result, we then

introduced porous barriers, which are created using a c.w. laser, as an alternative method
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for generation of fluid delay in paper-based devices. This method will be described in

detail in the following section.

4.3.2 Delay via porous barriers created by a c.w. laser

In this case, both the fluidic channels and the flow delay barriers were written with the
same c.w. laser by simply changing either the laser output power or writing speed. To
allow for a direct comparison with the results for the solid barriers, fluidic devices that
were tested had the same design as in Figure 4.4. Four porous barriers were written
across the fluidic channels, in this case, to explore the role of the writing condition,
number and position of the barriers. Thus, a comprehensive study was performed to
explore the flow delay induced through barriers written under a range of different writing

conditions.

We first performed a comparative study of barriers patterned under different writing
conditions, namely different laser powers and scan speeds. Subsequently, we then
changed the number of the barriers to explore the relationship between the delay and the
number of barriers in the flow path. As in Figure 4.4, a one barrier design refers to a device
with a single barrier patterned at position P1 in the channel; a two barrier device refers to

a channel with two barriers patterned at P1 and P2, and so on.

As shown in Figure 4.8a, for barriers written at a fixed scan speed of 100 mm/s, the fluid
delay gradually increased with an increase of the laser power, and progressively
decreased for barriers written with an increasing scan speed at a fixed laser output power
of 20 mW, as shown in Figure 4.8b. These results show that the porosity of these barriers
is a clear function of the laser fluence used and that any targeted delay (within the
experimental error) can be achieved by choosing the correct fluence. Similarly, for the
plots shown in both Figure 4.9a and 4.9b, which are based on the use of multiple barriers,
we observe identical trends - for barriers written with the same writing conditions, as

expected, the delay increases with an increase in the number of barriers.

As described above, both the flow inside the channel and through the delay barrier can be
described using the Washburn equation. The time for a fluid flow in a channel without any
delay barrier can be calculated from the following equation:
_ anL?
to = ¥Do

where Dy is the pore size of the paper.

On the other hand, the delay time for a fluid flow through a delay barrier can be expressed

as:
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4ur?
At =— [11]
vDp
where Dg is the pore size of the porous delay barrier, which determined by the incident

laser fluence as shown in Figure 4.11.

Here we measured the delay by introduction of different numbers of porous barriers
inside an identical channel with a fixed length, as shown in the schematic in Figure 4.4. As
the delay barriers here are only around 100 pum each in length, we assume that they can be
ignored with respect to the whole flow channel. As a result, the total time for fluid to travel
from the starting line to the finishing line with delay barriers as shown in Figure 4.4 can be

simply defined as:

t=ty+N-At [12]

where N is the number of delay barriers introduced into in the flow channel.
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\Figure 4.8 Plots showing the delay factor of delay-barrier-designed devices. a) Barriers
written with different laser output powers at a fixed scan speed; b) barriers written with
different scan speeds as a fixed laser output power. Error bars indicate the standard

deviation for 5 measurements.
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The delay factor then can be calculated as:

Delay factor = é =1+N -?—; [13]
The experimental results are in agreement with the above calculation, as shown in Figure
4.9. According to the above equation, the slope of the line is determined by the delay time
of the individual delay barrier. As discussed above the delay time of an individual barrier
is inversely proportional to the pore size, which is determined by the laser fluence. As a
result, the slope is proportional to the fluence, which agrees with the experimental data in
Figure 4.9 namely that the slope of each plot increases with an increase of the laser power

and decrease of the scan speed.
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Figure 4.9 Plots showing the delay factor of delay-barrier-designed devices. Different
numbers of barriers written at a) fixed scan speeds, b) fixed laser output powers. Error
bars indicate the standard deviation for 5 measurements and lines are a simple guide for

the eye.
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In addition to this dependence on the porosity of the barriers and the number of barriers,
we observed that the fluid delay also depended on the position of the porous barrier. We
introduced a single porous delay barrier written under the same writing condition at
different positions (P1 - P4) as shown in Figure 4.4 and then studied the fluid delay. The
plot of the fluid delay versus the position of the porous barrier is shown in Figure 4.10. As
the delay barrier was shifted further from the starting line towards the finishing line, the
delay factor rapidly dropped from ~ 2.5 (for position P1) to ~ 1.3 (for position P4). We
believe this is because of the geometry of the device since the volume of the paper that
serves as the reservoir for the fluid flow changes with a shift in the position of the delay
barrier. The volume before the delay barrier acts as a pump for subsequent flow, thus

affecting the flow rate after the barrier.
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Figure 4.10 Plots showing the relationship between the fluid delay factor and the position
of the delay barriers (distance to the starting line) with the same condition of 200 mm/s
scan speed and 20 mW laser output power. Error bars indicate the standard deviation for

5 measurements and lines are a simple guide for the eye.

4.3.2.1 Weight measurements of porous barriers

To further understanding the porosity of the above patterned porous delay barriers,
weight measurements of individual different polymer barriers were implemented. To
perform the measurement, the Whatman No.1 cellulose filter papers were first cut into the
same 2 cm x 2 cm squares and the weight of individual samples was measured with an
electronic laboratory balance and the numbers are shown in Table 4.1. Then the samples
were soaked in the same photopolymer bath, followed with LDW of the same number (5)

of lines but with different laser fluences, ranging from ~ 0.1 J/cm2 to ~ 1.7 ] /cmz2. Thus, the
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resulting polymer lines in individual samples had the same length but with different
widths due to the different laser fluences applied. The samples were then subjected to a
sequential solvent development procedure (acetone, IPA and finally DI water) and left to
completely dry in order to remove any un-polymerised polymer and remaining solvents.
These samples with patterned polymer lines were then weighted again and the weights
are shown in Table 4.1. The total weight of the polymer in the individual paper substrate
(net weight) was then calculated via subtracting the weight of the blank substrate from the

same substrate after introducing the polymer lines.

In order to calculate the density/porosity of the polymer lines, which is defined as weight
per unit volume, the line width of the polymer lines patterned with different fluences was
measured under light microscopy. Thus, the total volume of the polymer lines in the

individual substrate can be calculated via the following equation,

Total volume of polymer
= Line width X Line length X thickness of the substrate

X the number of individual lines in each sample

The length of the polymer line is 2 cm and the number of individual lines in each sample is

5 for each substrate and the thickness of the substrate is 180 pum.

Finally, the porosity/density of the patterned porous lines can be calculated from the

following equation,

Net weight

Porosit ( 9 ) =
Y mm3 Total volume of polymer
The net weight is defined as the weight difference of the same sample before and after the

introduction of polymer lines.

Finally, the results of these measurements and calculations are shown in Figure 4.11,
which shows the correlation between the applied laser fluence and the resulting
porosity/density of the polymer barrier. As shown in the plot in Figure 4.11, the porosity
of the resulting polymer barriers increases from ~ 0.3 mg/mm3 to ~ 0.7 mg/mm?3 with the
increase of the applied laser fluence from ~ 0.1 J/cm2 to ~ 1.7 J/cm?2. In conclusion, the
higher the laser fluence used for the fabrication of the polymer structures, the higher the

density of the polymer, and therefore the larger flow delay that can be introduced.
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Laser incident | Laser fluence (J/cm?) Weight Weight after Net weight
power (mW) @50mm/s before (mg) (mg) before and after
(mg)
0 Blank 34.5 34.5 0
5 0.08 34.0 34.4 0.4
10 0.17 35.1 35.9 0.8
30 0.49 33.9 36.0 2.1
50 0.83 34.2 371 2.9
70 1.16 34.5 38.9 4.4
100 1.66 35.0 40.4 5.4

Table 4.1 Summary of the weight measurements of the paper substrate with polymer

lines that were patterned with different laser incident powers at a fixed writing speed of

50 mm/s. The weight numbers in this table were the mean number of three

measurements.
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Figure 4.11 Plot showing the relationship between the laser fluence used to prepare

polymer structures and their density (weight/volume).

4.3.3 Validation of delay barriers for multiple fluid delivery

Implementation of automated paper-based devices that are user-friendly and need

minimal intervention from the patient or an unskilled user need strategies that allow
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control over the flow of several liquids (reagents and samples) along their pathways. Such
devices allow the implementation of a multi-step assay (such as an ELISA), and in this
section, using fluid delay strategies effected using the flow-barriers described earlier, we
demonstrate the usefulness of our method to fabricate such automated paper-based tests.
Figure 4.12 shows a device that uses a network of three identical channels for sequential
delivery of three fluids to a common detection or reaction point. As shown in Figure 4.12,
sequential delivery of each of these fluids is made possible by introducing (a set of three
identical) porous delay barriers written with a c.w. laser across the fluid channels. By
changing the porosity of each set of delay barriers through simple adjustments of the laser

parameters, different delays can be introduced into each channel.

To show the operation of our devices, we first introduced a source pad (a stack of 8
cellulose papers) into each channel that allows us to load a comparatively large volume of
fluid (~ 40 pL) into each channel and also serves as a continuous reservoir of liquid
(Figure 4.12). We first tested the performance of our devices using TBS as the test-fluid
which was introduced into the source pad in each of the three channels semiseriously.
Figure 4.12 is a set of images that are snapshots taken sequentially at different times after
introducing the TBS into the source pads. The fluid in channel 2 (that does not have any
delay barriers) arrived at the intersection zone first (after 5 minutes) and continued to
flow onwards until the fluid in channel 3 (with weaker delay barriers) arrived at the
intersection (after 10 minutes). Thereafter, the fluids from these two channels mixed and
flowed forward until the arrival of the fluid from the third channel (with stronger delay
barriers) after 20 minutes. Finally, the mixture of three fluids then wicks through the

reaction pathway in the following 10 minutes.

To further illustrate the dynamics related to the mixing of the different fluids and to make
the concept of flow delay more obvious, we instead used two different coloured inks to
source the three separate channels (black for channel 1 and 3 and red for channel 2). The
sequential images that show the flow through the device are shown in Figure 4.13. When
compared to the (blank) channel 2 that did not have any delay barriers, the fluid delivery
through channel 1 and channel 3 was delayed by 15 and 5 minutes respectively. Overall,
the results for both of the devices that were either tested using TBS or the coloured inks
show clear evidence that our laser-patterned delayed-fluid flow strategy can be used to

make paper-based automated devices.
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Delay barriers (stronger)

Figure 4.12 Image showing a 2D multi-channel fluidic device used for sequential delivery
of three fluids (TBS). Three identical channels modified with different delay barriers

(1.Stronger delay barriers; 2.blank; 3.weaker delay barriers).

Figure 4.13 Sequential images showing the arrival and mixing of black and red inks from
three separated flow channels in a 2D multi-channel device and the subsequent mixing of

the inks.
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4.4 Summary

In this chapter, we report a new method based on our LDW technique that allows the
fabrication of pre-programmed or timed fluid delivery in paper-based fluidic devices
without any additional equipment or minimal actions from the user. Two different delay
mechanisms are introduced: 1) solid barriers with differing depths and 2) permeable
barriers with differing porosities, and these could be fabricated by simple adjustments of
the laser patterning parameters, such as the laser power and the writing speed. Both types
of barriers yield similar results for control over the fluid flow. The efficiency of the delay,
namely the delay factor, was seen to depend not only on the condition (porosity or depth)

of the delay barriers but also on the number and the position of the barriers.

These programmable fluid delay techniques should help to further improve the
functionalities of paper-based microfluidic devices as such control can be used to enable
automated multi-step fluidic protocols. In contrast to other methods reported for
controlling fluidic transport, our approach eliminates the requirements for cleanroom-
based steps, or custom-designed equipment, or the need for long flow paths, which can
then translate into requirements for larger analyte volumes. Most importantly, since the
delay mechanism can be an integral part of the fabrication of the fluidic devices
themselves, we believe this integrated process presents a considerable manufacturing and
hence commercial advantage. Above all, we believe that this method could be an ideal
choice for rapid fabrication of custom-designed paper-based microfluidic devices for

realising single or multistep analytical tests.
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Chapter 5: Three-dimensional structures in

paper-based devices

5.1 Introduction

Paper-based microfluidic devices have been popularly studied in the last few decades, and
a huge number of advantages have been explored, such as low-cost, mass production,
disposability, equipment free etc. [14, 53, 124, 129]. However, some disadvantages or
limitations are also apparent, such as issues with the control of flow rate, multiplexed
detections/assays on the same device footprint and further reduction of size in order to
achieve compact devices that require less volume of reagents with shorter distribution
times [6, 130, 131]. As a result, 3D microfluidic paper analytical devices, as an alternative
solution, have been proposed in recent years, which enable distribution of fluids in both

lateral and vertical directions [5, 14, 132, 133].

Compared with traditional 2D devices, 3D devices introduce a number of unique
characteristics which are advantageous for certain applications. First of all, 3D devices
would enable multiple assays on the same device footprint as they allow fluids to flow
across one another without any mixture. Furthermore, as the fluid movement is in three
dimensions that flow through multiple layers of paper, they also introduce a potential
capacity for implementation of multi-step assays in a compact device. Finally, because the
fluids flow both laterally (in the paper plane) and vertically (through the thickness of
paper), the quantity of reagents lost in wetting the paper will be minimised, hence help to
further decrease the volume required for performing an assay. This will also help to

hugely reduce the reagent distribution times.

One of the key challenges for fabrication of a 3D paper-based device at the moment is to
ensure contact between hydrophilic features in each layer of the paper [6]. Three general
solutions have been reported for avoiding this problem, which include: 1) attaching one
layer of paper to another in a layer-by-layer manner with either double-sided tape or
hydrophilic spray adhesive [5, 134]; 2) applying an outer adhesive, clamp, or protective
coating to pre-assembled layers, which hold the layers in contact with each other [132,
135]; 3) forming hydrophobic barriers/areas partially inside the substrate forming 3D

structures in a single layer of paper substrate [136].
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5.2  Background

The first 3D paper-based microfluidic device was reported by Whitesides™ group using a
double-sided tape to physically attach individual 2D devices together, which were pre-
patterned using the photolithography method [5]. Laser drilling of holes were performed
in the tape at specific places, where the desired flow through is required, with back-filling
with cellulose powder in order to create hydrophilic connections between adjacent layers
of paper. However, this method is limited by its tedious sequential assembly process that
is incompatible with mass fabrication. As an alternative technique, hydrophilic spray
adhesive was also used to glue layers of pre-patterned 2D devices together, which allows
rapid laboratory-based fabrication of 3D devices [134]. As this method relies on cold
lamination techniques to hold layers of stacked 2D devices together and seal the devices, it
is only able to achieve 3D devices with a few layers of paper, which is not feasible if
assembling more layers is required [49, 137]. Following these reports, Crooks et al.
reported an alternative method for creation of 3D paper-based devices based on the
principle of origami, which is inspired from the traditional Japanese paper folding art [132,
135, 136]. In this approach, a 3D device is achieved by laying and folding a single piece of
pre-patterned paper and then the stack is held together using a designed clamp. The
origami technique during this approach allows patterning of different layers of paper in
one go and additionally eliminates the alignment step. The folding design also enables
opening and altering the devices during the reagent preparation step and even during the
course of an assay [136, 138]. However, in terms of disadvantages, this method cause
issues of reproducibility as individuals assembling the device may have different levels of
experience and this interaction may also bring potential contamination. Overall, most of
these methods were reported based on fabrication of 3D devices on cellulose paper.
However, other porous materials, such as thread [108, 110], cloth [112] and silk fabric
[109], were also explored by different groups for fabrication of 3D microfluidic devices,
although the assays’ reproducibility on these materials has not been verified or

authenticated [6].

Unlike all the methods discussed above, in this chapter, we report a new approach for
fabrication of 3D devices, which again is a simple extension of the basic LDW technique
that has been described in previous chapters for both fabrication of 2D microfluidic
devices and implementation of flow-control. As was the case for our LDW method where
we demonstrated the use of laser light to form 2D patterns and delay barriers in paper
through light-induced photo-polymerisation, the 3D structures in this report are created
using the same principle of light-induced photo-polymerisation. In brief, through

controlling the patterning conditions, we could produce solid hydrophobic structures
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either partially inside a single layer of paper or all the way through a few layers of paper.
Thus by selectively patterning from both sides of the paper we could fabricate 3D devices
based on both a single layer of paper and a stack of multi-layers. Unlike other 3D device
fabrication methods, the approach presented here does not require any additional
processing equipment or alignment/assembling steps and as described earlier uses the

same fabrication approach that produces a 2D fluidic device.

5.3 Experimental results

5.3.1 Stacking and sealing of multi-layer papers

During our earlier LDW studies for fabrication of 2D paper-based microfluidic devices, we
observed that the photo-polymerization process is not only restricted to a single substrate
but can also extend further into a composite formed from several layers. In order to
understand and further explore this phenomenon, we prepared samples with different
numbers of layers (two to five) and investigated their patterning using the same LDW
method. The schematic for this is shown in Figure 5.1: firstly, different numbers of
cellulose papers were stacked together and then soaked with the photopolymer. The same
LDW patterning process was applied to form simple structures in these multi-layered
samples. After the final development process, it was then observed that these multi-layers

had been efficiently bonded together to form a single composite structure.

Stack of paper

Polymer walls

{ i Impregnate with

Fluidic Untreated
channel paper photopolymer

Development
Solvent

. . ixposu;
=

Figure 5.1 Schematic of patterning multi-layer stacks using the LDW technique.
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Based on our current setup with a 405 nm c.w. laser, we found that a maximum of three
layers of cellulose paper (each with a thickness of 180 um) can be bonded together using a
laser output power of 100 mW at a scan speed of 10 mm/s. The polymerised lines were
evident throughout all three layers of paper and as shown in Figure 5.2a and 5.2b, can be
clearly observed on both sides of the three-layer stack. We then tested these structures by
applying different volumes of blue ink, from 3 pL to 7 pL, into these square wells from the
top surface as shown in Figure 5.2c. The ink was well-confined within the square wells
defined by the polymerised walls and flowed vertically from the upper layer to the layers
underneath. The result is shown in Figure 5.2d: 3 pL of blue ink is just enough to reach the
third layer, while the whole square well of all three layers get fully inked with a volume of
6 pL while 7 pL is seen to produce slight overflowing. It is clear therefore that the
polymerised structures that extend from the top layer all the way to the bottom layer
perform the dual function of bonding and forming walls that contain and hold the fluid

without any leakage, as seen in the image using 6 pL in Figure 5.2d.

‘ I
Three-paperstack

Figure 5.2 Images showing the polymerised structures from both sides a) top side, b)
bottom side) of a stack with three layers of cellulose paper and images of both sides of the
device c) top side, d) bottom side) after introduction of blue ink of different volumes (3-7

uL) into the designated well.
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Using the same parameters, we then attempted to pattern stacks with four layers.
However, although the layers were indeed bonded together, leakage was much more of an
issue. So under our normal patterning process conditions, we did not pursue composites
with greater than three layers. However, stacked structures with more layers would
indeed be possible through choosing different patterning parameters, such as lower scan

speed and higher incident power.

Following these first results we then trialled assembly of multi-layer stacks but this time
composed of dissimilar substrate materials. The schematic image in Figure 5.3a shows our
first realisation of a stacked structure using different materials: two layers of cellulose
paper with a PVDF layer in between that have been bonded together via a common photo-
polymerization process. As shown in the schematic, a rectangular channel and a T-junction
were patterned on the top and bottom surface respectively and four sealing points were
formed throughout all three layers for bonding. To test the device, red and blue inks were
separately introduced onto the top and the bottom surfaces of this stack, and as shown in
Figure 5.3b and 5.3c the inks were guided in the channel and T-junction respectively. From
Figure 5.3b and 5.3c, it can also be clearly observed that both inks flow only within their
respective layers and did not penetrate through to the opposite layer due to the presence
of the intermediate blocking layer (hydrophobic PVDF). This innovative result presents a
solution for not only sealing of paper-based devices by isolating the device between
dissimilar outer cladding layers but also, most importantly, permitting 3D pathways to be
engineered through a judicious assembly of several layers, possibly combined with holes

and voids in some layers.

Any paper-based device is normally intended for operation under ambient conditions,
which can lead to a number of limitations when compared to fully enclosed microfluidic
devices. Two of the main drawbacks are: a) the device is at risk of contamination during
the fabrication, transportation and operation, and b) possible evaporation of the fluid in
the open air which may lead to change of the sample concentration, or an altered flow rate
due to change in sample viscosity [17, 139]. We believe that the results we have achieved
above should contribute to a reduction of these two limitations by sandwiching a
conventional paper-based microfluidic device with two outer layers of hydrophobic
material. The LDW technique can be further extended to develop a new approach that
helps with sealing in microfluidic paper-based analytical devices (LUPAD). Additionally, the
technique could also be further employed for permitting 3D pathways through carefully
designing the patterning protocol and subsequent assembly of several layers for the

realisation of a practical 3D paper-based device.
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Figure 5.3 a) Schematic image showing the arrangement of a stacked device with different
structures in top and bottom layers, which are isolated with a hydrophobic film in
between. b) Top and c) bottom images showing the device described in a) after the
introduction of different inks from top and bottom surfaces without any cross-

contamination or mixing.

5.3.2 Single-sided polymerisation - for backing a paper-based

device

To our knowledge, all or most of the presently reported paper-based microfluidic devices
have another important limitation - operation of these unbacked devices requires that
their bottom faces to remain isolated from contact with any surface to prevent fluid flow
along the interface which would provide an alternative undesirable flow path. In addition

to the loss of the fluid (an expensive reagent or valuable sample present in small volumes
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for example), this unwanted flow can also lead to cross-contamination which in turn may
produce a false result or failed test. On the other hand, as paper is normally very fragile
and more so especially after getting wet, a backing support to provide mechanical strength
would normally be desirable. For the case of NC membrane-based devices, the support to
the membrane can be provided by an impermeable polyester layer [100]. While it is easy
to procure such pre-backed NC membranes which are extensively used in LFD, it is not yet
possible to source similar backed versions of paper substrates from the market. As an
alternative, tape is widely used to back paper-based devices [100], but this has certain
drawbacks as the adhesion becomes poor when the paper gets wet following the
introduction of the sample; additionally, the adhesives in tapes can diffuse into paper over
time, which can lead to contamination as well as affect the paper’s hydrophilicity [17].
Another method of backing paper-based devices is based on flexography printing: a thin
layer of polystyrene is printed on one side of the paper to form a hydrophobic backing

[67], but this method requires additional equipment and adds cost to the final devices.

We, therefore, introduce here the use of our LDW technique as a new solution for backing
paper-based devices. From the experiments we have done previously, we have observed
that by controlling the patterning parameters (laser incident power and scan speed), we
could alter the depth of polymerised structures inside the substrate that thereby forms a
hydrophobic polymerised layer within the substrate itself, which could be used as the
backing layer. Compared with the methods currently used for backing, our LDW method
allows the formation of a backing structure inside the substrate during the device
fabrication procedure without any need for extra materials or equipment, which would
then lead to cost reduction and simplicity of fabrication. The schematic illustrating this is
shown in Figure 5.4: the paper substrate is first impregnated with photopolymer, then
during the exposure step, the laser parameters are selected to polymerise only to a certain
depth inside the substrate. After the final development process, the un-polymerised
material is washed away, leaving behind a polymer layer with a specified depth inside the

substrate, which thereby serves as the required backing.

We, therefore, performed a parametric study to understand the influence of different
patterning parameters, which also included a number of repetitive scans. The basic LDW
setup is the same as described previously and the paper substrates used were Ahlstrom®
Grade 320 chromatography paper with a thickness of 2.48 mm. As a proof-of-principle, in
order to form a backing structure, we scanned the laser beam across the substrate in a
line-by-line manner with a centre-to-centre separation of 1 mm (as shown in Figure 5.5a),

which was appropriate for the lines to just touch each other without any significant
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overlap or gaps. By forming adjacent polymerised lines under the same writing conditions,

it was possible to create a 2D polymerised layer inside the substrate.

Exposure
Impregnation ‘ \_:> —
* K K K K

{

Development

| <::] ' Solvent
_

Untreated paper

Polymer backing

Figure 5.4 Schematic of patterning a backing layer inside the paper substrate using the

LDW technique.

The cross-sectional images in Figure 5.5b and 5.5c show examples of a patterned paper
with different thicknesses of polymerised layers formed at the bottom of the substrate that
was achieved by simply altering the patterning parameters. As shown in Figure 5.5b and
5.5¢, after introducing red ink from the un-polymerised side, we could clearly identify the
polymerised layers (the white regions). As seen in the images: the thickness of the
polymerised structures increases from ~ 700 pm to ~ 1 mm with an increase of laser
output power from 30 mW to 70 mW at a fixed scan speed of 5 mm/s. As shown in both
images, the polymerised layer, although written in a line-by-line manner was continuous
and uniformly thick, and the demarcating interface between the un-polymerised and

polymerised section is clearly defined.

To further study the depth of the polymerised layers as a function of the patterning
parameters, we performed a study with the results shown in Figure 5.6. For a fixed scan
speed, as expected, the depth of the polymerised layer increases with an increase of the
incident laser power. For example, at a fixed scan speed of 10 mm/s, the depth of the
polymerised layer increases from ~400 um to ~950 pum with an increase of laser output
power from 10 mW to 100 mW. Similar behaviour was observed with a layer depth
increase from ~ 450 pm to ~ 1050 um and ~ 1200 pm to ~ 2050 pm at a fixed scan speed
of 5 mm/s and 1 mm/s respectively for incident laser power ranging from 10 mW to 100
mW. As expected, we can also observe from the same plots that the depth of the

polymerised layers increases with the decrease of the scan speed at fixed laser powers.
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Unexposed
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Figure 5.5 a) Schematic of patterning a backing structure by scanning the laser beam
across the substrate in a line-by-line manner with a separation of 1 mm. Cross-sectional
images showing polymerised layers (un-inked white layers) on one side of thick cotton
fibre filter paper with different thicknesses of: b) ~ 700 um and c) ~ 1 mm, after the

introduction of red ink from the other side.

Additionally, we observed that the depth of a single polymerised line also depends on the
number of scans performed under the same writing conditions, which thereby alters the
resulting thickness of the polymerised backing layers. In order to study how the number of
scans affects the polymerised depth, we scanned the beam once, twice and three times
respectively under the same writing conditions. The histogram in Figure 5.7 shows that
the depth of the polymerised layer increases monotonically with an increasing number of
repeat scans. As shown in the plots, the depth of the polymerised layer increases from ~
400 pm to ~800 um with an increase of the number of scans from one to three at a
patterning condition of 10 mW of incident power at 10 mm/s scan speed. Similar trends
were observed for all laser powers used (30, 50, 70 and 100 mW) for the same scan speed

of 10 mm/s.
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Figure 5.6 Plots showing the variation in the depth of the polymerised layers for different
laser powers at three different scan speeds. Error bars indicate the standard deviation for

5 measurements.
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Figure 5.7 Plots showing the variations in the depths of the polymerised layers for
different laser powers at a fixed scan speed of 10 mm/s for three different numbers of
scans. Error bars indicate the standard deviation for 5 measurements and the straight line

for the case of 2 scans is a simple guide for the eye.
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5.3.3 Single-sided polymerisation - for reduction in the dead-

volume of a paper-based device

An additional benefit of this technique lies in the reduction of the active paper volume that
can be produced routinely for all such test substrates, which leads to a corresponding
reduction of reagent/sample volume required. Due to the opacity of the substrate, the
observable signals (the colour change) that provide the test results originate only from the
top region or plane of the substrate (which for a nitrocellulose membrane extends below
the surface to a depth of ~10 um), and any colour change from deeper regions (the so-
called dead volume) makes a negligible contribution to the observable signal, and is,
therefore, redundant [140]. Reduction of the thickness of the substrate at the detection
area will therefore not only help with the saving of reagents/samples but will also help
increase the limit of detection. Because the amount of the sample which previously would
have soaked the entire volume of the substrate will now instead fill up a comparatively
smaller volume of the substrate, the sample concentration will be relatively higher and

thus will lead to an improved limit of detection.

To test this hypothesis, as shown in Figure 5.8a, a simple proof-of-principle experiment
was performed by introducing different volumes (1, 2 and 3 pL) of red ink into 4 x 5 mm
well structures patterned on samples 1 and 2, which were backed with layers that had
different thickness of ~400 pum and ~600 um, using the LDW method. The paper
substrates used for both samples were Ahlstrom® Grade 222 chromatography paper with
a thickness of 0.83 mm. As shown in Figure 5.8a, the colour intensities change in each well
with different ink volumes and also differ between the two samples with different

thickness of backing for the same volume.

The images were then processed with the Image] software (National Institutes of Health,
USA) to extract the respective grayscale colour intensities of the red colour produced
within the central area of each well and the results are plotted in Figure 5.8b. The
conclusion here is that the detected colour intensity increases with an increase of the ink
volume, but more importantly, also increases with an increase of the backing thickness, i.e.
the signal is enhanced with a reduction of the dead volume. We, therefore, believe that by
designing and choosing the appropriate thickness of the backing, we should be able to
control the volume of the substrate and hence reduce the dead volume thereby increasing

the limit of detection and saving on sample or reagent needed.

83



Chapter 5

;lpL

S mm .

Sample 1 Backing thickness: ~ 400 um | Sample 2 Backing thickness: ~ 600 pm

80

~
w
Il

:

Colour intensity
~
(@]

. g
: &
65 @ ) ¢ Sample 1
JT M Sample 2
60 T T \
0 1 2 3 4
b Volume (pL)

Figure 5.8 (a) Images showing the results of the introduction of different volumes of red
ink into 4 x 5mm well structures patterned in two samples with different backing
thickness. (b) Plots constructed using the grayscale intensity values taken from the images

shown in (a). Error bars indicate the standard deviation for 3 measurements.

In summary, we have proved that by simply changing the patterning parameters, we can
polymerise lines with different depths in the substrate, and therefore, by scanning lines in
a line-by-line manner we could form polymerised layers with the desired depths, and
these can be used either as backing for paper-based devices or to alter the volume of the
paper-based fluidic devices. Here, for our first simple proof-of-principle experiment, we
have used an un-optimised line-by-line scanning procedure in order to cover a large area.
Alternatively, instead of repetitive multiple scanning protocols, a single-step process that
uses a cylindrical lens could also be employed. In this case, the lens focuses the beam only
in one direction and leaves the other direction wide enough to cover an extended lateral

region and this is an intended future approach.

5.3.4 Dual-sided polymerisation - for fabrication of a 3D

paper-based device

In order to exploit fully the true potential of this approach, we have explored the

possibility of creating such polymerised patterns through exposure from either side of a
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single substrate. The objective here was to use this dual-sided polymerisation protocol to
fabricate a 3D device in a single paper substrate. The concept is explained through the
schematic depicted in Figure 5.9a. As shown in this figure, by patterning via exposure from
both the top and bottom faces of a single paper substrate it should be possible to create
polymerised blocks that extend partially from both faces of the substrate and define an
enclosed flow-path that is embedded within the substrate. By selectively positioning and
connecting such polymerised areas, we can then construct arbitrarily-shaped connected
3D flow paths that guide the fluid both in the horizontal and vertical directions. The
schematic in Figure 5.9b shows an example of such 3D paper-based devices created in a
single substrate with several fully enclosed and interconnected channels. As shown in the
cross-section schematic, solid polymerised barriers were formed from both top and
bottom, leaving gaps in both vertical and horizontal directions. The gaps in the vertical
direction form three open windows A, B and C, where the reagent/sample will appear
after passing through the enclosed channels between the two inlets ((1)(2)). The enclosed
channels that connect the inlets and three open windows are defined by gaps between the
solid barriers in the horizontal direction. Photographic images of the top and bottom
views of a real device with the illustrated arrangement are shown in Figure 5.9c: the white
areas are bare/un-polymerised sections of the paper and the pale yellow areas are the

hydrophobic polymerised regions.

In order to test these 3D structures, we first introduced red ink from the inlet @ of the
device described in Figure 5.9b. The sequential images in Figure 5.10 show the flow of red
ink, which were taken from both top and bottom faces of the device. After the introduction
of the ink, it flowed into the first enclosed channel between inlet (1) and the open window
A. The red shaded areas were observed from both sides of the device and illustrate the ink
flow inside the channel. After a short period of time, the ink flowed through the first
section of the enclosed channel and reached the open area A: as shown in the images the

red ink has filled in area A and is visible from both top and bottom.

We have also introduced red ink from the inlet (2) and the result is shown in Figure 5.11.
The ink again flowed through the enclosed channel between the inlet and the open area C
and finally reached the open window C and hence appeared on the top side. The difference
of the structures in the right and the left sections of the device is that the polymerised
structures at the bottom cover the whole area without having an open window. It can be
regarded as a 3D device with an enclosed channel and an open window just on the top plus

a backing structure underneath, which helps to provide support to the device.
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Figure 5.9 a) Schematic showing an enclosed flow-path formed by creating polymerised
blocks from both faces of a single paper substrate. b) Schematic representation of the
cross-section of a 3D fluidic device with two inlets ((1)(2)) from either end. c)

Photographic images taken from the top and bottom of the device described in b).

Figure 5.10 Sequential images taken from the a) top and b) bottom showing the device

described in Figure 5.9b after the introduction of red ink from the inlet (1).
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Figure 5.11 Photographic images showing the top and bottom of the device described in

Figure 5.9b after the introduction of red ink from the inlet (2).

Finally, the cross-section image in Figure 5.12 illustrates the flow process of the red ink
inside this 3D device. The narrow red lines inside the substrate, which connect the inlets
and open areas, show the flow of the red ink inside the enclosed channels. The ink from
inlet (1) flowed and filled up the open area A, which allows the ink to be seen from both
top and bottom, through an enclosed channel in between and then kept flowing towards
the open area B along another enclosed channel. Similarly, the ink filled in the open area C
and shows up only from the top with the source from the inlet (2) again through an
enclosed channel inside the substrate that was formed with solid blocks on both sides.
Such fully enclosed channels can be achieved easily with our LDW method, which prevents

liquid exchange between the exterior and the interior of the channel.

Enclosed channels

5mm

Figure 5.12 Cross-section image showing the enclosed channels and flow of the red ink in

the device described in Figure 5.9b after the introduction of ink from both inlets.
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Above all, the approach reported here for fabrication of 3D paper-based devices is a
simple extension of the basic LDW technique that has been used for fabrication of 2D
microfluidic devices [141, 142]. Through selectively designing and patterning polymerised
structures from both sides of the substrate, we could fabricate 3D structures inside a
single substrate. Unlike other 3D device fabrication methods, the approach presented here
does not require any additional processing equipment or alignment/assembling steps and

uses the same fabrication approach described earlier for producing a 2D fluidic device.

54  Summary

In this chapter, we tried to explore and extend our LDW approach further for applications
beyond fabrication of simple 2D microfluidic paper-based devices and implementation of
programmable flow delay. These aims were to maximise the capacity of our technique.
First of all, we found that by altering the patterning parameters, the polymerization
process can extend through a few layers of substrates that are stacked together. This can
be used for sealing the devices in order to solve potential evaporation and contamination
problems. We believe that through carefully designing the patterning strategy or judicious
assembly of several layers, it could also be further developed for permitting 3D pathways

for the realisation of a 3D paper-based device.

Following these, we then explored the possibility of using this approach for fabrication of
backing structures inside the substrate itself instead of an additional polyester film, which
is normally used to laminate the device afterwards. We found that by simply changing the
patterning parameters, we could polymerise lines with different depths in the substrate;
hence by scanning lines in a line-by-line manner we could form polymerised layers with
different depths, which can be used as backing for paper-based devices. We then
performed a parametric study to identify the relationship between the depth of the
polymerised layer and several patterning parameters, such as laser output power, laser
scan speed and number of repeat scans. Ideally, a cylindrical lens would be applied in
future, which focuses the beam only in one direction at leaves the other direction wide
enough to cover the whole device, in order to avoid sequential line-by-line scanning. In
addition, we realized that this polymerised layer with different controllable depth can be
also used to control the paper volume, which will help to reduce the required reagent
volume and most importantly, with our hypothesis, can be used for enhancing the assay

sensitivity and detection limit.

Finally, by combining all our previous achievements, we then showed the possibility of
fabrication of 3D devices using our LDW technique. The polymerized layer can be formed

inside the substrate at different depths, as discussed in the previous parametric study,
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through selectively designing and patterning some of these polymerised structures from
both sides of the substrate, we could fabricate 3D structures inside a single layer of
substrate. Unlike other 3D device fabrication methods, our LDW approach does not
require any additional processing equipment or alignment/assembling step and uses the
same fabrication approach that is described earlier for producing a 2D fluidic device by

simply altering the patterning parameter.
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Chapter 6: Triggerable fluidic gates in paper-

based devices

6.1 Introduction

To date, a number of methods have been reported and applied for producing hydrophobic
structures inside the paper substrate for confining fluids in designated channels and
subsequently delivering them to desired zones for specifically intended reactions.
However, in order to perform more challenging analyses on a paper-based platform, a few
limitations still exist, and improvements need to be made for more user-friendly operation
and implementation. One such limitation is the absence of a switchable fluid flow
manipulation method or procedure that facilitates the possibility of user-determined
‘flow-on-demand’ controls within a fluidic device, and such a mechanism is urgently
needed so that the sample under test can be, for example, inserted into a reader or other

associated equipment and the test performed at a time chosen and determined by the user.

Tools and mechanisms that provide for fluid manipulation and gated or user-triggerable
flow are hence urgently needed. To date, although several methods have been reported
that enable the control of the fluid flow, i.e. controllable fluid delay via altering either the
fluid flow rate or the physical length of the flow path, approaches that achieve on/off
triggerable fluidic switching are also equally important, and so far practical and user-
implemented solutions for the latter have not been widely explored. These mechanisms
play an important role in multi-step protocols such as multi-step assays and signal

amplification [6].

In this chapter, we introduce a method that would enable large-scale commercial
production, at reduced costs, of fluidic gates in paper-based microfluidic sensors via the
use of printed wax barriers. This methodology we have proposed can be used for
fabrication of fluidic gates in paper or any other porous substrates that are frequently
employed to fabricate microfluidic devices. The method is based on the use of a barrier of
wax (in this prototype first demonstration) that is printed across the fluidic flow path,
which can be triggered by local melting leading to the leakage of fluids across the gate.
Unlike other reported fabrication methods, our approach allows fabrication of fluidic gates
with an extremely simple and cheap printing procedure without the need for additional
expensive equipment and complicated procedures. Moreover, as materials such as wax
can be bio-compatible and the switching of the gates is realised by local heating of the

barrier via a non-contact approach, this approach does not introduce any contamination
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into the flow path of the fluidic devices. Finally, these gates are highly controllable by

application of variable intensity or strength heat sources.

6.2 Background

To date, several methods have been reported in the literature to control fluid flow and
thus enable fluidic switching in paper-based microfluidic devices. For all of these reports,
fluid gating in paper-based devices has been demonstrated either by user-involved
physical connection of separate channels, i.e. manually connecting or disconnecting the
hydrophilic pathway [101, 121], or via insertion of dissolvable barriers across the flow

path [143].

The first example of a paper-based microfluidic switch was built to control capillary
wicking in fluid channels by manually connecting or disconnecting the hydrophilic
pathway. This was accomplished by cutting a channel into two pieces and manually
separating the channels to allow or inhibit the capillary flow [101]. However, this method
requires additional effort from the user to ensure the alignment and contact of the

separated channels without leakage, and so lacks reproducibility and is not very practical.

An alternative technique was reported by Martinez et al. for use in three-dimensional flow
paths. The mechanism of this gating valve is based on closing the gap between two
vertically aligned fluidic channels by applying pressure [121]. Closing the gap allow fluids
to wick along the connected channels. The single-use ‘ON’ button was activated using a
ballpoint pen (pin pressure). However, such designs require the additional use of cellulose
powder and custom-made tapes to enable the vertical flow paths through the multiple
layers. In addition, it also suffers from complex fabrication procedures that arise from the

need for alignment of the flow paths within the multiple layers.

Subsequent work by Lutz et al. reported an alternative method for creation of the paper-
based valves and this is based on dissolvable fluidic time delays [143]. Feasibility studies
demonstrated the impregnation of sucrose in the flow path to create time delays that
spanned seconds to hours. However, this mechanism is extremely sensitive to the specific
properties of the fluids and is also influenced by the fluid evaporation rate, and hence the
ambient environment. In addition, the impregnated sucrose, which is pre-dispensed in the

substrate, needs to be compatible with the analytes that are intended for measurement.

Recently, another method was reported by Salentijn et al. to enable valves via the use of an
ink-jet printed AKD gate [144]. As the AKD is impermeable to most aqueous solutions and
only permeable with some solvents, i.e. alcohols, these AKD barriers can be switched on

and off by changing the solvent —thereby stopping or allowing the flow of fluids through
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the gate. However, this method requires complicated multiple fabrication procedures and
needs additional solvents to enable the switch, which runs the risk of contamination. Other
potential mechanisms, such as dissolvable fluidic time delays and modification of the
paper volume [127, 128], have also been proposed, however, they are technically based on
altering the fluidic distribution rate (slow release of fluids), which basically cannot enable

real-time on-demand absolute on/off switching (i.e. gating) of fluids.

6.3  Fluidic gate strategy

Wax printing is one of the most commonly used methods for fabrication of paper-based
devices. A commercially available office wax printer is used to print wax onto the paper
surface with any user-defined designs within seconds, and subsequently, the wax printed
paper is heated to allow the wax to melt and penetrate through the paper. On removal of
the external heat source, the melted wax re-solidifies and produces a solid hydrophobic
barrier that confines the fluid flow [65, 97]. Here, we are using the same approach to
create a wax gate or valve in a similar porous substrate. A commercially available wax
printer (Xerox ColorQube 8580) was used to print wax onto the surface of the substrate at
the desired position, and then the wax was melted by either putting the whole device onto
a hot plate or by locally heating the wax via a resistive element or light source. This wax
barrier then acts as a triggerable fluidic gate, which can be switched via the application of

local heating.

To enable such on/off triggerable switching in fluidic devices, we propose a methodology,
which is based on a triggerable wax gate inside the porous paper substrate within the
fluidic channel. In brief, the switching of a flow inside a fluidic channel is achieved by
insertion of a triggerable hydrophobic wax barrier across the flow path. In the absence of
an external trigger, the barrier acts as a closed gate that blocks the fluid flow and the gate
can thus be thought of as being in an ‘OFF’ state. In order to trigger the switchable gate, the
wax barrier is locally heated at a specific location, to just above its melting point, inducing
a leakage of the fluid through the formerly impenetrable barrier, and this enables the fluid
to flow further along its path, to its intended destination where the test or other functions
are implemented. In this state, the gate can thus be thought of as being in an ‘ON’ state.
Thus, these triggerable barriers act as controllable on/off gates that either impede or

allow the flow of fluids on demand in fluidic devices.

With the introduction of our fluidic gate strategy, a number of advantages have been
established. Unlike these other fabrication methods, our approach does not require
additional materials, solvents and user interactions in order to enable the switching, and

the fabrication procedure is easily implemented. The fluidic gating, in our case, is based on
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the use of only a highly bio-compatible material with no additional solvents. Since the
switching of the gate is realised by a non-contact mechanism, such as local heating of the
gate barrier material, this avoids any contamination of the device. Most importantly, our
gating principle is highly controllable as this can be achieved by simply applying the

triggering source locally as desired.

6.4 Experimental results

6.4.1 Triggering via global heating by a hot plate

For a proof-of-principle, as shown in Figure 6.1a, a wax line was printed using a wax
printer across the fluid flow path created in a nitrocellulose membrane that had been cut
to the shape of a single rectangular strip. Then the NC was left on a hot plate at 100 °C for
30 seconds to allow the wax to fully penetrate throughout the membrane. In the next step,
the device was removed from the hot plate and left at room temperature for at least 10
minutes for the wax to fully re-solidify. After it solidified, this wax line was ready for use as

a barrier or gate that blocked the fluid flow in the NC.

To test this wax barrier, a cellulose pad, which performs the function of a fluid source pad,
was positioned at one end on top of the NC as shown in Figure 6.1a. On introduction of 50
uL of red ink into the source pad, as shown in Figure6.1b, the ink flowed from the source
pad into the NC and was then stopped by the solid wax barrier, which impeded its flow
path. To enable the flow, the device was then moved into a covered petri dish (for
minimising the evaporate) onto a hot plate at a temperature of 100 °C in order to melt the
wax barrier, and this allowed the ink to leak through the barrier and continued to flow
further along the strip. As shown in Figure 6.1c and 6.1d, once the wax barrier was melted,

the wax gate was opened and let the ink flow through continuously.

In these first proof-of-principle experiments, because of the high melting point of the wax
we have used, a high temperature of ~100 °C was needed to trigger the gate. However,
gates with much lower trigger temperatures can be easily manufactured by choosing other
commercially available low melting point waxes. For example, a variety of paraffin waxes
are available with melting temperatures ranging from ~50 °C to ~80 °C, where most of the

biological assays can normally perform without temperature-dependent degradation.
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Figure 6.1 Sequential photographic images showing the flow of red ink on a NC strip with

a triggerable wax gate in the middle of the flow path. The gate was triggered globally via a
hot plate.

6.4.2 Triggering via localised heating by a wax pen

Although no major problem has been raised due to above non-localised global heating, two
localised heating mechanisms have also been proposed. The first localised heating was
realised using a wax pen (known as lightweight wax-carving tools that offer instant heat
widely used for wax and candle making or jewellery design and repair). It has a compact
pointed heating element (few millimetres in size) driven by a battery that operates with
fingertip control. The maximum temperature that the heating tip can reach is about 800 °C,
which is high enough to melt the wax locally by simply positioning the tip close to the wax

barrier in a non-contact manner.

The sequential images in Figure 6.2 show an example of enabling a wax gate via localised
heating using a wax pen. As shown in Figure 6.2a, wax barriers, with a thickness of ~ 5
mm, were created across the fluid flow path in a single rectangular cellulose strip. On
introduction of 10 pL of yellow dye into the inlet, as shown in Figure6.2a, the ink flowed
along the flow path then stopped at the solid wax barrier. To enable the flow, the wax pen
was carefully positioned close to the heating point without contact, as shown in Figure

6.2b, which melted the wax only in that desired area and allowed the dye to leak through.
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To test the barrier after removing the heating source, as shown in Figure 6.2c and 6.2d,
another green dye was introduced into the same inlet and it flowed through the wax
barrier via the same tunnel formed at the heating point. Overall, the wax gate here can be
locally triggered via a locally applied heating and once the wax gate is opened the fluid will

carry on flowing through and the heating source is no longer needed.

For the next step, in order to further understand the working mechanism behind these
triggerable wax gates, these wax gates were then studied under light microscopy. First of
all, a device with the same arrangement as shown in Figure 6.2 was prepared and then PBS
solution instead of coloured dyes was introduced into the device. The reason for using PBS
instead of coloured dyes is because it is colourless and will not be observed after
evaporation. Then the gate was enabled by locally melting the wax using a wax pen. A
large volume of PBS was supplied to ensure that enough fluid flowed through the gate.
Finally, the device was left to try at room temperature before been analysed via light

microscopy.

Wax barriers

Cellulose Heating point
paper

Inlet .
\ 10 mm

d

Figure 6.2 Sequential photographic images showing the flow of yellow dye followed with

C

green dye on a cellulose paper strip with a triggerable wax gate in the middle of the flow

path. The gate was triggered locally via a wax pen.
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The images in Figure 6.3a and 6.3b show an unheated area of the wax gate, which remains
as a solid barrier, with 10 x and 20 x magnifications respectively. In both images, it can be
clearly observed that both the cellulose fibrous strands and the voids were fully coated
and filled with the wax, which appears as a black band. However, the images in Figure 6.3c
and 6.3d show the area of the wax gate, where the heating was applied and then the fluid
flowed through, again with two different magnifications of 10 x and 20 x. Compared with
the area shown in Figure 6.3a and 6.3b, this area was much more ‘clean’ with only a few
small black areas visible, which means only a residual amount of wax remained in this

area, thus the fluid was able to flow in this area via capillary action.

We assume that this is due to the wax in this area being melted and subsequent removal
away by the flow (some being pushed to the side and some carried with the flow).
Therefore, the heating source is only needed for a very short period of time at the
beginning in order to trigger the gate and once the gate is on, the heating source is no

longer needed.

Figure 6.3 Microscopy images of a wax gate at different positions with different
magnifications: a) and c¢) 10 x; d) and d) 20 x. a) and b) show the unheated area, which
remains as a solid barrier, and c) and d) show the heated area, where the fluid (PBS)

flowed through.
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6.4.3 Triggering via localised heating by a c.w. laser

A final option is to use another localised heating mechanism, which is based on locally
applying a c.w. laser beam. The energy of the laser beam is absorbed and melts the wax

only in the exposed area, and hence enables the flow.

For this experiment, as described above, we first used the same wax printing procedure to
create a device with a grid-like structure in a NC substrate (Figure 6.4). To start the
experiment, 5 pL of red ink was first pipetted into the central well, as shown in Figure 6.4a
the ink remains fully contained inside the square well defined by the wax barrier walls.
Then a 405 nm c.w. laser beam with an output power of 5mW was focussed onto one of
these wax walls as shown in Figure 6.4b. The local melting of the wax at the exposure
point resulted in an immediate leakage of the previously contained ink from the central
well into the adjoining left well. The subsequent image in Figure 6.4c shows the flow of the
ink from the central inlet well into the adjacent well through the opening formed by local

melting of the wax barrier.

2 mm

Figure 6.4 Sequential photographic images show triggering of the wax gate using a locally

applied laser light source.
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6.4.4 Validation of fluidic gates for implementation of assays

Finally, to validate the effectiveness of these wax barriers as fluidic gates, we have
successfully implemented a few assays on such paper-based devices with the use of these
wax-patterned gates. Figure 6.5 shows the detection of nitrite, which is regarded as a
considerable health concern due to the contamination of water sources from fertilisers,
animal waste and sewage. The detection assay was a Griess reaction, which is the most
commonly used colorimetric reaction for the detection of nitrite, and details of this assay
are described in Appendix C2. To perform the detection, a NC device with pre-patterned
structures was prepared and Griess reagent (2ul) was selectively pipetted into four
square-wells labelled A, B, C and D on the grid-like structure (as shown in Figure 6.5a).
The device was then left to dry at room temperature for at least 1 h before use. The grid
pattern that formed the square-well structures was patterned via a wax printing approach
described earlier. Water-based samples of sodium nitrite were prepared on the day of
testing at dilutions of 10 mM. As shown in Figure 6.5b, the sample (10 pl) was pipetted
into the central sample inlet square-well and remained confined inside the square by the
wax walls. To start the assay, the device was positioned onto a hot plate with a
temperature of 100 °C, and as the wax barriers become permeable due to the melting of
the wax, the sample is released into the detection zones A, B, C and D, which produced
pinkish-red colour changes that reveal the presence of the nitrite in the measured sample.
The sequential images in Figure 6.5c¢ — 6.5f show the flow of the samples from the inlet
well into the detection wells and the process of the detection after triggering the wax gates

via a hot plate.

In addition to the above simple one-step detection, a more complex LFD that implements a
sandwich ELISA for detection of CRP has also been successfully demonstrated using a
similarly designed wax gate. The arrangement of the four constituent substrates that form
the lateral-flow strip is shown in Figure 6.6a and consists of a sample pad and a wicking
pad that are made of cellulose paper, a conjugate pad that is made of glass fibre filter and
has been pre-soaked with horseradish peroxidase (HRP) conjugate detection antibody and
a reaction pad that is made of NC. The principle of this assay is as follows: the sample
introduced into the source pad which is at one end of the strip device, flows laterally
towards the wicking pad which is positioned at the other end of the strip. As the sample
migrates through the conjugate pad the target analyte in the sample will bind to the
enzyme-conjugated antibody (in the conjugate pad) and then this reaction matrix migrates
into the next section of the strip, the NC membrane, where the analyte will then bind to the
capture antibody that is pre-immobilized in the reaction zone and the excess

reagent/sample then wicks further and finally gets collected by the wicking pad. A
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colorimetric substrate is then added to the reaction pad, which reacts with the enzyme to
produce a specific blue colour change that demonstrates the presence of the target analyte

in the sample.

i\

Figure 6.5 a) Schematic image shows the arrangement of the device. b) Image shows the
introduction of the sample into the inlet well and its containment inside the well. c) - f)

Sequential images showing the process of the detection after triggering the wax gates.

As shown in Figure 6.6a, a wax gate was produced across the flow path in the reaction pad.
The capture antibody was also pipetted on the reaction pad after the fabrication of the wax
gate and left to immobilise at room temperature for 1 hour. To perform the assay, 50 uL of
CRP sample with a concentration of 1 pg/mL was introduced onto the sample pad. The
sample flowed from the sample pad onto the conjugate pad and was captured by the
detection antibody. This matrix then continuous to flow forward onto the NC until it
encounters the wax gate where the flow is stopped. To enable the flow further past this
gate to affect the assay, the wax gate has to be switched on, and this was done by
positioning the strip-device onto a hot plate at 100 °C. The sample-conjugate matrix which
has flowed past the gate then gets captured by the capture antibody pre-localised on the
NC. The conjugate capture at the site of the capture antibody is revealed by the subsequent
addition of the chromogenic reagent that was added onto the detection zone. As shown in
Figure 6.6b, the result is the appearance of a blue spot at a specific location (the site where
the capture antibody is localised) on the NC, confirming the presence of CRP in the tested

sample.
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Figure 6.6 a) Schematic image show the arrangement of a designed lateral-flow strip with
a wax gate. b) Image shows the result of implementing a sandwich CRP ELISA on the

lateral-flow strip described in a).

6.5 Summary

The approach we have demonstrated here for fabrication of fluidic gates or valves in
porous material based fluidic devices is based on simple wax barriers printed using a
cheap office wax printer. These wax gates can be switched from their impregnable state
with the application of a heat source. In more detail, the wax in the heated area is melted
and then pushed away by the flow, which hence results in a clean permanent flow path

that allows fluid to flow through continuously once the gate is opened.

To trigger the gate, a heating source is only needed for a very short period of time, when
the gate is opened the heating source is then no longer needed and the gate will stay in the
‘ON’ state forever. For these first proof-of-principle experiments, a hot plate, a wax pen
and a c.w. laser were applied to show the triggered gate via both non-localised and

localised heating.
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Finally, in order to prove the effectiveness of the idea of using printed wax barriers as
fluidic gates, both a simple single step assay for detection of nitrite and a complicated

multistep sandwich ELISA for detection of CRP have been successfully implemented.

In conclusion, the approach reported here allows fabrication of triggerable fluidic gates
with an extremely simple and cheap procedure without the need for additional expensive
equipment and complicated procedures. In addition, as the wax is known to be bio-
compatible and the switching of the gate can be realised by non-contact local heating
approaches, i.e. resistive heating or a laser source, no contamination will be introduced to
the device during the triggering of the gate. Finally, these wax gates are highly controllable
as desired by precise application of the heat source. Overall, we believe that this idea of
using the heat triggerable wax-barrier could be ideal for implementation of fluidic gates in

paper-based microfluidic devices.
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Chapter 7: Implementation of assays on paper-

based devices

7.1 Introduction

Paper-based microfluidic devices have been proposed as a low-cost POC platform for rapid
diagnostics test since their origins in 2007 [4]. However, dipsticks, as early paper-based
assay formats, were first proposed in the 1950s to quantify glucose detection in urine
[145]. Following this, they were further developed by comparing the results to a colour-
coded chart, which then improve of them to the level of a semi-quantitative tool that
allows determination of the glucose concentration. Currently, a large number of
commercial urinalysis dipsticks already exist in the market for detection of a wide range of
analytes such as hCG (human chorionic gonadotropin), ketone, protein, nitrite etc. [6].
Parallel to the dipstick tests, the invention of the lateral flow test as an established assay
format for POC diagnostics dates back to the 1950s with the first emergence of latex
agglutination assays and radio-immunoassays [146, 147]. After about two decades,
nitrocellulose membranes have been developed as a substrate for lateral flow molecular
detection in the 1970s [148], which then prompted the birth of the early serological lateral
flow test for detection of hCG-f via radioimmunoassay [149, 150], which is a major
biomarker for a human pregnancy test. Since then, rapid lateral flow tests have been
popularly researched and developed for not only clinical diagnostics [49, 93, 151], but also
other fields such as food safety [76, 152, 153], drug abuse [71], and environmental
monitoring [68, 79, 154-157].

To date, a wide range of detection mechanisms have been proposed for paper-based
microfluidic devices. The sensing mechanisms include colorimetric detection [4, 53],
electrochemical sensing [68, 158], nanoparticle-based detection [159, 160],
electrochemiluminescence [155, 161], chemiluminescence [162, 163], fluorescence [164,
165], and hybrid sensing [166]. Among these diagnostic techniques, colorimetric detection
is regarded as the simplest and most commonly used mechanism for commercial paper-
based devices although they are struggling to achieve high detection sensitivity and
quantitative analysis. For a typical colorimetric detection, either an enzymatic or a
chemical reaction will happen, when the target analyte in the sample meets the reaction
reagent, which then produces a visible colour change. The reaction reagent can be
enzymes, dyes or acid-based indicators. Early examples of paper-based microfluidic

devices based on colorimetric detection were performed as a detection of pH, glucose and
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protein in artificial urine [4, 53]. With further development of the technique, it was found
that semi-quantitative readouts can be achieved by comparing with a premade calibration
chart. However, paper-based microfluidic devices based on colorimetric detection still
have a few disadvantages. As the result is based on the identification of the colour
distribution, it is a challenge to the naked eye, and thus specialised readers may
sometimes be needed [53]. Additionally, the signal can be easily compromised by the

background noise from the paper, which is a highly scattering and non-uniform material.

In order to perform the validation of our paper-based microfluidic devices, which are
fabricated using the LDW technique, we have tried to implement a number of colorimetric
assays with different assay protocols including glucose oxidase (for detection of glucose),
tetrabromophenol blue binding (for detection of bovine serum albumin (BSA)), Griess
reaction (for detection of nitrite) and ELISA (for detection of various biomarkers). The
detail of the implementation of those assays onto our pre-patterned paper-based devices

and the achieving results will be described in this chapter.

7.2 Enzyme-linked immunosorbent assay (ELISA)

ELISA is one of the most commonly used assays for biochemical detection, which provides
a high sensitivity through enzymatic signal amplification [167, 168]. It is a form of
biochemical assay that uses antibodies and colour change to detect the presence of

antigens such as antibodies and viruses [168, 169].

It is a useful technique for determining either the presence or the concentration of
antibodies, which has resulted in wide application in clinical diagnosis for detection of
various diseases, such as HIV, tuberculosis, malaria, cancer etc. [170-174]. They can
provide relatively fast, highly specific, highly sensitive, and very robust detection through
enzymatic signal amplification [167]. In addition, it is also popularly used in the food
industry for monitoring of food allergens [175-178], and toxicology for screening certain

classes of drugs [179-181].

Basically, it is one of the most commonly used immunoassays that typically employs
Immunoglobulin G (IgG) antibodies that are directed against a wide range of proteins for
different diseases, conditions and allergens. These antibodies can be either monoclonal
(only bind to a very specific binding site of antigens) or polyclonal (binding to multiple
sites of antigens). The binding of the antigen and antibody is then detected using an
enzyme-linked to a secondary antibody (another IgG antibody), which turns the antigen-
antibody complex into a coloured product when a chromogenic enzyme substrate is added.

Enzymes are one of the most popular labels for immunoassays and they include HRP,
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alkaline phosphatase (ALP) or glucose oxidase. In some cases, these enzymes are exposed
to reagents that cause them to produce light or chemiluminescence instead of a

colouration of the solution.

For a standard ELISA, antigens are first attached to a surface, and then a specific antibody,
which is linked to an enzyme, is applied that will bind to the antigen. Washing steps are
applied between each step using detergent solution in order to remove any antibody and
protein with non-specific binding. Finally, a colorimetric substrate is added, which will

react with the enzyme to produce a visible colour change.

Four types of ELISA are commonly used namely direct ELISA, indirect ELISA, sandwich
ELISA and competitive ELISA. Direct ELISAs involve binding of the antigen to the substrate
followed by an enzyme-labelled antibody as shown in Figure 7.1a. For indirect ELISAs, as
shown in Figure 7.1b, the antigen again is first attached to the substrate followed by a
primary antibody, which is unlabelled this time. After that, an enzyme-conjugated
secondary antibody is added, which will specifically bind to the unlabelled primary
antibody.

As a more complicated version, sandwich ELISAs involve the specific binding of an antigen
from the sample to the capture antibody, which is pre-attached to the substrate. Then an
enzyme-labelled detection antibody, which is specific to the antigen, is added that will
bind to the antigen hence form a ‘sandwich’ arrangement. A representative image of the
sandwich ELISA is shown in Figure 7.1c. Finally, the last type of ELISA: competitive ELISA
(Figure 7.1d), which involves the simultaneous addition of 'competing' antibodies or
proteins and the antigen to the pre-immobilized antigen standard. Then only unoccupied
antibodies will bind the antigen standard on the substrate. As a result, a larger quantity of
analyte in a sample results in fewer free antibodies in the solution that means a smaller
number of labelled antibodies can be bound to the antigen standard on the substrate thus

resulting in a less intense signal.

Paper-based ELISA, which was first developed by the Whitesides™ group using a piece of
cellulose paper [182], has been rapidly developed in recent years as it allows minimal
reagent volumes and simple equipment and materials, and allows cheap, quick and
reliable diagnosis [182-184]. It has been proven to be much cheaper, faster and easier to
operate than a conventional ELISA that is performed on a microtiter plate, while

conveying a similar level of specificity and sensitivity.[184]

In this report, we replaced the microtiter plate with our patterned paper-based

microfluidic devices which are based on cellulose filter paper and nitrocellulose
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membranes to implement both single step direct ELISAs and more complicated multistep

sandwich ELISAs for detection of a range of biomarkers including TNF-a, CRP etc.
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Figure 7.1 Representative images of the different formats of ELISA. a) Direct ELISA, b)
indirect ELISA, c) sandwich ELISA and d) competitive ELISA.
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7.2.1 Limit of detection

In analytical chemistry, one of the most important parameters during the assay validation
in the limit of detection (LOD), which is defined as the lowest quantity of a substance that
can be distinguished from the absence of that substance (a blank value) within a stated
confidence limit (generally 1%) [185]. Several approaches for determining the detection
limit are possible, including visual evaluation, a signal-to-noise approach and standard

deviation estimation [186].

For visual evaluation, the detection limit is determined by the analysis of samples with
known concentrations of analyte and by establishing the minimum level at which the

analyte can be reliably detected.

On the other hand, for the signal-to-noise approach, the detection limit is determined by
comparing measured signals from samples with known low concentrations of analyte with
those of blank samples and by establishing the minimum concentration at which the
analyte can be reliably detected. In this case, the detection limit is estimated from the

mean of the blank, the standard deviation of the blank and some confidence factor.

The limit of blank (LOB) is another important parameter which determines the LOD of an
assay. LOB describes the highest measurement result that is likely to be observed (with a
stated probability) for a blank or negative sample. The assumption in the determination of
the LOB is that values exceeding the 95th percentile of the distribution of values on truly
blank or negative samples deviate significantly from blank or negative measurements.
When a sample produces an observed value that exceeds this limit, it may be declared to
contain an amount of analyte that exceeds zero [187]. Given a Gaussian distribution of

blank or negative values, this limit corresponds to:
LOB = up + 1.6455Dg [14]

where pg and SDg are the mean and standard deviation of the blank or negative

measurements, respectively.

LOD is the lowest analyte concentration likely to be reliably distinguished from the LOB
and at which detection is feasible. Experimentally, in order to calculate the LOD, a
minimum of 10 individual samples with concentrations ranging from the LOB to
approximately 4xLOB shall be tested at least 10 times by at least two technicians in a
minimum of two days or runs. A pooled estimated standard deviation of the sample

distribution at a low level (SDs) can be derived from repeated measurements with the set
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of samples (a minimum of 10 measurements of at least 10 samples). Finally, an estimated

LOD is then obtained as:
LOD = LOB + 1.645SD [15]

Finally, LOC can also be determined based on the standard deviation of the response and

the slope. The detection limit (DL) may be expressed as:
LOD = 3.3% [16]

where o is the standard deviation of the response and S is the slope of a linear calibration
curve. The above definition is only restricted within the cases of linear calibration
(S=constant), however, for most of the competitive immunoassays, the calibration curves

are curvilinear (S=variable) and the LOD cannot be estimated simply from this equation.

In this report, we have simply estimated the LOD of our implemented assays based on the
visual evaluation. The LOD of the CRP based on ELISA by using our laser-patterned devices
is about 1ng/mlL, which is comparable to the LOD that can be achieved using commercially

available ELISA Kits.

7.3  Experimental results

7.3.1 Implementation of one step colorimetric assays

In order to show the feasibility of this procedure in producing fluidic-based diagnostic
devices, we first started with the implementation of simpler single step colorimetric
detection on our patterned paper substrates. We first patterned the paper substrate with a
crosshatch grid pattern that resembled a conventional microtiter plate. These fluidic
structures were patterned into both cellulose filter paper (Whatman Grade 1) and
nitrocellulose membranes (Whatman BA85) using the 405 nm laser with the
photopolymer SubG and DeSolite® 3471-3-14 respectively. The fluidic structures in
cellulose paper were created with a laser power of 70 mW and a writing speed of 10 mm/s,
while the patterns in nitrocellulose membranes were achieved with a laser output power

of 1 mW at a writing speed of 10 mm/s.

First of all, we tested the use of the grid-like fluidic pattern of square wells in
nitrocellulose membranes by implementing the detection of nitrite in water. The detection
of nitrite is based on the Griess reaction, which is a chemical reaction that detects the
presence of organic nitrite compounds [188]. During the Griess reaction, nitrite ions react

with a primary aromatic amine under acidic conditions forming a diazonium salt which
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further reacts with an aromatic compound to form a coloured azo dye. It is the most
commonly used colorimetric reaction for the detection of nitrite. To perform the assay, the
prepared Griess reagent (2ul) was first pipetted into each square-well of the grid-like
structure (as shown in Figure 7.2a) in the nitrocellulose paper, which was then left to dry
at room temperature for at least 1 h before use. Samples of sodium nitrite were prepared
on the day of testing at dilutions of 10 mM, 2.5 mM, 1.25 mM, 625 uM, 500 puM, 312 pM,
250uM and 156 pM as labelled in Figure 7.2a. The samples (2 pl) were pipetted on
individual squares, and the colour change produced was imaged by taking a photograph of
the paper-device after 1 min with a USB camera as seen in Figure 7.2a. This image was
then processed with the Image] software to extract the respective colour intensities of the
purple colour produced within the square well detection zones. The average grayscale
intensities of each detection zone and of the background of the image were measured, and
the background intensity was subtracted from the intensity of each detection zone to
obtain the actual colour intensity of each spot to eliminate the influence of the background.
By measuring the colour intensities of the known concentrations, we were then able to
plot the curve (as seen in Figure 7.2b), which then can be used for calibration. Hence, by
comparing the colour change observed for an unknown concentration with a known
calibration curve would then allow determination of the concentration for that unknown
sample. Ideally, using such test patterns with nine wells, it should be possible to quantify
nine unknown samples illustrating the utility and simplicity of using such low-cost paper-

patterns to perform multiplexed quantitative analysis.

;E anl 70
60 .
£'50
z
g 4
=
= — -
l. g 30 L
& -
=20 .
10 "
0=
0 500 1000 1500 2000 2500
Concentration (uM)

Figure 7.2 (a) 5x5 mm wells patterned with a laser power of 1 mW and a scan speed of 10
mm/s and prepared for the detection of nitrite by the Griess reagent, after the
introduction of the sodium nitrite samples. (b) Calibration curve constructed using the

grayscale intensity values taken from the image shown in (a).

Following the successful operation of nitrite detection on our patterned devices, we then

tried to implement the detection of BSA and glucose on our fabricated paper-based
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devices. Again we used the same grid-like fluidic pattern of square wells, which, however,

were patterned in cellulose paper this time.

The detection of BSA is based on the colour change of tetrabromophenol blue (TBPB)
when it ionises and binds to proteins resulting in a colour change from yellow to blue
[189]. To perform the BSA test, we pipetted 3 pl of a 250 mM citrate buffer solution at pH
1.8 in each square well (5 mm x 5 mm) of the test-pattern. The test paper was then
allowed to dry for 1 hour before 3 pl of a 3.3 mM solution of the second reagent, TBPB in
95% ethanol, was added into each well. After further drying at room temperature for 1
hour, the test-pattern was ready for use in the detection of BSA via the addition of sample
solutions into the respective square wells of the test-pattern. We pipetted sample
solutions made up in de-ionised (DI) water, with BSA concentrations ranging from 0.25 to
50 mg/ml into each well as labelled in Figure 7.3a. The introduction of the sample
solutions resulted in a colour change in each well showing different concentration-
dependent shades of blue colour (as seen in Figure 7.3a), which were fully developed after

10 minutes.

The glucose assay is based on the enzymatic oxidation/pre-oxidation of iodide to iodine
associated with the presence of glucose, which results in a colour change from clear to
brown [190]. To perform the detection of glucose, we again used the same square-well
patterned device (cellulose filter paper). First, 3 pl of glucose oxidase/ peroxidase reagent
were pipetted into each well. As with the BSA test, the reagents were left to dry at room
temperature for 1 hour before further use. The test was then executed by the addition of
sample solutions with different concentrations of glucose into each well of the test-pattern
and the concentration of glucose in each sample is labelled in Figure 7.3b. The
concentration of glucose in the artificial solutions made up in DI water ranged from 15.6 to
1000 pg/ml. The introduction of the sample solutions into the wells resulted in a change of
colour from white to different shades of brown (Figure 7.3b). The colours were fully

developed after 10 minutes.

Normally, quantification of the results is very important for medical diagnostic tests, as in
most cases, a 'yes/no' answer would not be sufficient. Therefore a way of obtaining the
concentration of the analyte from the captured photos was necessary, and we have used
the same method reported above for the quantification of the nitrite detection. The images
were processed with the Image] software to extract the respective colour intensities of the
blue and brown colour produced within the detection zones for the BSA and glucose
respectively. By measuring the colour intensities of the known concentrations, we were
then able to plot the calibration curves as seen in Figure 7.4 and Figure 7.5. Using the same

procedure as above, we can determine the concentration values of BSA and glucose of
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unknown samples by measuring their colour intensities and comparing them to the

calibration curves.

BSA concentration (mg/ml) Glucose concentration (pg/ml)

Figure 7.3 Patterned cellulose paper after completion of a) the BSA detection assay
showing different shades of the blue-green colour, corresponding to the different
concentrations of BSA pipetted in each well and b) the glucose assay showing different
shades of the pink-brown colour, corresponding to the different concentrations of glucose

in each well.
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Figure 7.4 Calibration curve for the detection of BSA constructed using the grayscale

intensity values taken from the image shown in Figure 7.3a.
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Figure 7.5 Calibration curve for the detection of glucose constructed using the grayscale

intensity values taken from the image shown in Figure 7.3b.

The next part of our experimental validation involved the use of a fluidic device shaped as
a T-junction, for the simultaneous multiplex detection of BSA and glucose in the same
sample solution, as shown in Figure 7.6. These T shape fluidic structures were patterned
into the cellulose paper substrates using the 405 nm laser and the photopolymer Subg, at

a power of 70 mW and a writing speed of 10 mm/s.

As shown in Figure 7.6a, the lower end of the vertical arm of the T served as the sample
inlet point, and the two ends of the horizontal arm of the T served as the test zones. The
reagents required for the assays were first pipetted at these two test zones and were
allowed to dry. A sample solution (15 pl) containing both BSA and glucose (in
concentrations of 50 mg/ml and 1000 pg/ml respectively in de-ionised water), when
pipetted at the inlet of the device, flowed towards the test areas, and produced a colour
change (blue) for BSA and (brown) for glucose with the level of colour change depending
on the concentrations of the biomolecules in the sample solution at the respective
specified test zones. The dark area, circled in red, (Figure 7.6a) in the initial section of the
vertical arm of the T is the trace produced by the introduction of the fluidic sample
solution, and the pale yellow colour of the right end of the horizontal arm of the T is from
the dried reagents pipetted into the test zones. Figure 7.6b is an image of the T after
completion of the detection assay. For an unknown sample, the concentration of the BSA
and glucose in the sample solution can be evaluated by capturing a picture of the T-sensor
with a camera, then measuring the intensities of the RGB colours at the test zones and

comparing these to a pre-defined calibration curve.
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Figure 7.6 Camera images of the patterned device, designed for the simultaneous
detection of glucose and BSA, a) at the time of introduction of the sample solution and b)

after detection was completed and measurements were taken.

7.3.2 Implementation of multi-step sandwich ELISA

The following sets of experiments describe the implementation of multi-step ELISA on
cellulose paper, nitrocellulose membranes and also pre-patterned paper-based

microfluidic devices fabricated using our LDW technique discussed above.

First of all, we started from the simplest type of ELISA (one step ELISA) based on two
specific antibodies without any antigen involved and the schematic diagram in Figure 7.7
describes the assay step-by-step. An untagged primary antibody is first pipetted onto the
paper substrate and left for immobilization overnight, and then the whole substrate is
blocked by blocking solution for a minimum of an hour to prevent non-specific binding
during the subsequent step. Afterwards, a HRP-tagged secondary antibody that is specific
to the primary antibody is added and left for incubation for an hour. Then the substrate is
washed with a washing solution to remove any unbound secondary antibody. Finally, the
colorimetric substrate tetramethylbenzidine (TMB) is introduced, which will react with
the enzyme to produce a visible colour change that illustrates the presence of the primary

antibody.

The untagged primary antibody used in the present experiments was purified mouse
IgG2a (BD Biosciences, UK) and the enzyme-conjugated antibodies were goat anti-mouse
IgG (H + L) (Life Technologies, UK) tagged with the enzyme HRP. Both antibodies were
diluted to working concentrations using 1% BSA in PBS as a reagent dilution. The
chromogenic substrate used was 3,30,5,50-TMB (Sigma-Aldrich, T0440), which will be
catalysed to oxidise by enzyme HRP that yields a characteristic blue colour change that is

visible to naked eye. The blocking solution was 5% BSA (Sigma-Aldrich) in PBS (PAA
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Laboratories, UK) and the washing solution was PBS. The image was captured using a USB
camera 5 minutes after adding TMB. The result for implementation of this one step ELISA
is shown in Figure 7.8. Specific blue spots were observed on both cellulose paper (Figure
7.8a) and nitrocellulose membranes (Figure 7.8b), which illustrated the presence of

untagged target antibody.
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primary antibody secondary antibody substrate (TMB)
2. Block 4. Wash

Figure 7.7 Schematic diagram showing the logic sequence for performing direct one-step

ELISA on a paper-based device.

Figure 7.8 Image showing the result of the implementation of one-step ELISA on a)

cellulose filter paper and b) nitrocellulose membrane.

After successful implementation of the above simple single step ELISA, we then tried a
more complicated and most commonly used method for diagnostics in the market -
sandwich ELISA. As shown in the schematic diagram in Figure 7.9, unlike the one-step
ELISA described previously, a target antigen is introduced in this approach. The main
purpose of this assay is to detect the presence of the target antigen in the sample by
detecting the tagged antibody that is specifically bound to the antigen. To perform the
assay, as shown in Figure 7.9, an untagged capture antibody is first pipetted onto the
paper substrate and left for immobilisation overnight, and then the whole substrate is

blocked by blocking solution for a minimum of an hour to prevent non-specific binding
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during the subsequent step. After this, a sample with the target antigen is added and left
for incubation for 1 hour. During this period, the target antigen will bind to the
immobilised capture antibody through specific binding. Then a washing step is applied in
order to remove any unbound sample and antigen. After the washing, an HRP-tagged
secondary antibody that is specific to the antigen is added and left for incubation again for
an hour. During this incubation, the detection antibody will bind specifically to the antigen,
which is captured by the capture antibody in the previous step, to form a ‘sandwich’
arrangement. After an additional washing process, the substrate is washed with a washing
solution to remove any unbound secondary antibody. Finally, the colorimetric substrate
TMB is introduced, which will react with the enzyme to produce a visible colour change

that illustrates the presence of the target antigen.
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Figure 7.9 Schematic diagram showing the logic sequence for performing a sandwich

ELISA on a paper-based device.

We first started with a sandwich ELISA for detection of TNF-a on un-patterned
nitrocellulose membranes. The ELISA kit used in the implementation of the TNF-«
detection (DuoSet® Human TNF-a) was purchased from R&D Systems, Inc. (UK). All the
antibodies and antigens used were from this kit and were diluted to the working
concentrations of 4 pg/mL, 500 ng/mL and 370 ng/mL for the capture antibody,
conjugated detection antibody and TNF-a standard respectively using a 1% BSA in PBS
solution. The blocking solution and washing solution used were the same as describe

above in operation of the one-step ELISA.

The result for implementation of this sandwich TNF-a ELISA on nitrocellulose paper is
shown in Figure 7.10; the specific blue spots illustrate the presence of TNF-«a in the tested
‘sample’. However, our tested device only worked for the detection of TNF- a at a very high
concentration of 370 ng/mL in the tested sample. This is far from the sensitivity that can
be achieved with commercial ELISA tests performed on a different platform (microtiter
plates), which are normally able to detect TNF-« in the range of pg/mL. As a result, our

next goal is to increase the limit of detection in order to meet the standard requirement by
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either developing the assay procedures or carefully designing and modifying the patterned

devices.

Figure 7.10 Image showing the result of the implementation of sandwich TNF-a ELISA on

nitrocellulose membrane with a sample concentration of 370 ng/mL.

As the detection of TNF-a is normally required in the pg/mL range, which is extremely low
and thus requires very high sensitivity that increases the difficulty in implementation on a
paper platform. As a result, we then changed our target to another biomarker - CRP, which
requires a much higher detection level in the ng/mL range that makes it easier to handle.
CRP is a ring-shaped protein found in blood plasma and the levels of which respond to
inflammation, so it is widely used as a marker for inflammation and also one of the most
important biomarkers used in POC diagnostics [188, 191]. The CRP detection we
implemented is based on the same protocol as described in Figure 7.9. The ELISA kit used
was DuoSet® Human CRP purchased from R&D Systems, Inc. (UK). All the antibodies and
antigens used were from this kit and were diluted to the working concentrations of 2
pug/mlL, 22.5 pg/mL and 90 ng/mL for the capture antibody, conjugated detection antibody
and CRP standard respectively. The result is shown in Figure 7.11: two specific blue spots

illustrate the presence of CRP in the tested ‘sample’.

Figure 7.11 Image showing the result of the implementation of sandwich CRP ELISA on

nitrocellulose membrane with a sample concentration of 90 ng/mL.

After successful implementation of sandwich ELISAs on the paper substrate, we then tried
to perform the ELISA on our LDW patterned paper-based platform. As shown in Figure
7.12a, a square-well patterned device was applied for detection of CRP with different

concentrations via the same sandwich ELISA as describe above. The grid pattern was
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formed using our LDW technique with a laser power of 1 mW and a scan speed of 10
mm/s. The solution of mouse IgG capture antibody (2 pL at 2 pg/mL) was first pipetted
into each square-well of the grid-like structure (as shown in Figure 7.12a), and then the
device was then left to dry at room temperature for at least 1 hour. The whole paper-
device was blocked using a blocking solution of 5% BSA in PBS for a minimum of 1 hour.
Following this, the device was washed 3 times with PBS. Sample solutions of CRP were
prepared at dilutions of 1 ng/ml, 10 ng/ml, 100 ng/ml, 1000 ng/ml, 10 000 ng/ml, and
100 000 ng/ml. The samples (2 pl) were then pipetted on individual squares and were
incubated for 1 h. Then, the device was washed again for 3 times with PBS and a solution
of anti-human CRP antibody (2 ul at 22.5 pg/ml) was pipetted into each square-well. The
whole device was again left for 1 h for incubation and this was followed by washing 3
times with PBS. In the next step, the HRP conjugated streptavidin was added into each well
and the device was left in the dark for 20 min of incubation and then washed again using
PBS. Finally, the chromogenic reagent TMB was pipetted on the whole device and the
colour change produced was imaged by taking a photograph (as seen in Figure 7.12a) of
the paper-device after 2 minutes with a USB camera. The image was then processed with
the Image] software to extract the respective colour intensities of the blue colour
produced within the square well detection zones. By measuring the colour intensities of
the known concentrations, we were then able to plot the curve (as seen in Figure 7.12b)

that again can then be used for calibration.

Importantly, according to the result, we achieved in Figure 7.12, we were able to detect
CRP using our pre-patterned devices with concentrations of ~ 1 ng/mL, which we believe
is close to the limit of detection and can be comparable with the commercialised ELISA Kkits

performed on micro titer plates in the laboratory.
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Figure 7.12 (a) Selected area of 5 x 5mm well structure patterned with a laser power of 1
mW and a scan speed of 10 mm/s and results for the detection of CRP by the sandwich
ELISA. (b) Calibration curve constructed using the grayscale intensity values taken from
the image shown in (a). Error bars indicate the standard deviation for 4 individual

measurements.

117



Chapter 7

Above all, we have successfully implemented the complicated sandwich ELISA protocol on
both untreated cellulose paper and nitrocellulose membranes and the LDW patterned
paper-based devices. For the next step, in order to bring the technique more close to the
market, we then decided to try the most commonly used protocol in the market (lateral
flow test) for the paper-based device. The lateral flow test also called a lateral flow
immunochromatographic assay is a type of rapid device for detection of various analytes
with a simple strip arrangement device without the need for specialised and expensive
equipment [192-194]. These lateral flow type devices are typically applied for medical
diagnostics including home testing, POC testing and also for laboratory use. The home

pregnancy test is one of the most well-known examples.

Typically, a lateral flow type device consists of several zones made from different
materials with different functionalities as shown in Figure 7.13. Basically, a normal lateral
flow strip consists of four parts: a sample pad, a conjugate pad, a reaction pad and finally
an absorbent pad. The sample is added on the stripe from the sample pad, which is
normally a cellulose filter that can hold a large volume of sample, then the sample flow to
the conjugate pad, which is normally made from glass fibre filter. At the conjugate pad, the
target analyte in the sample will bind with the specific conjugate, which is usually
biomolecules that are conjugated with colloidal gold or coloured micro-particles. These
specific conjugates have normally been immobilised during the manufacture of the strip
and because of the property of the material used for this pad they can be easily released
after having been rehydrated. After the conjugate pad, the mixture then migrates to the
next section of the stripe, which is the reaction zone that has the test and control lines. The
test line is composed of an antibody that is specific to the target analyte, thus the complex
analyte-conjugate will bind to the test line only if the analyte is present in the sample,
which then produces a colorimetric change at the test line indicating the presence of the
analyte. On the other hand, the control line is composed of an antibody that binds to the
conjugated biomolecule, which will always produce a colorimetric change regardless of

the presence of target analyte and indicates the correct implementation of the assay.

For the implementation of a lateral flow type assay on our paper-based devices, the assay
protocol we used was the sandwich ELISA for detection of CRP, which has been
successfully implemented in previous experiments as describe above. All the reagents and
antibodies were from the same commercialised ELISA kit as for the previous experiments.
Although a typical later flow strip consists of a few different materials as described above,
from the start, we simplify this arrangement by trying to use just a single material, which

is either cellulose filter paper or nitrocellulose membrane.

118



Chapter 7

Test line
Control line

Sample pad

Conjugate pad

Reaction pad

Absorbent pad

Figure 7.13 Schematic of a lateral flow-type biosensor that consists of four components:

sample pad, conjugated pad, reaction pad and absorbent pad.

A schematic of a lateral flow strip we first used for implementation of assays is shown in
Figure 7.14a: it is a single piece of nitrocellulose membrane with a cellulose pad at the end
to act as an absorption/waste pad. To operate the assay, the capture antibody is first
pipetted onto the testing zone and left overnight for immobilisation. Then the whole
device is blocked using blocking solution for one hour to avoid any unspecific binding of
antibodies and analytes to the paper substrate in the following processes. After the
blocking, the whole strip is washed three times using washing solution and then the
detection antibody is added in the conjugate zone and left to dry for one hour. After drying,
the device is then ready to use. To perform the test, the sample solution with target
analyte (CRP) is added to the sample adding zone, which will flow pass the conjugate zone
and rehydrate the detection antibody, and then the mixture will flow forward to the
testing zone and finally any excess reagent is absorbed by the absorption pad at the end.
Finally, the TMB is added in the testing zone, which will react with the HRP-tagged
detection antibody that is locked to the immobilised capture antibody through the target

analyte to produce a colour change.

The result of the implementation of CRP detection based on sandwich ELISA using a lateral
flow strip with an arrangement demonstrated in Figure 7.14a is shown in Figure 7.14c.
Compared with the arrangement of the preparation of capture antibody shown in Figure
7.14b, the results marked in the black frame in Figure 7.14c match this arrangement,
which illustrates the successful operation of the assay although it is a very weak signal
with some background noise. Further optimisation work, such as alternating the
antibodies’ concentrations, improving the blocking efficiency and selection of better
substrate materials, are still needed in order to get a clear and visible signal with less

background noise.
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For the next step, we then tried to perform the same ELISA for detection of CRP in an LFD
that has a standard arrangement as shown in the schematic image in Figure 7.13 with all
four different components present. An image of these devices is shown in Figure 7.15: a
paper strip that is 5 mm wide and 5.5 cm long with four different materials sequentially
positioned. All the reagents and antibodies were from the same ELISA kit as used in the

previous experiments.
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Figure 7.14 a) Schematics showing the arrangement of a lateral flow paper strip for
implementation of CRP detection. b) Schematic indicates the method of preparation of the
capture antibody. c) Image showing the result of lateral flow detection of CRP on a device

as described in a) based on a sandwich ELISA.

To operate the assay, the capture antibody again is first pipetted onto the reaction pad and
left overnight for immobilisation. Meanwhile, the HRP-tagged detection antibody is added
to the conjugate pad and left to dry overnight. Then the reaction pad is blocked using
blocking solution for one hour to avoid any unspecific binding. After the blocking, all four
components are then assembled together onto a sticky backing card with the arrangement
shown in Figure 7.13. The device is then ready to use. To perform the test, the sample
solution with the target analyte (CRP) is added to the sample pad and the result is shown
in Figure 7.16: two specific blue spots represent the presence of CRP in the sample.

Compared with the results in Figure 7.14, the signal on these devices with the standard
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arrangement (all four components) is better than that on a device consisting of only NC,

with less background noise. However, a certain level of background can still be observed.

+

Figure 7.15 Image of a real device showing the arrangement of a lateral flow paper strip

for implementation of CRP detection.

Figure 7.16 Image showing the result of the implementation of an enzyme-based
sandwich ELISA for detection of CRP on a paper strip shown in Figure 7.15 with a sample

concentration of 90 ng/mL.

Up to now, all ELISAs we have performed are based on an enzymatic reaction, more
specifically the colour reaction between enzyme HRP and colorimetric substrate TMB.
Because of this, an additional step of adding the substrate is always needed in order to
perform the colour change. However, this step can be avoided via tagging the detection
antibody with nanoparticles instead of an enzyme. In this case, the detectable colour signal
will automatically appear with the accumulation of nanoparticles without the need for
applying an additional substrate. As the detection antibody we used is already bound to
biotin and streptavidin-conjugated gold nanoparticles are commercially available, the
easiest way to tag this detection antibody with nanoparticles is via a commonly used
streptavidin biotin binding. It is well known that streptavidin has an extraordinarily high
affinity for biotin and the binding of biotin to streptavidin is one of the strongest non-
covalent interactions known in nature [195]. In these experiments, the Streptavidin-Au
with 20 nm particle size were purchased from Sigma-Aldrich (UK). The Au-tagged

detection antibodies were prepared by simply mixing the solution of the streptavidin-Au
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and the detection antibody then left for 10 minutes at room temperature for incubation

before use.

Following the same assay protocol as described above with the Au-tagged detection
antibody replacing the HRP tagged detection antibody, the result is shown in Figure 7.17:
two clear red spots show the detection of CRP in the sample. Compared with the results in
both Figures 7.14 and 7.16, the signal here is much clearer with no visible background

noise.

Figure 7.17 Image showing the result of the implementation of an Au nanoparticle-based
sandwich ELISA for detection of CRP on a paper strip shown in Figure 7.15 with the

sample concentration of 90 ng/mL.

7.3.3 Implementation of automatic multi-step assays

The final goal is to develop automated paper-based microfluidic devices that are user-
friendly needing minimal intervention from the patient or an unskilled user need
strategies that allow control over the flow of several liquids (reagents and sample) along
their pathways. Such devices allow the implementation of a multi-step assay (such as an
ELISA) automatically that do not need any human intervention. In the following
experiments, we then tried to fabricate such automated paper-based devices using fluid
delay strategies as described in chapter 4 and then validating the devices by implementing

a multi-step ELISA for detection of CRP.

Firstly, we used the device with the same arrangement as shown in Figure 4.12 and 4.13 as
described in chapter 4: a network of three identical channels for sequential delivery of
three fluids to a common detection or reaction point. The sequential delivery of each fluid
is made possible by introducing (a set of three identical) porous barriers written with a
c.w. laser across the fluid channels with different porosity through simple adjustments of
the laser parameters, which then introduce different delays to each channel. In the

following experiment, we demonstrate the use of this device to implement automatic
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multi-step ELISA for CRP detection. All the antibodies and reagents used were from the
ELISA kit and were diluted to the working concentrations of 3.6 pg/mL and 162 ng/mL for
capture antibody and conjugated antibody respectively and the streptavidin HRP was
diluted in PBS with a ratio of 1:200. The CRP human standard (C1617) was purchased
from Sigma-Aldrich (UK) and diluted to different working concentrations using calibrator

diluent (1% BSA in PBS).

To prepare the device for implementation of an assay, the capture antibody was first
pipetted at four distinct spots (1 pL per spot) within the detection zone as shown in Figure
7.18a and then left to dry for one hour at room temperature. The whole device was then
immersed in a blocking solution (5 % BSA in PBS) for one hour at room temperature,
followed by three sequential washing steps using PBS. Finally, after subsequent drying, the

device was ready to use.

To perform the assay, 40 uL of each reagent was sequentially pipetted onto the source
pads within a period of a few seconds in each channel and the device was left in a covered
petri dish at room temperature to allow for the timed, sequential delivery of the individual
solutions along each channel, into the detection zone for reaction with the capture
antibodies immobilized therein. The devices were held along their edges by a specially
designed holder that suspended them in the air thus eliminating any contact with the petri
dish surface underneath which otherwise would have altered the flow of the reagents.
After 30 minutes, the whole device was washed three times using PBS for five minutes
each. Finally, 10 pL of the colorimetric substrate TMB (Tetramethylbenzidine) was added

at the detection zone and the result was read after 20 minutes.

Ideally, such a device should also enable the sequential delivery of TMB to the detection
zone via another fluid flow channel, and that would then be a true example of a sample-in-
result-out type device, however, for this initial proof-of-principle experiment where we
intend to show the usefulness of delays, we have not yet manufactured such a test. In the
case of several routinely employed assays, the detection antibodies are tagged either with
a gold nanoparticle or coloured beads, and if we choose to use detection antibodies
labelled in this fashion, then there would not be the need to have this additional delivery
path. Figures 7.18b, 7.18c and 7.18d show the results for the detection of different
concentrations of CRP, and the clearly visible and distinct four blue spots that appear in
the detection zone (with minimal background colour ‘noise’) confirm the presence of CRP
in the sample. Figure 7.18d shows the result for a control device tested with a sample
solution that did not have CRP. As shown in the figure, for this negative result, we do not
observe any specific blue spots in the detection zone. The colour intensity of the spots in

Figure 7.18b is greater than that in Figure 7.18c, which is greater than that in Figure 7.18d,
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and this relates to the higher concentration of CRP in the corresponding samples that were
used in the three different cases. For some of the spots, their non-symmetric circular
shape is as a result of the spotting of the capture antibodies more towards one edge of the
channel walls, resulting in a clipping of their circular shape. The images in Figure 7.18b
and 7.18c clearly demonstrate the successful detection of CRP on our laser-patterned
paper-based device with incorporated fluid delay mechanisms. In addition, as shown in
Figure 7.18d, using our devices, we were also able to detect CRP with concentrations of

less than ~ 10 ng/mL, which we believe is close to the limit of detection.

This device is an example of a semi-automatic type test that still requires intervention
from a user, but we are planning on developing this concept further in the immediate
future to enable a fully-automated device which would then be a true example of a sample-

in-result-out type device.

vtavidin-HRP Absorbent pad /

3. Detection Ab  Cellulose filter g\

Figure 7.18 Automated multi-step ELISA for CRP detection in a 2D multi-channel fluidic
device. a) Image of a device showing its design and indicating reagent locations for the
assay. Four blue spots, shown schematically in a), represent the position of immobilised
capture antibody in the detection zone. b), c), d) and e) are photos of the CRP ELISA result
on the device for different sample concentrations of 10 pg/mL, 100 ng/mL, 10 ng/mL and

no sample respectively.

After successful implementation of the multi-step ELISA on a cellulose paper-based device,
we then focus on the nitrocellulose membranes, which are a more commonly and
popularly used material in POC diagnostics. For the operation of an automated multi-step

CRP detection, we first fabricated a 2D multi-channel fluidic device on nitrocellulose
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membranes, which is shown in Figure 7.19, using our LDW technique with a similar three
channel arrangement as described previously. It is a three channel design with different
delays in two of the channels, which then allow sequential delivery of reagent from each
channel to the reaction zone. After the device was fabricated, it was then prepared before
operating the test with immobilisation of capture antibody and blocking. After those
preparations, for implementation of the assay, the sample, detection antibody and HRP
were added sequentially within a few seconds into the channel without delay, the channel
with weaker delay and the channel with stronger delay respectively. Finally, after washing,
the TMB was added into the detection zone and the result is shown in Figure 7.19f: four

specific blue spots illustrate the presence of the target analyte in the sample.

Figure 7.19 Automated multi-step ELISA for CRP detection in a 2D multi-channel fluidic
device. a) Image of a device showing its design and indicating reagent locations for the
assay. Four blue spots, shown schematically in a), represent the position of immobilised
capture antibody in the detection zone. b), c), d) and e) are sequential photos of the device

after different times of adding the reagents, and f) is a photo shows the result.

7.3.4 Detection of CRP in real human bodily fluids

In the previous sections of this chapter, a number of both simple one-step and complicated
multi-step assays have been successfully performed in our patterned paper diagnostic
devices. In this section, for the purpose of proving that these devices can also be used in a
real setup, the performance of these paper-based devices was then tested by diagnosing
analytes in real human bodily fluids including human urine and human blood plasma.
Again, the analyte of interest was CRP, as the protocol was known and well-developed in

this format as described in previous sections.
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The healthy urine samples were obtained from hospital and were spiked with known
concentrations of CRP. These spiked samples were then tested using an NC device with
grid-like structures patterned via our LDW approach as shown in Figure 7.20. The
diagnosis was performed via a sandwich ELISA with the same protocol as described in the
previous section. As a comparison, samples of PBS with spiked known concentrations of
CRP were also tested on the same device. The results of these tests can be seen in Figure
7.20 with blue spots in individual wells representing the presence of CRP in those spiked
samples. These confirm that these laser-patterned devices can be used for the detection of

CRP in human urine samples.

Spiked urine samples » T ‘! Y
500, 250, 125, 62.5, 31.25 pg/mL = . ' .

Spiked urine samples > |
16, 8, 4 ug/mL, 9 ng/mL : ? -
Spiked PBS samples # :

500, 250, 125, 62.5, 31.25 pg/mL

Spiked PBS samples
16, 8, 4 ug/mL, 9 ng/mL

Figure 7.20 Detection of CRP in human urine on LDW patterned NC device. The first two
rows show detection of various concentrations of CRP in spiked healthy human urine, and

the two last rows show detection of the same concentrations of CRP in spiked PBS.

Following the successful implementation of detection using human urine samples, in the
next set of experiments, another important bodily fluid, human blood plasma, was tested.
The human samples were obtained from our collaborators at Southampton University
General Hospital. These plasma samples were from patients that had conditions such as
heart attacks and therefore had high CRP levels, and had been measured at the hospital by
traditional microtiter plate-based ELISA. Therefore, a direct comparison is made between
our technique and the routinely used method. Furthermore, healthy samples were also
applied and used as the negative control for these tests. In addition, the healthy samples
with spiked CRP at different concentrations were also tested on the same device. The
results of the tests using human blood samples are shown in Figure 7.21: all infected
clinical samples produced a consistent signal at the different wells that contain the same
sample. Moreover, there is a distinct degradation of the colour intensity of the spiked
healthy samples as the concentration of the CRP decreases, and finally, the non-spiked

healthy samples show a very low signal, which was the negative control.
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Unknown clinical sample SKO01

Unknown clinical sample SKO05

Unknown clinical sample SKO06

Unknown clinical sample SK015

Healthy spiked 500, 250, 125, 62.5, 31.25 pg/mL q " ’ !-'T '

Healthy spiked 16, 8, 4, 2 pg/mL

Healthy not spiked

Figure 7.21 Detection of CRP in blood plasma on laser-patterned nitrocellulose. Both

infected clinical samples and healthy samples were tested.

Overall, we have successfully demonstrated that our LDW fabricated devices can be used
for medical diagnosis with real human bodily fluid samples, which further validates the

effectiveness of these patterned paper-based devices as a clinical diagnostic tool.

7.4  Summary

In order to validate the effectiveness of our LDW technique for fabrication of paper-based
microfluidic devices, in this chapter we implemented and tested a range of colorimetric
biochemical analyses and also clinical diagnostic assays on both un-patterned and

patterned cellulose paper as well as nitrocellulose membranes.

We started with simple one-step assays for detection of glucose, BSA and nitrite in water.
We successfully achieved both multiplex analyses for the single analyte with different
concentrations, and simultaneous detection of two different analytes. Subsequently, by
plotting a calibration curve from the sample with known concentrations, we are then able
to measure the concentration of unknown samples by measuring their colour intensities
and comparing them to the calibration curve, which provides a semi-quantitative analysis

on these paper-based devices.

After successfully implemented those simple one step colorimetric assays, we then
focussed on more complicated multi-step diagnostic protocols: ELISA, for detection of
TNF-a and CRP. For CRP ELISA, we were able to detect CRP with a concentration of about
1 ng/mlL, which is close to the limit of detection and can be comparable with the
commercialised ELISA kits performed on a microtiter plate in the laboratory. Following

these, we also successfully implemented lateral flow protocols on our paper-based devices
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and then designed an automated paper-based microfluidic device that allows control over
the flow of several fluids along their pathways for operating a multi-step ELISA
automatically. All the reagents needed are added to the device at the same time, and then
the delay strategies in each channel allow control and sequential delivery of these
reagents to a reaction zone after different periods of time as required, in order to perform
multi-step analyses. Finally and most importantly, we have also successfully demonstrated
that these devices can be used for the detection of CRP in real human bodily fluid samples,
including urine and blood plasma, which further confirm and validate the effectiveness of

these LDW patterned paper-based devices.

Finally, a number of advantages of using a laser-patterned paper-based device for these
assays were demonstrated in this chapter. First of all, the reagents and sample volumes
used are hugely reduced to only 2 ul per square well from 100-200 ul usually required in a
standard ELISA test. As reagents are typically extremely expensive and samples are
usually precious, this helps to cut down the cost of the assay considerably. Another
significant advantage is the reduction of the time required to perform this assay. After the
incubation of the capture antibody on the paper device, the assays performed on a paper-
based device require only about 5 to 15 minutes in total to complete, compared to 6 or
more hours required for a standard ELISA test. Additionally, the cost of the paper device is
much smaller (~ 0.05 GBP per device) compared to the cost of the plastic multi-well plate
(~ 1 GBP) commonly used in ELISA tests. Finally, the whole footprint of the device is
greatly reduced, allowing for easier and cheaper transportation. Overall, we believe that
these LDW patterned paper-based devices could be an ideal alternative choice for medical
diagnostics, which are much faster, cheaper and easier to use than currently used

laboratory-based analyses.
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Chapter 8: Conclusions and future work

8.1 Conclusions

This chapter provides a summary of all the results described in this thesis concerning
about development of a novel laser-based direct write approach not only for fabrication of
paper-based medical diagnostic sensors but which also allows the introduction of a wide
range of additional functionalities and the validation of these LDW-fabricated devices for

implementation of various detection tests.

8.1.1 LDW patterning for fabrication of paper-based devices

In Chapter 3, we have demonstrated a simple, low-cost laser-based direct-write technique
for the rapid patterning of fluidic structures in various porous materials for fabrication of
paper-based microfluidic devices. The main substrates that have been explored to test the
applicability of this technique are cellulose paper and nitrocellulose membranes, both of
which are very important materials used for fabricating paper-based microfluidic devices.
Compared with other techniques previously reported for fabrication of such devices, this
LDW procedure is mask-less, non-contact and non-lithographic, which helps to avoid any
cross-contamination during the fabrication process. Additionally, the approach also
eliminates the requirement for expensive masks, cleanroom-based steps, specialist
reagents and custom-designed equipment, which make it well-suited for up-scaling to

mass-production.

The results discussed above show that this method is able to create polymerised barriers
on both cellulose paper and nitrocellulose membranes with dimensions of only ~ 120 pm
and ~ 60 pm, respectively, and the minimum dimensions needed for making microfluidic
channels that can contain and guide liquids are ~ 80 um and ~ 100 pm respectively. All
these values mentioned here are the smallest that have been reported so far, which would
help towards further miniaturisation of such paper-based microfluidic devices. In addition,
with our existing laser-writing set-up, we have proved that it is possible to achieve mass

production with a speed of at least one device per second.

Finally, in order to further optimise this LDW patterning technique, two main
improvements have been successfully introduced into the basic LDW procedure. For the
first improvement, a galvo scanner is introduced, which allows a further increase of the
fabrication speed and more accurate control of the patterning condition, which brings

great flexibility during the fabrication procedure. In addition to this, a local deposition
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procedure is introduced, which satisfactorily solves the problem of altering properties of
the patterned substrate during the initial LDW procedure and additionally eliminates the

undesirable solvent development procedure.

8.1.2 Introduction of fluidic delays via LDW approach

In Chapter 4, two delay mechanisms (depth-variable barriers and porosity-variable
barriers) were introduced based on the same LDW technique that allows the fabrication of
pre-programmed or timed fluid delivery in paper-based fluidic devices without any

additional equipment or minimal actions from the user.

The results show that through adjustment of the laser writing parameters such as the laser
power and scan speed we can control the depth and/or the porosity of these delay
barriers which, when fabricated in the fluid path, produce controllable fluid delay. We
have demonstrated that the efficiency of the introduced delay, namely the delay factor,
depended not only on the condition (porosity or depth) of the delay barriers but also on
the number and the position of the barriers. Using this delay patterning protocol, we

generated flow delays spanning a few minutes to over an hour.

The introduction of these programmable fluid delays would then help to add further
functionalities to paper-based microfluidic devices, particularly for applications such as
automated multi-step fluidic protocols. In contrast to other methods reported for
controlling fluidic delivery, this approach eliminates the requirements for cleanroom-
based steps, or custom-designed equipment, or the need for long flow paths. Most
importantly, with our existing LDW set-up, the delay mechanism can be an integral part of
the fabrication of the fluidic devices themselves, and this is a distinct improvement over

other methods that require additional procedures for introduction of fluidic control.

8.1.3 Fabrication of 3D paper-based device via LDW approach

Compared with simple 2D paper-based devices, 3D devices introduce a number of unique
characteristics which are advantageous for certain applications and thus have been
studied in recent years. In Chapter 5, we then further extended our LDW approach for
application beyond fabrication of simple 2D microfluidic paper-based devices. During the
previous experiments, we found that the depth of the polymerised structures in the

substrate can be controlled during the patterning procedure.

Firstly, with the fabrication of these polymerised structures extending through a few

layers of substrate, 2D devices can be stacked and sealed, which hence solves potential
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evaporation and contamination problems. In addition, through carefully designing the
patterning strategy or judicious assembly of several layers, it allows 3D pathways for the
realisation of a 3D paper-based device. Secondly, with the fabrication of these polymerised
structures in a single substrate that extends to different depths, backing structures can be
achieved inside the substrate itself. In addition, these polymerised structures with
different controllable depth can be also used to control the effective paper volume, which
will help to reduce the required reagent volume and most importantly, with our
hypothesis, can be used for enhancing the assay sensitivity and limit of detection. Finally,
by carefully designing and positioning of these depth-variable polymerised structures in a
single substrate, 3D flow paths can be constructed for the realisation of a 3D paper-based

device based on a single layer of the substrate.

Overall, unlike other 3D device fabrication methods, our LDW approach does not require
any additional processing equipment or alignment/assembling step and uses the same
fabrication approach that is described earlier for producing a 2D fluidic device by simply

altering the patterning parameter.

8.1.4 Enabling triggerable fluidic gates in paper-based devices

To add further functionalities to paper-based devices, in Chapter 6, we have demonstrated
a new approach for fabrication of fluidic gates or valves based on simple wax barriers
printed using a cheap office wax printer. These wax gates can be triggered by the
application of a heat source. In more detail, the wax in the heated area is melted and then
pushed away by the flow, which hence results in a clean permanent flow path that allows
fluid to flow through. Thus, these triggerable barriers act as controllable on/off gates that

either impede or allow the flow of fluids on demand in fluidic devices.

To enable the switching action, we have successfully demonstrated both non-localised
heating using a hot plate and localised heating using a wax pen or a laser. Furthermore, in
order to prove the effectiveness of this idea of using printed wax barriers as fluidic gates,
both a simple single step assay for detection of nitrite and a complicated multistep

sandwich ELISA for detection of CRP have been successfully implemented.

Overall, the approach reported here allows fabrication of triggerable fluidic gates with an
extremely simple and cheap procedure without the need for additional expensive
equipment and complicated procedures. In addition, these wax gates are highly
controllable as desired by precise application of the heat source. Therefore, we believe
that this approach could be an ideal choice for implementation of fluidic gates in paper-

based microfluidic devices.
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8.1.5 Validation of the fabricated paper-based devices

In Chapter 7, a range of biochemical analyses and also clinical diagnostic assays have been
successfully implemented on these LDW patterned devices in order to validate the LDW

technique for fabrication of paper-based devices.

For simple one-step analyses, detection of glucose, BSA and nitrite in water have been
successfully implemented in both multiplex analyses for a single analyte with different
concentrations and simultaneous detection of multiple analytes. In addition to these, more
complicated multi-step ELISAs for detection of TNF-a and CRP were also tested in our
patterned devices. For CRP, we were able to detect concentrations of about 1 ng/mlL,
which is close to the limit of detection and can be comparable with commercialised ELISA
kits. Additionally, for all the above tests, semi-quantitative analyses were also
accomplished by comparing the colour intensities to a calibration curves. Following these,
based on the delay strategies we introduced in Chapter 4, we also successfully developed
an automated paper-based microfluidic device that allows control over the flow of several
liquids along their separate pathways for operating a detection of CRP in an automatic
manner. Finally and most importantly, we have also confirmed and validated the
effectiveness of these LDW patterned paper-based devices using real human bodily fluid

samples, including urine and blood plasma.

In addition, a number of advantages of using a laser-patterned paper-based device for
these assays were also demonstrated in Chapter 7, which includes reduced sample and
reagent volumes required, shorter assay performing time and finally much lower cost.
Overall, we believe that these LDW patterned paper-based devices could be an ideal choice
for both chemistry analysis and clinical diagnostics, which are much faster, cheaper and

easier to use than currently used laboratory-based approaches.

8.2 Future work

We believe that the LDW technology described in the previous chapters has great
potential in the manufacturing of low-cost POC medical diagnostic devices. Although much
has been done in developing, optimising and testing of this LDW approach and the
fabricated devices as described in this thesis, there is still enormous room for
improvements and innovations in this field. Therefore, we have already identified several
key areas that we believe further studies are necessary in order to further explore and

expand the potential of our manufacturing technique.
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As future work, one of the immediate goals would be to continuously investigate and
explore new materials, include both photopolymer and the solvent used, in order to
further optimise the patterning procedure, and which might also result in easier, faster
and more cost-effective manufacturing. In addition, a range of different lasers are also

worth trying that would result in optimised patterning performance.

Secondly, we have shown that our devices have great potential in improving the sensitivity
of detection, which is currently regarded as one of the greatest challenges for transferring
paper-based diagnostic devices from their research phase towards real world application.
This work will involve the further investigation of functional structures that are
introduced in paper-based devices via our LDW approach for increasing the sensitivity

and also limit of detection.

Thirdly, the next big revolution in paper-based devices is the ability for implementation of
multiplexed diagnostics. Most of the detection protocols in real world scenarios are much
more complicated and many require multi-analyte diagnoses in order to diagnostic a
single condition. Multiplexed quantitative detections for a single analyte are also equally
important, as for most conditions, more information instead of just a yes/no answer is
required in order to make a diagnosis. With our LDW approach, we have proved the ability
to pattern multiple flow channels in a single device potentially for achieving the
multiplexed detection of either multiple conditions or a single condition with different
levels. Hence, we believe that our laser-based techniques could produce devices that allow

multiplexed detection, which helps to achieve fast, accurate and quantitative diagnoses.

Fourthly, our final goal would be to demonstrate fully automated paper-based biosensors
that allow real clinical diagnosis and do not require any additional handling from the user
apart from the introduction of the sample. This work will involve the use of the best-
identified laser-patterning protocol for the fabrication of a simple fluid-flow-based
prototype test/sensor that can be applied for pre-clinical trials in the detection of diseases
and diagnosis. As a platform technology, it is expected that once the first prototype is

developed, it will be easier and faster to develop biosensors for detecting other diseases.

Finally, there are several innovative ideas that have been proposed during this work, and
further exploration is required. These tasks will involve investigating areas that are more
speculative and lie outside the fundamental laser-based paper structuring for POC
applications. Firstly, the introduction of optical functionality into paper-based devices: this
task involves the injection of light into the LDW patterned polymer tracks in order to form
waveguides either in or on the paper substrate. As a result, this optical functionality may

offer a route to implement more complicated tests that involve light as a diagnostic media
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in paper-based devices beyond currently available detections. Secondly, LDW patterning
of fabrics: this could be applied as a method for fabrication of 'smart plasters' or wearable
monitoring and diagnostic devices, which enable novel POC diagnostics. Finally,
investigation of 'smart’ polymers: this task involves exploring functional photopolymers
that can be sensitive to a number of different stimulj, i.e. temperature, intensity of light, pH,
electrical or magnetic fields, and can respond in different ways. With the introduction of
such materials to paper-based devices, it would allow for novel analyte detection

techniques and manipulation of solutions within the device.
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Appendix A Laser Fluence Calculation

During the LDW procedure, a laser beam is focused onto the substrate through a lens,
which then induces cross-linking of the photopolymer that is pre-permeated in the
substrate. In order to understand and optimise this polymerisation procedure, it is
important to know the actual fluence in the exposed area, which causes the photo-

polymerisation.

Commonly, the laser fluence is used to describe the energy delivered per unit area from a
pulse laser. It is normally defined in units of J/cm2. The following equation is normally

used to calculate the laser fluence of a laser pulse:

Joules Laser pulse energy [/]
Fluence [ 5 ] =
cm

1
Exposure areal[cm?] (1)
In the case of a c.w. laser, the output is normally defined by power rather than pulse
energy as for a pulsed laser. As a result, to define the laser fluence for a c.w. laser, a slight
modification to the above equation will be needed. The equation below is then used to

calculate the fluence for a c.w. laser:

(2)

Joules Delivered energy [J]
Fluence ] =

cm? Exposure area[cm?]

For a c.w. laser, the output is usually defined in power with units of watts. Hence, to
calculate the delivered energy from a c.w. laser, a time factor needs to be introduced and

the calculation can be done using the following equation:

Delivered energy [Joules]| = Laser power [W] X Scan time [s] (3)

However, for our LDW approach, the focused beam scans along the surface of the
substrate at specific scan speeds, thus the exposed area can be then roughly defined as a
rectangular area with the length of scanned distance and width of the laser spot at the
substrate surface. The length of the scanned distance can be simply calculated according to
the chosen scan speed and the scan time. An assumption is made here that the exposure
area is a rectangular shape that ignores the start and the end of the scanned area, which
should be semi-circular because the beam itself is circular. These areas of the two semi-
circles at the start and end of the scan are negligible compared with the total exposure

area. Therefore, the following equation is used to define the exposure area.
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Exposure area [cm?] = Laser spot diameter [cm] X Scanned distance [cm]

cm
= Laser spot diameter [cm] X Laser scan speed [T] (4)

X Scan time [s]

Finally, substitute equations (3) and (4) into (2), we are then able to obtain the equation

for calculation of fluence for a c.w. laser as follows:

Joules Delivered energy [J]
Fluence [ ] =

cm? Exposure area[cm?]

Laser power [W] X Scan time [s]

Laser spot diameter [cm] X Laser scan speed [%] X Scan time [s] (5)

Laser power [W]

Laser spot diameter [cm] X Laser scan speed [%]
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Appendix B BioDot dispensing system

In this appendix, the background, theories and calculations of the BioDot

Aspirate/Dispense system are described in detail.

The BioJet Plus™ technology is a hydraulically driven system that combines the high-
resolution displacement capabilities of a syringe pump with a high-speed BioJet valve. This
combination permits the non-contact dispensing of nanoliter volumes. As described in
schematic in Figure B1, the dispensing system mainly consists of a syringe pump module
that is connected to the backside of the dispense valve. For continuous dispensing, the
reagent or solvent is pulled from a reservoir into the syringe and then dispensed through

the micro-solenoid valve.

Dispense Line
BioJet™

L Pump
Head Connection
Source . BNC or Hamess
-Syringe Connection
BioJet™

Plunger — Valve

Thumb Replaceable —

Screw Cermatic

Tip

_ Glass
Slide

Figure B 1 Schematic of the BioDot AD3220 dispense/aspirate system with a BioJet™

non-contact nanoliter dispenser head [196].

Two modes of liquid handling are possible, which are continuous (bulk) dispensing and
aspirate/dispense. Continuous dispensing involves pulling reagent or solvent from a
reservoir into the syringe and then dispensing it through the micro-solenoid valve.
Aspirate/dispense is accomplished by filling the system with backing fluid, dipping the tip
of the valve into a sample, withdrawing the syringe to aspirate the sample, and then
dispensing the aspirated sample. For all trials of local deposition of both photopolymer
and biological reagent described in this thesis, we chose to use the second mode

(aspirate/dispense) due to the smaller volume required and easy switching of the source.

In order to accomplish the dispense function, this hydraulically driven dispensing system

requires a fluid medium to be present from the syringe to the micro-solenoid Bio]et Plus
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valve. Four main steps are involved in a typical dispensing process. For the first step, the
syringe is displaced a given amount. At the second step, the valve is opened for a short
period of time (normally milliseconds). Then, during the third step, fluid is released from
the valve and travels to the tip. Finally, for the last step, the fluid increases its linear
velocity as it passes through the tip orifice and is ejected as either a drop or a stream(if the

amount of the fluid is large) onto the substrate. One valve actuation results in one drop.

The steady state pressure (SSP) in the dispensing system is the key to BioJet Plus™ in
order to dispense the proper volume. This pressure is achieved by the displacement of
fluid by the syringe pump and is proportional to the displacement (drop size). The SSP is
determined by the system compliance, which is dominated by entrapped air bubbles. Once
the SSP is established, the amount of fluid displaced by the syringe pump will equal the

amount that is dispensed.

The plot in Figure B2 shows schematically how the pressure changes in the system
according to the SSP during a normal prime/aspirate/dispense cycle. The prime is used to
initialize and fill the syringe pumps, micro-solenoid BioJet Plus™ valves of the dispense
head, and connecting tubing with fluid from the reservoir. The reservoir fluid can be either
system fluid for an aspirate/dispense step of the reagent or sample fluid for continuous
(line or dot) dispensing. When the dispense system is primed, several hundred micro liters
of fluid are dispensed as a stream. The resistance to flow caused by the valve and tip
orifice causes the pressure within the system to become higher than desired for SSP as
shown in Figure B2. To achieve SSP, you must first vent the valves, which involves opening
the valves without displacing fluid. This brings the system to ambient (zero) pressure and

from this point the SSP can be achieved.

For the next step, the aspirate function draws the sample from a reservoir, usually a
micro-well plate, into the tip of the dispenser. As shown in the plot in Figure B2, during the
normal aspiration process, a slight negative pressure is produced. This negative pressure
is relieved by performing a vent, which opens the micro-solenoid valve without displacing
any fluid. When the sample is aspirated, the syringe pump draws fluid through the tip
orifice. The resistance to flow from the tip and valve creates a negative pressure, which
must first be overcome to achieve a steady state pressure. As with priming, venting the
system can bring the system to a zero/ambient pressure, from which the SSP can be

applied.

Finally, before the real dispensing can proceed, pre-pressurization and pre-dispense
procedures are required in order to bring the pressure in the system from the zero

pressure back to the SSP, which then allows accurate and stable dispensing of the
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programmed volume. For the pre-pressurization procedure, the syringe pump is displaced
without opening the BioJet Plus™ valve, which raises the pressure in the system very close
to the desired SSP. After pre-pressurization, several pre-dispenses at the programmed
volume should be performed for fine-tuning the SSP that brings the pressure to the
appropriate level for the programmed volume. Finally, the dispensing happens under the
SSP, where the syringe pump to displace fluid and the BioJet Plus™ valve opens resulting

in a drop or series of drops of the programmed volume.

Priming, aspiration, pre-pressurization and pre-dispense are the four main procedures
that influence the achievement and maintenance of the SSP and thus influence the
dispense volume. Apart from these factors, the SSP is also affected by a number of other

factors such as gas bubbles, tip effects, syringe speed and valve open time.

6 Prime
Dispense

Vent

5 | Pre-Pressurize

Pressure

Aspirate Vent

Time

Figure B 2 Schematic figure shows the variation of the pressure during a prime, aspirate,

and dispense cycle [196].

The flow chart in Figure B3 describes the logic sequence of the AxSysTM software
program, which is a bespoke software package for the operation of the BioDot dispensing
system. For the first step, the software requires the user to choose the dispense mode
from either dot dispense or line dispense. Then a set of dispensing parameters is required

for either mode that has been decided. In the next step, the user again needs to decide the
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liquid handling mode, which can be either continuous (bulk) dispensing or
aspirate/dispense. If an aspirate/dispense mode is chosen, further actions are required
including the confirmation of the coordinates for the aspiration source and then aspiration
of the target fluid from the reservoir. For continuous dispensing mode, the source is
automatically selected and no any further interactions are required. In the following step,
a series of pre-dispense preparation procedures are required before actual dispensing can
be accurately performed, which include pre-dispense, pre-pressurization and cleaning of
the dispensing tip. After the above pre-dispense preparations, the system will then start its
actual dispense process according to the required design that is pre-programmed by the
user. Finally, the whole dispensing procedure ends with cleaning and parking of the

dispensing head.

No Line dispense
Enter rate and
length

Dispense dots?

No Enter volume No
ispensing on the fly? and center-to- Aspirate? Bulk dispense

center distance

Yes
y
Enter the aspiration

Source coordinates
Line mode Move to it

Enter volume
and pitch

y N
Enter waste station coordinates
Move to it — Pre-dispense
Enter wash station coordinates
Move to it — Wash
Enter vacuum station coordinates
Mover to it—Dry

| Enter substrate coordinates
Move to it - Dispense

4' Loop the dispensing move

Y
| Execute a dispense pattern =-.

No

Iterate the dispense

| Purge, wash and park head I

Figure B 3 Flow chart showing the logic sequence of the AxSys™ software program for

operation of the BioDot dispensing system.

The step-wise schematic in Figure B4 shows the working protocol for the AD3220 BioDot
aspirate/dispense system. The dispensing starts with the homing of the platform followed
with prime and vent of the system. The prime is used to initialize and connect the syringe
pumps and the valves to the reservoir. After priming, the valve is vented in order to bring
the pressure in the system from ambient pressure to above SSP. In the next step, a tip

cleaning procedure occurs, which includes wash, vacuum and drying of the tip. Following
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the cleaning procedure, two dispensing modes, namely continuous dispensing mode and
aspirate/dispense mode, can be chosen according to different requirements and
applications. For all the dispensing experiments described in this thesis, the
aspirate/dispense mode is selected due to the smaller fluid volume required and easy
switching of the source. In terms of the aspirate/dispense mode, an additional aspiration
step is included in order to aspirate the sample from an external reservoir into the tip of
the dispenser, which is followed again by cleaning of the tip. For the next step, a series of
pre-dispense procedures are performed, which include pre-dispense, pre-pressurisation
and tip cleaning, in order to get the system ready for an accurate and stable dispensing,
mainly stabilising the system at the desired SSP. The actual dispensing is then performed
under the desired SSP, which allows accurate and stable dispensing of the programmed

volume. For the last step, the dispensing ends with homing of the system.

Bulk Aspirate -
Dispensing Dispense
Start : Wash / Aspirate
Prime =i
. . H l::} |:'|> Vent I
Finish L°™¢ System €n ':> Vac /Dry | 22> | reagent
~ Tips 1,2,3 etc.
o on 71
1! s
: : ,’,I ﬂ ﬂ
Wash /
Vac / Dry 5 ) Wash /
Tips dispr:r_\se 4| Vac/ Dry
Tips
Move to Pre Wash / Pre-
t:rget and <::| dispense2 <::| Vac_/ Dry <::| oressurise
ispense Tips

Figure B 4 Step-wise schematic describing a general working protocol for the BioDot

aspirate/dispense system, which involves several basic steps in a logic sequence.
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Appendix C Assay protocols

C.1 Assay for the detection of BSA

1. Add 250 mM citrate buffer at pH 1.8 to the detection zone and leave the device to
dry at room temperature for at least 1 hour.

2. Add 3.3 mM TBPB in 95% ethanol solution into the same detection zone and allow
the device to dry at room temperature for at least 1 hour.

3. Add solutions of BSA sample and incubate for 10 minutes at room temperature.

4. Capture photographs of the test.

5. Compare the colour intensity to the calibration curve to determine the

concentration of BSA.

C.2 Assay for the detection of glucose

The detection of glucose is based on an enzymatic reaction: the horseradish

peroxidase/glucose oxidase reaction, which then produces a product that can be detected.

1. Add the glucose oxidase/peroxidase solution (5:1 ratio and 15 units of protein per
ml of solution) to the detection zone and leave the device to dry at room
temperature for at least 1 hour.

2. Add solutions of D-glucose sample in DI water in various concentrations and
incubate for 10 minutes at room temperature.

3. Capture photographs of the test.

4. Compare the colour intensity to the calibration curve to determine the

concentration of glucose.

C.3 Assay for the detection of nitrite

The detection of nitrite is achieved via the Griess reaction, which is the most common
colorimetric reaction used for the detection of nitrite, in which nitrite ions react with a
primary aromatic amine under acidic conditions forming a diazonium salt which further

reacts with an aromatic compound to form a coloured azo dye.

1. Preparation of Griess reagent: dissolving 50 mM sulfanilamide, 330 mM of citric
acid and 10 mM of N-(l-naphthyl)-ethylenediamine dihydrochloride in DI water.

2. Add the prepared Griess reagent to the detection zone and allow the device to dry
at room temperature for at least 1 hour.

3. Prepare the stock solution of 10 mM sodium nitrite.
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4,

Dilute the stock sodium nitrite solution in DI water and add onto the device then
allow incubating for 10 minutes at room temperature.

Capture photographs of the test.

Compare the colour intensity to the calibration curve to determine the

concentration of nitrite.

C.4 Assay for the detection of TNF-a

The detection of TNF-a is based on a sandwich ELISA.

10.
11.

Add capture antibodies onto the device and leave overnight at room temperature
for immobilisation.

Block any areas of the device that do not have bound capture antibodies by
submerging the device in a blocking solution. The blocking solution is 5% BSA in
PBS. Incubate for at least 1 hour in room temperature.

Add the standard or diluted sample onto the device at the required concentrations.
Incubate at room temperature for 1 hour.

Wash 3 times for 5 minutes each in 0.05% Tween20 in PBS wash buffer.

Add biotinylated detection antibodies on the paper at their working concentration.
Incubate at room temperature for 1 hour.

Wash again as step 4.

Add streptavidin-HRP at working concentration and incubate for 30 minutes in the
dark.

Wash again as step 4.

Add colorimetric substrate TMB to induce a colour change.

Capture photographs of the test.

Compare the colour intensity to the calibration curve to determine the

concentration of TNFa.

C.5 Assay for the detection of CRP

The detection of TNF-a is based on a sandwich ELISA.

1.

3.

Add capture antibodies onto the device and leave overnight at room temperature
for immobilisation.

Block any areas of the device that do not have bound capture antibodies by
submerging the device in a blocking solution. The blocking solution is 5% BSA in
PBS. Incubate for at least 1 hour at room temperature.

Add the standard or diluted sample onto the device at the required concentrations.

Incubate at room temperature for 1 hour.
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Wash 3 times for 5 minutes each in 0.05% Tween20 in PBS wash buffer.

Add biotinylated detection antibodies on the paper at their working concentration.
Incubate at room temperature for 1 hour.

Wash again as step 4.

Add streptavidin-HRP at working concentration and incubate for 30 minutes in the
dark.

Wash again as step 4.

Add colorimetric substrate TMB to induce a colour change.

Capture photographs of the test.

Compare the colour intensity to the calibration curve to determine the

concentration of CRP.
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Appendix D Publications

D.1 Journal Publications

P. J. W. He, I. N. Katis, R. W. Eason and C. L. Sones, “Laser direct-write for
fabrication of three-dimensional paper-based devices”, Lab on a Chip, vol. 16, pp.

3296-3303, 2016.

P.]. W. He, L. N. Katis, R. W. Eason and C. L. Sones, “Engineering fluidic delays in
paper-based devices using laser direct writing”, Lab on a Chip, vol. 15, pp. 4054-
4061, 2015.

P. J. W. He, I. N. Katis, R. W. Eason and C. L. Sones, “Laser-based patterning for

fluidic devices in nitrocellulose”, Biomicrofluidics 9, 026503, 2015.

C. L. Sones, I. N. Katis, P. ]. W. He, B. Mills, M. F. Namiq, P. Shardlow, M. Ibsen and R.
W. Eason, “Laser-induced photo-polymerisation for creation of paper-based fluidic

devices”, Lab on a Chip, vol. 14, pp. 4567-4574, 2014.

D.2 Conference Contributions

(oral ) C. L. Sones, P. ]. W. He, I. N. Katis and R. W. Eason, “Flow Control In Laser-
patterned Paper-Based Point-of-care (POC) Diagnostic Devices”, Conference on
Lasers and Electro-Optics - Pacific Rim, Opto-Electronics and Communications

conference, Singapore 31 Jul-4 Aug 2017.

(oral) I. N. Katis, P. ]. W. He, S. Sherwin, B. Keevil, R. W. Eason and C. L. Sones,
“Bacterial pathogen detection using laser-structured paper-based diagnostic
sensors”, European Materials Research Society Spring Meeting and Exhibit,

Strasbourg 22-26 May 2017.

(oral) C. L. Sones, P.]. W. He, I. N. Katis and R. W. Eason, “Laser Engineering of
Three-dimensional Structures in Paper-Based Microfluidic Devices”, European
Conference on Lasers and Electro-Optics and the European Quantum Electronics

Conference, Munich 25-29 Jun 2017.
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e (invited) C. L. Sones, P.]. W. He, I. N. Katis and R. W. Eason, “Laser-based
methodologies for point-of-care diagnostics devices on paper”, The 18th
International Symposium on Laser Precision Microfabrication (LPM), Toyama, 5-8

Jun 2017.

e (invited) I. N. Katis, P.]. W. He, C. L. Sones and R. W. Eason, “Towards AMR testing
using paper-based diagnostic sensors”, SfAM Antimicrobial Resistance Meeting

London 24 Nov 2016.

e (invited) R. W. Eason, I. N. Katis, P. ]. W. He and C. L. Sones, “Laser-printed fluidic
channels for the manufacture of multiplexed paper-based diagnostic sensors”, IOP

meeting on Advances in Printed Sensors, London 8 Nov 2016.

e (invited) C. L. Sones, P. ]. W. He, I. N. Katis and R. W. Eason, “Laser-direct-write
(LDW) fabrication of paper-based diagnostic sensors”, QuantiScientifics workshop,

Orange, 10-11 Oct 2016.

e (oral) P.]. W. He, I. N. Katis, R. W. Eason, and C. L. Sones, “Programmable delay in
paper-based devices using laser direct writing”, International Conference of

Microfluidics, Nanofluidics and Lab-on-a-Chip, Dalian, 10-12 Jun 2016.

e (oral) P.]. W. He, I. N. Katis, R. W. Eason, and C. L. Sones, “Laser direct writing of
programmable delays for fabrication of paper-based sensors that allow CRP

detection”, Biosensors 2016, Gothenburg, 25-27 May 2016.

e (invited) C. L. Sones, I. N. Katis, P. ]. W. He and R. W. Eason, “Laser-direct-write
(LDW) methods for fabrication of paper-based medical diagnostic sensors”, BioDot
workshop: Lateral Flow: Practicalities of Developing & Manufacturing Quantitative

Assays, Zaragoza 10-12 May 2016.
e (poster) P. ]. W. He, I. N. Katis, R. W. Eason, and C. L. Sones, “Laser-direct-write
technique for rapid prototyping of multiplexed paper-based diagnostic sensors”,

Global Engage’s Microfluidics Congress, London 19-20 Oct 2015.

e (poster) P.]. W. He, I. N. Katis, R. W. Eason and C. L. Sones, “Laser engineering of

various porous materials for fabrication of paper-based microfluidic devices”,
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European Conference on Lasers and Electro-Optics and the European Quantum

Electronics Conference, Munich 21-25 Jun 2015.

e (oral) I. N. Katis, P. ]. W. He, R. W. Eason and C. L. Sones, “Laser manufacturing for
multi-analyte paper-based diagnostic sensors”, European Conference on Lasers
and Electro-Optics and the European Quantum Electronics Conference, Munich 21-

25 Jun 2015.

e (oral) R. W. Eason, . N. Katis, P. ]. W. He and C. L. Sones, “Laser-polymerised fluidic
channels for the manufacture of multiplexed paper-based diagnostic sensors”,

PR15 conference Villars, Switzerland 16-19 Jun 2015.

e (oral) P.]. W. He, I. N. Katis, R. W. Eason and C. L. Sones, “Rapid prototyping of
microfluidic channels in nitrocellulose using laser-direct-write patterning”, SPIE
Photonics West - Microfluidics, BioMEMS, and Medical Microsystems XIII 2015,
San Francisco California United States, 7 - 12 Feb 2015.

e (oral) I. N. Katis, P. . W. He, R. W. Eason and C. L. Sones, “Direct-write laser
techniques for the manufacture of multiplexed paper-based diagnostic sensors”,
SPIE Photonics West - Microfluidics, BloMEMS, and Medical Microsystems XIII
2015, San Francisco California United States, 7 - 12 Feb 2015.

e (invited) C. L. Sones, I. N. Katis, P. . W. He and R. W. Eason, “Laser-direct-write
methods for fabrication of paper-based medical diagnostic sensors”, Photonics
2014: 12th International Conference on Fiber Optics and Photonics Kharagpur,
India 13-16 Dec 2014.

e (invited) C. L. Sones, I. N. Katis, P. ]. W. He, B. Mills, A. Mosayyebi, J. Butement, M.
Feindugle, and R. W. Eason, “Laser-based printing and patterning for biological
applications” International Workshop on the Fabrication and Application of

Microstructured Optical Devices, Yokohama, Japan, 27 - 28 Feb 2014.

D.3 Other Publications

e (invited) C. L. Sones, I. N. Katis, P. ]. W. He, B. Mills, M. F. Namiq, P. Shardlow, M.
Ibsen and R. W. Eason, “A laser application for paper-based fluidic devices” The

Laser User Magazine, Issue 077, pp. 24-26, Summer 2015.
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Paper-based microfluidics is a rapidly progressing inter-disciplinary technology driven by the need for
low-cost alternatives to conventional point-of-care diagnostic tools. For transport of reagents/analytes,

such devices often consist of interconnected hydrophilic fluid-flow channels that are demarcated by
hydrophobic barrier walls that extend through the thickness of the paper. Here, we present a laser-based
fabrication procedure that uses polymerisation of a photopolymer to produce the required fluidic channels
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in paper. Experimental results showed that the structures successfully guide the flow of fluids and allow
containment of fluids in wells, and hence the technique is suitable for fabrication of paper-based micro-
fluidic devices. The minimum width for the hydrophobic barriers that successfully prevented fluid leakage

was ~120 pm and the minimum width for the fluidic channels that can be formed was ~80 um, the
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1. Introduction

Point-of-care (POC) testing plays a vital role for early stage
non-invasive clinical detection and diagnosis. One of the prin-
cipal reasons for its widespread uptake is because it provides
an effective and rapid modus-operandi that either excludes or
minimises unnecessary delay by providing a prompt exchange
of vital information between the clinical care team and the
patient undergoing tests. This is achieved through diagnostic
testing conducted at the POC - at a patient's bedside, either
in the comfort of their home, at their general practitioner's
clinic, or in a hospital emergency unit.

Such POC testing is facilitated through the use of uncom-
plicated, user-friendly and portable testing devices and much
effort has been directed towards producing diagnostic test-
kits that are not only smaller, faster and smarter, but also
satisfy the elusive goal of being cost-effective — a vital require-
ment that ensures economic viability, since such POC test
procedures may need to be performed repeatedly over poten-
tially very large sample groups, that could even extend to an
entire nation in the case of a pandemic.

It has been recognised that microfluidic-based lab-on-chip
(LOC) technology has considerable potential, and hence
sustained efforts have been directed towards developing
LOC-type fluidic systems for medical diagnostic devices." The
prime reason for this enthusiasm lies in the obvious advan-
tages presented by these compact LOC devices such as the
use of smaller reagent volumes, faster reaction times and

Optoelectronics Research Centre, University of Southampton, Highfield,
Southampton, UK SO17 1BJ]. E-mail: cls@orc.soton.ac.uk; Tel: +44(0) 2380 597719

This journal is © The Royal Society of Chemistry 2014

smallest reported so far for paper-based fluidic patterns.

portability arising from the device sizes, as well as ease of
manufacture and distribution.

Compact LOC devices have primarily been developed
on platform substrates such as silicon and glass, using
cleanroom-based fabrication processes adapted from the
semiconductor processing industry. In an attempt to further
reduce the manufacturing costs, a low-cost polymer, poly-
dimethylsiloxane (PDMS), which can be used in a rapid
prototyping environment, was considered as a better choice
for implementation of microfluidic-based LOC devices. This
material still presents certain limitations and comparatively
high fabrication costs however, which has led to a subse-
quent search for other alternatives, which now include paper,
and thread.”

In particular, paper, with its varied characteristics, is now
considered as a highly suitable alternative for fabrication of
LOC-type devices, and many labs have focused their attention
in this direction.’™ Of particular importance is the relatively
low-tech nature of paper, which has almost all of the attri-
butes that would help realise low-cost POC diagnostic tests,
particularly in the context of poorly resourced locations and
environments that exist today within developing countries.

2. Paper for POC diagnostics

As a substrate material, paper is inexpensive, abundantly
available in a range of different engineered forms and prop-
erties, can be stored and easily transported, modified in
terms of its liquid transport properties, and can be readily
disposed of after use via incineration. Additionally, paper-
based fabrication procedures can be intrinsically cheap, and

Lab Chip, 2014, 14, 4567-4574 | 4567
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paper as a platform technology is mature and well-established,
lending itself to routine low-cost volume production proce-
dures. Finally, delivery of paper-based items is routinely avail-
able to everyone world-wide that has access to a postal service.

Paper is currently used for analytical and clinical chemis-
try, and chromatographic tests are routinely performed in
commercial analytical laboratories for the detection of differ-
ent chemical species. Two of the most commonly known
paper-based chromatographic clinical tests are the pregnancy
test and the lateral flow-based urine dipsticks that can simul-
taneously detect sugar, pH, ketone etc.®*° However, clinical
tests that can yield quantitative information of a multiplexed
nature (i.e. can perform a series of parallel tests) using a
single test strip are clearly the way forward, and recent
reports of microfluidic paper-based analytical devices (LPADs)
suggest that these may be the ideal platform for performing
such tests."

As their name suggests, paper-based microfluidic devices
have either a single or multiple flow channels that are designed
to guide and transport an analyte fluid, from a point of entry
on the device to a reaction zone that has been pre-treated with
specific reagents. Unlike glass, silicon or polymer substrates,
where the fluidic channels are surface-relief structures that
have been inscribed in these substrates, for paper-based
devices the fluidic channels are formed inside and extend
throughout the full thickness of the paper. The walls that are
required to delineate the separate fluidic channels to contain
and guide the flow of liquids have been successfully demon-
strated using hydrophobic materials such as SU8, PDMS, poly-
styrene (PS), alkyl ketene dimer (AKD) and wax.?

The earliest approach presented by the Whitesides’
group,'” relied on a cleanroom-based lithographic technique
that involved exposure of a UV-sensitive polymer (SUS)
impregnated in a paper, through a custom-designed mask, to
cross-link it and form the required barriers for the intended
fluidic channels. In order to reduce the costs associated with
such a conventional lithographic procedure, a subsequent
approach they presented involved the use of a modified desk-
top plotter that dispensed an ink composed of the low-cost
elastomeric polymer PDMS."? Several other groups have also
proposed and demonstrated the usefulness of other paper-
patterning approaches such as inkjet printer-based etching of
paper impregnated with PS,'* plasma-treatment through
a metal mask of a paper impregnated with hydrophobic
AKD," paper-cutting using a computer-controlled X-Y knife
plotter,"® printing of wax,'”'® inkjet-printing,'>*® flexo-
graphic printing,”’ wax-screen printing,”* and laser-ablative
treatment of a paper with a hydrophobic coating.>

Each of these procedures has its own advantages, as
well as some characteristic drawbacks. Techniques such as
UV-lithography and plasma-treatment require the use of
expensive and fixed-pattern masks as well as dedicated equip-
ment and controlled conditions in labs. The knife-plotting
technique requires specialised or custom-modified patterning
equipment whereas other techniques sometimes require
undesirable post-processing procedures. Another important
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issue is the limitation on achievable feature size resulting
from the lateral spreading of the hydrophobic material
(for example with wax printing), and finally the need for
specialised chemicals or inks (for ink-jet printing) or the use
of harsh chemical etchants.

In this work, we present the use of a laser-based procedure
to create the fluidic patterns in a paper substrate that has
been previously impregnated with a hydrophobic material.
This laser-based direct-write (LDW) approach is non-contact
in nature, and this is advantageous when fabricating such
biological or biomedical devices as this helps avoid cross-
contamination that can arise from contact of the deposition
tool with the substrate. It is also a mask-less, non-lithographic
procedure, and hence is ideally suited for use in the prelimi-
nary trial fabrication stage as well as final device and mass-
production stages. As with any laser-based procedure, the
technique also offers the possibility to control the patterning
process through choice of the laser parameters such as wave-
length, pulse duration and repetition rate. More importantly,
if desired, it is routinely possible to reduce the dimensions
of the patterned features down to a value of 50 pm, or even
below, and our current results show that fluidic channels
with barrier wall width as small as ~100 pm can be fabri-
cated. Finally, this LDW process can also be scaled up for
mass-production, possibly on a roll-to-roll scale. After initial
set-up costs required for the laser and other equipment
required for pattern definition, production costs for individ-
ual tests could be acceptably low.

3. Experiments and results
3a. Outline of experimental procedure

As described earlier, the inscription of the fluidic patterns in
paper is achieved via a LDW procedure that uses the princi-
ple of light-induced photo-polymerisation, where the laser
beam is scanned over the paper, and/or the paper is moved
beneath the laser spot. Before this patterning step, the paper
is briefly soaked in the light-sensitive polymer which has
been diluted in an appropriate solvent (isopropanol), and
then left to dry under ambient laboratory conditions.

The schematic of the experimental setup employed for
this LDW procedure is shown in Fig. 1, where the UV laser
beam is directed towards the polymer-impregnated paper
which was mounted on a xyz-translational stage. A cylindrical
lens (either f = 36 mm, or f = 25 mm) focused the laser
beam onto the paper surface, and translation in the two
planes (x and y) perpendicular to the propagation direction
of the incident laser beam allowed inscription of (2D) user-
defined patterns on the paper surface. Translation along the
third (z) axis of the stages was used to ensure optimum posi-
tioning with respect to the focal plane of the lens.

Laser illumination of the impregnated paper induces poly-
merisation only within the exposed regions through initiation
of light-induced cross-linking of the polymer. By varying the
exposure parameters of laser energy density (for pulsed laser
sources), or laser power (for continuous wave (c. w.) lasers),

This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Schematic showing the laser-patterning of fluidic channels
throughout the entire thickness of the paper.

and speed of translation of the paper, the extent of this local
polymerisation can be precisely controlled. These parameters
clearly play a crucial role in determining both the widths and
depths of the regions polymerised, and through variations in
the incident laser exposure it is possible to produce polymerised
structures that extend throughout the desired thickness of the
paper substrate. The final step in the fabrication procedure
involves washing away the un-polymerised material from the
paper substrate by immersing the paper in isopropanol.

The procedure described here results in a paper substrate
with user-defined regions that have been selectively poly-
merised through the direct-write step. Fig. 2 shows a step-
wise schematic depicting the sequential processing steps
involved in the creation of these fluidic channels - laser scan-
ning of parallel lines along the surface of the paper substrate

Impregnation

@ Exposure
@ Development
Solvent

& Final device

Polymer
wall

Fig. 2 Schematic of the paper-patterning procedure.
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under the correct conditions creates photo-polymerisation-
induced hydrophobic barrier walls that define a fluidic channel.

The choice of laser used dictates several important param-
eters of the photo-polymerisation process such as the optical
penetration depth in the paper, writing speeds for the bar-
riers and finally the width of both the barriers and the fluidic
channels, due to scattering of the incident laser light within
the paper matrix, which can lead to photo-polymerisation
occurring beyond the width of the focused laser spot. The
first laser used for the direct-write pattern definition step was
an Nd: YVO, laser (B M Industries, Thomson CSF Laser,
France) operating at 266 nm, with a pulse duration of 10 ns,
a maximum single pulse energy of 2 mJ, and a repetition rate
of 20 Hz. Subsequently, we explored the use of cheaper and
smaller c. w. diode-lasers, namely Omicron (Laserage, Germany),
operating at 375 nm with a maximum output of 70 mW, and
Cobolt MLD (Cobolt AB, Sweden), operating at 405 nm and
delivering a maximum output power of ~110 mW. We also
explored two different photopolymers, namely DeSolite®
3471-3-14 from DSM Desotech Inc., and Substance G (SubG)
from Maker Juice, USA. A range of trial experiments was then
performed to investigate and optimise the exposure parame-
ters and photo-polymerisation characteristics which involved
these three laser sources, pulsed and c. w., and two different
photopolymers, under varying parameters such as laser pulse
energy/power, sample translation speed, and focal spot size
for each combination.

For experiments with the pulsed 266 nm laser, the range
of translational speeds was varied from 0.05 mm s to
0.5 mm s ', together with a variation of incident average
powers ranging from ~7 mW to ~10 mW (corresponding to
energies of ~0.35 mJ to ~0.5 mJ per pulse). The paper was
positioned at a distance of 10 mm away from the focal point
of the cylindrical lens (f= 36 mm), and the corresponding
dimension of the laser spot (on the paper substrate) was
~0.3 mm X 1 mm. The corresponding incident fluence hence
ranged from 4.6 J cm™> to 66 ] cm 2.

For experiments with the c¢. w. 375 nm laser, the range of
translational speeds was varied from 4 mm s™ to 6.7 mm s,
with corresponding variation of incident power ranging from
1 mW through to 50 mW. The paper was positioned at the focal
point of the cylindrical lens (f= 25 mm), and the correspond-
ing incident fluence ranged from ~1.9 ] em™ to ~156 ] cm ™.

For experiments with the c¢. w. 405 nm laser, the range of
translational speeds was varied from 4 mm s~ to 10 mm s,
with a corresponding variation of incident power ranging
from 1 mW through to 100 mW. The paper was positioned at
the focal point of the cylindrical lens (f= 25 mm), and the
corresponding incident fluence ranged from ~1.25 ] cm™ to
~312.5J cm 2.

3b. Results and discussion for patterning with 266 nm
pulsed laser

Fig. 3 shows three sets of parallel lines that have been
inscribed using the 266 nm pulsed laser source, at translation

Lab Chip, 2014, 14, 4567-4574 | 4569
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Fig. 3 Three sets of parallel lines that have been polymerised while
being translated at three different speeds, namely, a) 0.06 mm s,
b) 0.07 mm s and ¢) 0.09 mm s~

speeds of 0.06 mm s, 0.07 mm s* and 0.09 mm s * with an
incident average laser power of 7 mW. The photopolymer
used for this was DeSolite®. A blue ink solution was subse-
quently pipetted into the channels, to test the ability of the
structures to contain and wick liquids along the channel. The
ink was pipetted from one side of the channel (the top side in
the figure shown) in 3 pl droplets, until the channel was filled
or a leak was observed.

It was found that the polymerisation depths of the barrier
walls for channel (c) was only about 60% of the thickness of
the paper, whereas for channel (b) this depth was about 75%
of the paper thickness. For channel (a) however, the barrier
walls extended throughout the full thickness of the paper,
enabling leak-free transport of the ink on introduction at one
end of the fluidic channel. In contrast, for channels (b) and
(c), whose barrier walls do not extend throughout the entire
paper thickness, undesirable and irregular leakage of the ink
was seen from either side of the channel walls. For speeds
slower than 0.06 mm s, for this pulsed laser source, abla-
tion along a central section of the barrier wall was observed
as the local fluence had exceeded the paper ablation thresh-
old at the peak of the Gaussian laser profile.

Subsequent experiments were performed with the paper
held at a distance of 1 mm from the focal point. Translation
speeds were trialed ranging from 0.06 to 0.5 mm s, and for
speeds greater than 0.35 mm s~* the photo-polymerised struc-
tures did not extend throughout the paper, while for speeds
slower that 0.25 mm s~ ablation occurred along the central
region of the scanned lines. For speeds lower than 0.2 mm s
the paper was physically cut through along the length of the
scanned line.

From the above results, the correlation between spot size
of the incident laser source and resultant size of the poly-
merised regions is easily determined, and hence for a specific
choice of laser and photopolymer it is then possible to
deduce the correct exposure regime that will produce any
desired line-width. However, for our demonstrations it is
important to note that the smallest barrier widths that
are able to contain and guide the fluid flow are of order
100 um. Since there is a minimum fluence requirement for
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photo-polymerisation at any specific translational speed, this
fluence then determines the maximum translational speed
(and hence device fabrication) speed. However, the above
demonstration clearly shows the ability to build compact
fluidic flow-based devices which encompass the basic needs
for smaller volumes of expensive reagents in the fabrication
of low-cost LOC-type medical diagnostic devices.

3c. Results and discussion for patterning with c. w. lasers at
375 nm and 405 nm

In order to explore the possibility of using of our paper-
patterning procedure with different laser parameters,
we then tried other lasers which operated continuously
(c. w. mode), at wavelengths of either 375 nm or 405 nm instead
of 266 nm. One of the primary reasons for choosing c. w.
operation was that it would allow us to circumvent the delete-
rious ablative effects that we observe when scanning with the
pulsed laser at higher peak powers. Additionally, operation at
these longer wavelengths would translate into greater absorp-
tion depths for the incident light, hence allowing much
higher writing speeds than those used with the pulsed
266 nm source.

Fig. 4 shows a set of lines polymerised with the 375 nm
laser, where the line-widths obtained are shown as a function
of incident laser power and paper translation speed. Fig. 4a
shows results for a fixed incident laser power of 1 mW, and
the line-widths are seen to increase from a value of ~130 um
at 6.7 mm s ' to a value of ~320 pm at 4 mm s~ '. Similarly,
as shown in Fig. 4b, for a fixed scan speed of 6.7 mm s, the
width of the polymerised lines increases with increasing inci-
dent laser powers from a value of ~500 pm at 5 mW, to a
value of ~1200 um at 50 mW. This can be attributed to the
fact that with an increase in the incident laser power, a larger
fraction of the incident Gaussian intensity laser profile would
be above the polymerisation threshold, thus resulting in poly-
merised lines with larger widths.

Fig. 4 Images of sets of parallel lines that have been photo-polymerised
using a 375 nm c. w. laser under different writing conditions: (a) fixed
laser power, variable translation speed, and (b) fixed translation speed,
variable laser power. Photopolymer used was DeSolite®.

This journal is © The Royal Society of Chemistry 2014
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The graph in Fig. 5 summarises the above observations,
and presents the relationship between the line-widths of the
polymerised regions for different scan speeds and different
laser powers. The data presented in Fig. 5 show that, for a
fixed laser power of 10 mW, the widths of the polymerised
lines increased from ~680 um to ~1000 um with decreasing
scan speeds, and for a fixed scan speed of 6.7 mm s ', the
widths of the lines increased from ~130 um to ~1200 pum with
increasing laser powers.

We observed a similar effect for the 405 nm laser, and the
relationship between the widths of the lines for different
scan speeds and different laser powers is shown in Fig. 6. For
a fixed laser power of 10 mW, the widths of the polymerised
lines increase from ~220 pm to ~330 pm with decreasing scan
speeds, and for a fixed scan speed of 6.7 mm s, the widths
of the lines increase from ~80 um to ~800 um with increasing
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Fig. 5 Graph showing the widths of the laser-patterned lines for
different incident laser powers from the 375 nm source at different
scan speeds. Error bars indicate the standard deviation for 5 measure-
ments along each line.
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laser powers. The smaller line-widths for the irradiation at a
wavelength of 405 nm, are a direct consequence of the better
beam quality of the 405 nm laser compared to the 375 nm
laser and the absence of parasitic lobes in the spatial intensity
profile that we saw with the 375 nm source which, though of
low intensity, does induce additional photo-polymerisation
and therefore produce a broadened line-width compared to
the theoretical limit for a perfect single mode laser source.
Table 1 shows a summary of the resulting line-widths for the
lines polymerised with the two c. w. wavelengths under differ-
ent laser writing conditions.

The immediate observation using c. w. laser sources is the
considerable increase in writing speeds possible compared to
the pulsed laser source. As an example, to polymerise a line
which was 2 cm in length at an incident fluence of 9.3 J cm™,
the scan speeds for the pulsed laser was ~0.25 mm s*,
whereas for the c. w. laser the scan speed was ~40 times faster
at ~10 mm s~ - these comparatively faster speeds are a very
positive attribute that has immediate benefits for increased
rate of production if this technology reaches the stage of
commercialisation.

All of the experiments described so far were performed
using the DeSolite® photopolymer. However, to make a use-
ful comparison, we repeated our experiments with another
photopolymer, SubG. Due to the extremely low viscosity
(12 cP @ 25 °C) of SubG, we soaked the paper directly with
the photopolymer solution without the need for any solvent-
based dilution, unlike the case for DeSolite®, which had to
be diluted in a solution of isopropanol prior to impregnation
into the paper substrates. Fig. 7 shows a series of parallel
lines that were patterned with the same laser-patterning
conditions using two different photopolymers. As can be
seen, the lines that were formed with SubG were narrower,
and had edges that were more sharply-defined when com-
pared with those written with DeSolite®. Fig. 8 shows the
variations in width of the lines patterned with the 405 nm
laser for the two different photopolymers at different incident
laser powers but the same scan speeds of 10 mm s™'. As
can be seen from both Fig. 7 and 8 the widths of lines poly-
merised using SubG is consistently narrower.

An important advantage offered by LOC-type fluidic
devices is their cost-effectiveness, which is a consequence of
their much reduced sizes, so an important requirement is to
implement the entire device with the smallest possible foot-
print. Using our LDW procedure for making such compact

Table 1 Summary of the line-widths for writing wavelengths of 375 nm
and 405 nm, at different incident powers up to a maximum value of
50 mW, but a common writing speed of 6.7 mm s™*

Line-widths (um) for
375 nm at 6.7 mm s

Line-widths (um) for

1 405 nm at 6.7 mm s

Laser power (mW)

—
0 10 20 30 40 50 60 70 80 90 100
Laser power (mW)

Fig. 6 Plots showing the widths of the laser-patterned lines for differ-
ent incident laser powers at 405 nm at different scan speeds.
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5 ~480 + 15 ~80 + 10

10 ~680 + 30 ~220 + 20
15 ~850 + 30 ~270 + 30
30 ~1050 = 30 ~380 + 20
50 ~1180 + 40 ~550 + 20
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Fig. 7 Sets of parallel lines that were polymerised using a 405 nm
c. w. laser with a scan speed of 10 mm s and different incident power
(100 to 1 mW) using two different photopolymers, a) DeSolite®, and
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Fig. 8 Graph showing the widths of the laser-patterned lines for dif-

ferent incident laser powers and a scan speed of 10 mm s™*. The lines

were patterned with a c. w. 405 nm laser and the photopolymers used

were DeSolite® and SubG. Error bars indicate the standard deviation
for 5 measurements along each line.

devices would require finding the smallest dimensions not
only for the fluidic barrier walls but also for the fluidic
channels. To this effect, we initially investigated the mini-
mum barrier wall widths that could be created with our pro-
cedure using a c. w. 405 nm laser. As shown in Fig. 9a, under
the appropriate writing conditions (scan speed of 10 mm s,
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Fig. 9 a) Microscope images showing two parallel lines written in
DeSolite® via LDW using a scan speed of 10 mm s™* and an incident
power of 10 mW at 405 nm, and having widths of ~50 um, b) camera
image shows two fluidic channels with widths of ~250 um and ~80 um
and identical barrier wall widths of ~120 pm; inset shows a magnified
image of the channel having a width of ~80 um, c) camera image
shows the ~ 80 um fluidic channel guiding red ink.

incident power of 10 mW and corresponding incident fluence
of ~125 J em?), we could polymerise lines with widths of
~50 um, which is smaller than the dimensions we could
achieve using the pulsed laser, and to our knowledge, is also
the smallest line-width reported so far for barrier-walls in
paper-based devices. Although such feature dimensions would
have been possible through lithographic procedures,'® our
LDW method presents a far less complicated approach as it
does not require lithographic masks or cleanroom-intensive
processing. However, fluidic channels formed with barrier-
walls that had such narrow line-widths were found to be
unable to contain and guide fluids, and instead a minimum
line-width of ~120 um was required.

For this barrier wall width, we then investigated the mini-
mum widths a fluidic channel can have and still guide fluids.
Fig. 9b shows two fluidic channels, which were fabricated to
have identical barrier wall widths of ~120 um, but two differ-
ent channel widths of ~250 um and ~80 pm. The inset of
Fig. 9b shows a magnified microscope image showing the
80 um channel. We observed that the fluidic channel with a
width of ~80 um was able to contain and guide the flow of
ink. Fig. 9c shows such a channel having a width of ~80 um,
and barriers with widths of ~120 um, guiding red ink
through it. To our knowledge this is the smallest dimension
for a fluidic channel on cellulose paper, and is better than
the dimensions that can be achieved with the wax-printing
procedure that is currently one of the most widely used for
the creation of fluidic patterns in cellulose paper, and for
which the dimension limitations are imposed by the undue
spreading of wax during the heat-treatment/wax-penetration
step. The smallest dimension for fluidic patterns reported
recently on a fibre-glass substrate through use of a simple
cutting method is ~137 um.>*

As described above, a minimum line-width is necessary
for a barrier wall to contain fluids, and this was found to be dif-
ferent for the two photopolymers. Fig. 10 shows a set of square
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Fig. 10 Camera images a) of a series of 5 x 5 mm square patterns
written in SubG with a 405 nm laser and different output powers
(30, 50, 70, 100 mW) at the scanning speed of 10 mm s, b) and
showing the introduction of 2.5 uL of red ink to each square.

patterns each with identical dimensions of 5 mm X 5 mm,
but with barrier walls that have different line-widths ranging
from ~100 um to ~800 pm. These patterns have been written
with the same laser (405 nm) but were created using the
photopolymer SubG. As seen in Fig. 10, squares with line-
widths greater than ~300 pm were able to contain ~2.5 pL of
ink solution.

3d. Structuring of fluidic channels for protein and glucose
detection

As our end-goal was to show the feasibility of this procedure
in producing fluidics-based diagnostic devices, we patterned
paper substrates with two different designs, namely a cross-
hatch grid pattern that resembled a conventional micro-titer
plate, and a T-junction. These fluidic tests were patterned
into the paper substrates using the 405 nm laser and the
photopolymer SubG, at a power of 70 mW and a writing
speed of 10 mm s,

First, we tested the use of the grid-like fluidic pattern of
square wells (Fig. 11) by implementing the detection of
Bovine Serum Albumin (BSA) and glucose. For the BSA test,

BSA concentration (mg/ml) Glucose concentration (pg/ml)
ettt 4 SR ICOSE LUIICES

Fig. 11 a) Patterned cellulose paper after completion of the BSA
detection assay showing different shades of the blue-green colour,
corresponding to the different concentrations of BSA pipetted in each
well, b) patterned cellulose paper after completion of the glucose
assay showing different shades of the pink-brown colour, correspond-
ing to the different concentrations of glucose pipetted in each well.

This journal is © The Royal Society of Chemistry 2014
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we pipetted 3 pul of a 250 mM citrate buffer solution at pH 1.8
in each square well of the test-pattern. The test paper was
then allowed to dry for 1 hour before 3 pl of a 3.3 mM solu-
tion of the second reagent, tetrabromophenol blue (TBPB)
(Sigma Aldrich 199311) in 95% ethanol was added into each
well. After further drying at room temperature for 1 hour, the
test-pattern was ready for use in the detection of BSA via the
addition of sample solutions into the respective square wells
of the test-pattern. We pipetted sample solutions made up in
de-ionised water, with BSA concentrations ranging from
0.25-50 mg ml™* into each well. Introduction of the sample
solutions resulted in a colour change in each well showing
different concentration-dependent shades of blue-green
colour (as seen in Fig. 11a.) which were fully developed after
~10 minutes. The concentration of protein in each sample is
labeled in Fig. 11a. Comparing the colour change observed
for an unknown concentration with a known calibration
curve would then allow determination of the concentration
for that unknown sample. Using such test patterns with nine
wells, it should be possible to quantify nine unknown
samples illustrating the utility and simplicity of using such
low-cost paper-patterns to perform multiplexed quantitative
analysis.

The detection of glucose was implemented using an
identical square-well pattern, where 3 pl of glucose oxidase/
peroxidase reagent (Sigma Aldrich G3660) at a 5:1 ratio and
15 units of protein per ml of solution, were pipetted into each
well. As with the BSA test, the reagents were left to dry at room
temperature for 1 hour before further use. The test was then
executed by addition of sample solutions with different con-
centrations of glucose into each well of the test-pattern. The
concentration of glucose in the artificial solutions made up in
de-ionised water ranged from 15.6-1000 pg ml™* of p-glucose
(Sigma Aldrich G3285). Introduction of the sample solutions
into the wells resulted in a change of colour from white to dif-
ferent shades of pink-brown (Fig. 11b). The colours were fully
developed after ~10 minutes. The concentration of glucose in
each sample is labeled in Fig. 11b.

The final part of our experimental validation involved the
use of a fluidic device shaped as a T-junction, for the simulta-
neous detection of BSA and glucose in the same sample solu-
tion, as shown in Fig. 12. The lower end of the vertical arm
of the T served as the sample inlet point, and the two ends of
the horizontal arm of the T served as the test zones. The
reagents required for the assays were first pipetted at these
two test zones and were allowed to dry. A sample solution
(15 pl) containing both BSA and glucose (in concentrations of
50 mg ml™" and 1000 pg m1™" respectively in de-ionised water),
when pipetted at the inlet of the device, flowed towards the
test areas, and produced a colour change (blue-green) for BSA
and (pink-brown) for glucose with the level of colour change
depending on the concentrations of the biomolecules in the
sample solution at the respective specified test zones. The
dark area, circled in red, (Fig. 12a) in the initial section of the
vertical arm of the T is the trace produced by the introduction
of the fluidic sample solution, and the pale yellow colour of
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Fig. 12 Camera images of the patterned device, designed for the
simultaneous detection of glucose and BSA, a) at the time of introduction

of the sample solution and b) after detection was completed and
measurements taken.

the right end of the horizontal arm of the T is from the dried
reagents pipetted into the test zones. Fig. 12b is an image of
the T after completion of the detection assay. For an unknown
sample, the concentration of the BSA and glucose in the
sample solution can be evaluated by capturing a picture of
the T-sensor with a camera, then measuring the intensities of
the RGB colours at the test zones*” and comparing these to a
pre-defined calibration curve.

4. Conclusions and future work

We have demonstrated laser-based patterning of paper for
the creation of fluidic structures via photo-polymerisation.
This LDW procedure is non-contact, non-lithographic and
mask-less and we have demonstrated its utility in the fabrica-
tion of diagnostic tests for protein and glucose detection. The
width of the walls/barriers and the width of the channels are
at the level of ~100 um, the smallest that have been reported
so far, which will allow for miniaturisation of the diagnostic
sensor, and a corresponding minimal use of reagents. The
process is ideal for rapid prototyping at preliminary trial-
device fabrication stage and also for final device optimisation.

As future work, we will be investigating the implementa-
tion of curved walls and chicanes to control flow dynamics,
and also trialing the patterning of nitrocellulose. Our final
goal is to demonstrate fully automated paper-based biosen-
sors that do not require any handling from the user apart
from introducing the sample.
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In this report, we demonstrate a simple and low cost method that can be reproducibly
used for fabrication of microfluidic devices in nitrocellulose. The fluidic patterns are
created via a laser-based direct-write technique that induces polymerisation of a
photo-polymer previously impregnated in the nitrocellulose. The resulting structures
form hydrophobic barriers that extend through the thickness of the nitrocellulose and
define an interconnected hydrophilic fluidic-flow pattern. Our experimental results
show that using this method it is possible to achieve microfluidic channels with
lateral dimensions of ~100 um using hydrophobic barriers that form the channel
walls with dimensions of ~60 um; both of these values are considerably smaller than
those that can be achieved with other current techniques used in the fabrication of
nitrocellulose-based fluidic devices. A simple grid patterned nitrocellulose device
was then used for the detection of C-reactive protein via a sandwich enzyme-linked
immunosorbent assay, which served as a useful proof-of-principle experiment.
© 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4919629]

1. INTRODUCTION

In recent years, the requirements for simple, accurate, and low-cost diagnostic solutions in
both developing and developed countries have led to a rapid progress in the fabrication of
point-of-care (POC) devices. Microfluidic engineering technology has been widely used for
implementing lab-on-chip (LOC) type point-of-care devices since its origins in the 1990s." One
of the main reasons behind the use of this LOC-type microfluidic technique for POC diagnos-
tics is the possibility of reducing the quantity of valuable samples or reagents that would be
needed and also the possibility to shorten the detections times, which would result primarily
from the compact structure and small size of such LOC devices. However, although this tech-
nology is promising and there have been a large number of achievements in this field, there is
still a bottleneck in the development of commercialized products, which can be attributed to a
disconnect between users, academic researchers, and manufacturers.”

This situation is changing, however, with the emergence of capillary-based microfluidic
devices and, in particular, with the relatively recent adoption of paper, one of the most simple
and widely used capillary structures. Paper as the functional substrate has already been widely
researched as an alternative to other commonly used substrates such as glass, silicon, SUS, and
PDMS (Polydimethylsiloxane), and many different kinds of microfluidic devices with a range
of structures and applications have been reported.® This is a direct result of the many advan-
tages offered by paper, namely, its low cost, availability, ease of storage and transport, and
finally being easily disposable in a non-hazardous manner. Paper-based fluidics, therefore,
presents itself as a LOC technology that could become the technique of choice for mass-market
commercialized POC diagnostic devices.

In addition, when compared with other solid-material-based LOC-type microfluidic devices,
those based on porous paper do not require any additional pumps because of the inherent ability
of paper to wick fluids via capillary forces. This provides a real advantage with regards to both
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the cost and manufacturability of any such device and has hence led to the development of
many paper-based POC devices based on simple colorimetric bio-assays.” In addition, porous
nitrocellulose membranes, since their first demonstration in the 1960s, have been widely used,
due to some key features, such as their smooth surface, uniform pore size, and high protein-
binding capability.® A large number of biological assays, namely, blotting assays, flow-through
assays, and lateral flow tests have been developed on these porous nitrocellulose membranes,
and hence nitrocellulose-based microfluidic devices are currently regarded as the alternative of
choice for improving the performance of existing POC assays.

Several methods have already been reported for fabricating fluidic patterns/devices in such
materials, and these can be classified into two broad categories: 2D cutting/shaping and physi-
cal blocking of pores. The techniques so far reported include the use of photolithography,’ ink-
jet printing,*” printing of wax,'®!'! plasma oxidation,'*'? laser-cutting,'* and shaping,'> each of
which has its own merits and drawbacks. In general, the ideal technique should be as simple,
cheap, and fast to implement as possible, and therefore multiple printing steps, the use of
specialist chemicals, or complex post-processing procedures are to be avoided. The other factor
is the feature sizes achievable, which is where procedures such as plotting or wax printing may
present restrictions in this context.

Here, we report a new concept to pattern nitrocellulose membranes for low-cost microflui-
dic devices. We employ a laser-based direct-write (LDW) procedure to create fluidic patterns
using the concept of light-induced photo-polymerisation. The fluidic channel patterns are
formed by hydrophobic photo-polymer barriers that demarcate the flow regions within the
hydrophilic paper. In contrast to the most widely used methods for patterning paper, our
approach not only eliminates the requirements for cleanroom-based steps, expensive masks,
specialist reagents, and custom-designed equipment, but is also amenable to large-scale com-
mercialization. Since LDW is a non-contact procedure, it minimizes any chances of cross-
contamination, an essential criterion in fabrication of microfluidic devices for biological and
biomedical applications. As shown later, using this approach, we have successfully demon-
strated that it is possible to create microfluidic channels with barrier-walls that have dimensions
of ~60 um—a size which has not yet been achieved using other reported methods. Finally, this
LDW process is also suitable for a roll-to-roll process, and we believe that this technique
presents itself as a promising methodology that can be used for fabricating nitrocellulose-based
POC devices.

Il. EXPERIMENTAL SECTION
A. Laser setup and materials

The laser used for our LDW patterning process was a 405nm continuous wave (c.w.)
diode-laser (Cobolt MLD, Cobolt AB, Sweden) with a maximum output power of ~110 mW.

The substrates used were Protran® nitrocellulose membranes BAS5 from Whatman, USA,
and the photo-polymer used was DeSolite® 3471-3-14 from DSM Desotech, Inc., USA. For this
specific photopolymer, the fluence required (for 90% curing) is ~0.4 J/cm®. By varying both the
laser scan speed and the laser power, a range of experiments was performed in order to find the
optimum conditions for forming fluidic structures.

B. Methods

Paper-based microfluidic devices were fabricated by creating hydrophobic barriers in the
nitrocellulose membranes via the effect of light-induced photo-polymerisation. The LDW tech-
nique we use to create fluidic patterns is described as follows (Figure 1). A laser beam is first
scanned across the nitrocellulose membrane which has been pre-soaked with a light-sensitive
photo-polymer (DeSolite) which induces light-induced cross-linking of the photo-polymer along
the exposed regions. This laser-scanned substrate is then developed in a solvent to wash away
any un-polymerised material, leaving behind a user-defined pattern of polymerised photo-
polymer in the laser-exposed regions. These polymerised barriers extend throughout the
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FIG. 1. Schematic of the LDW-based paper-patterning procedure.

thickness of the substrate and serve as hydrophobic barrier-walls that can contain and guide
liquids introduced onto the substrate.

As the extent of the photo-polymerisation process is directly dependent on the incident
laser fluence, the widths, depths, and the quality of polymerised patterns can be easily con-
trolled by changing the fluence along the exposed area. Thus, any desired fluidic pattern can be
produced by simply modifying the laser exposure parameters during the LDW process via the
laser scan speed and/or laser power.

C. Procedure

As shown in the schematic in Figure 2, during the first LDW step, the laser beam is
focused onto the nitrocellulose substrate using a spherical lens (f=15cm). The substrate was
mounted on an xyz-stage, and by controlling the positions in the x and y directions, a user-
defined 2D design is patterned on the substrate. The third axis, z, was used to position the
substrate at the optimum position (usually, at the focal plane of the lens). For experiments per-
formed in this report, the nitrocellulose substrates were positioned at the focal point, and the
corresponding laser spot diameter was ~8 um, and the Rayleigh range was ~125 um. The range
of substrate translational speeds trialled varied from 0.05mm/s to 10 mm/s, while the incident
average powers ranged from 0.3 mW through 10 mW. The corresponding incident fluences can
hence be calculated using the equation:

Mirror

Lens
Polymerized structures

Polymer soaked
substrate

FIG. 2. Schematic of the laser-based direct-write process used to form polymerised hydrophobic structures in paper.
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Energy Laser incident power

Incident fluence = = - -
fl Area Beam diameter x Scanning speed

which, therefore, ranged from ~0.375 J/em? to ~2500J/cm?.

The final developing step was to wash off any un-polymerised photo-polymer from the sub-
strate through immersion in a suitable solvent (in this case toluene), which does not affect the
intentionally polymerised regions.

Ill. RESULTS AND DISCUSSION

The choice of an appropriate photo-polymer that does not alter the properties of the nitro-
cellulose substrates is vital, and several, such as SubG from Maker Juice, USA, Norland 61 &
68 from Norland Products, Inc., USA, and Ablelux A4061T & A4086 from Henkel AG & Co.,
Germany, were tested in order to find the most suitable. Specifically, photo-polymers that
reacted with the nitrocellulose substrate and either dissolved or decomposed it, visibly degraded
it, or transformed it into an extremely hydrophobic “plastic-like” material were rejected. Our
current choice, DeSolite is, however, extremely viscous, having a viscosity of ~10000 mPa s
at 25°C, and so we diluted it in toluene in the ratio of 5:3 (v/v) to enable it to soak into the
nitrocellulose substrates. These were then left to dry under ambient laboratory conditions, prior
to the laser-patterning step.

A. Writing of fluidic channels

The first structures to be investigated were simple straight-line channels which would allow
determination of some of the basic parameters of laser exposure (scan speed and laser power)
required. As shown in Figure 3(a), two parallel channels were written by scanning at laser
powers of 10 and 5 mW under the same scan speed of 10 mm/s, and the fluid containing prop-
erties of these channels was tested by flowing red ink (Parker, France) through them. As can be
seen in Figure 3(b), the scanned lines form the barrier walls that contain and guide the flow of
red ink through these fluidic channels without any observed sideways leakage.

Because toluene is volatile and easily evaporates under ambient laboratory conditions, it
proved difficult to uniformly soak the substrates with the photo-polymer. As the width, depth,
and uniformity of the polymerised lines are directly dependent on the polymer concentration in
the substrate, any variations would thus translate into lines having undesirable variations. To
circumvent this, we chose to soak the nitrocellulose paper directly with the undiluted photo-
polymer. However, due to its high viscosity it took ~20 s for the paper to fully absorb the
photo-polymer.

Figure 4 shows a nitrocellulose substrate that has undergone LDW to polymerise a set of
parallel lines, written with different scan speeds (0.05, 0.1, 0.5, 1, 5, and 10mm/s) but with a
fixed laser power of 10 mW. The lines shown, after development in toluene, appear as transpar-
ent regions of the otherwise white nitrocellulose substrate. This relatively good level of optical
transparency of the lines within the otherwise scattering medium is as a result of the induced
polymerisation. Lines written with a scan speed less than 5mm/s have poor definition with
irregular edges, which is the result of over-polymerisation due to the unnecessarily high expo-
sures used. However, for scan speeds greater than 5 mm/s, we see that the lines are increasingly

10 5 mW

1 mm | 1 mm

a

FIG. 3. Images showing two fluidic channels formed by writing parallel lines with two different laser powers of 10 and
5 mW at a speed of 10 mm/s.
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FIG. 4. Photographic image showing a nitrocellulose substrate with a set of parallel lines that were polymerised using dif-
ferent scan speeds of 0.05-10 mm/s at an incident laser power of 10 mW.

well-defined and, as shown in a subsequent figure, perform well as barriers to contain and
guide fluids.

To further identify the optimum condition in terms of the width and the quality of the pat-
terned lines, we performed a subsequent study by varying the laser power as well as the laser
scan speed. The plots in Figure 5 show the relationship between the widths of the polymerised
lines and the laser power for three different scan speeds. The line widths obtained increase
from ~70 um and ~50 yum to ~340 um and ~270 um at scan speeds of Smm/s and 7 mm/s,
respectively, for an increase in the laser power from 0.2 mW to 10 mW. Similarly, for a scan
speed of 10 mm/s, the widths of the polymerised lines increase from ~50 um to ~220 um as
the laser power increases from 0.3 mW to 10 mW.

As our final goal was to pattern the nitrocellulose membranes for implementation of LOC
fluidic devices, our aim was to identify the optimum conditions for the fabrication of fluidic
channels that are able to reliably contain and guide the flow without leakage. Figure 6(a) shows
a set of straight channels having a common width of 3 mm, written with a constant laser scan
speed of 10mm/s for varying laser powers ranging from 10 mW to 0.3 mW. Figure 6(b) is an
image of the same set of channels after introduction of red ink into each channel. As can be
seen from this figure, the ink solution only leaks out of the channel written with the lowest
laser power of 0.3 mW, and all other channels contain and guide the flow without any leakage.
Using the proposed LDW photo-polymerisation technique, the smallest size of barrier line,
which we can form in nitrocellulose and which is able to contain and guide the flow, is
~60 yum—the smallest dimensions reported in literature when compared with other techniques
reportedly used to fabricate microfluidic devices such as photolithography, inkjet etching, and
wax printing.'®

The final step was to determine the minimum width for a fluidic channel that can be pat-
terned via LDW that will successfully allow fluid flow. While the typical widths achieved with
the wax printing procedure, which is currently one of the most widely implemented techniques,

350 4 I
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T I I
= x
< 200 | =
5 =
3 = x
2
150 A
= - x
100 4 = ¢ +5mm/s
,3 =7 mm/s
50 1= + 10 mm/s
0 T T T T T
0 2 4 6 8 10

Laser power (mW)

FIG. 5. Plots showing the variations in the widths of the polymerised lines for different laser powers at three scan speeds.
Error bars indicate the standard deviation for 5 measurements along each line.
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I
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FIG. 6. (a) Image showing a set of fluidic channels formed with pairs of parallel polymerised barrier-walls that were written
with different incident laser powers of 10-0.3 mW at a constant scan speed of 10 mm/s; (b) after introduction of red ink
into each channel.

ranges from 0.5mm to 4mm,'” we anticipated that our LDW technique could produce channel
widths that might be around one order of magnitude lower. To identify the smallest widths
such fluidic channels can have, as shown in Figure 7(a), we patterned several pairs of parallel
lines with different channel widths which were fed by the open U-shaped structures that would
form the fluid reservoirs for the ink used. All these lines were scanned at the same laser scan
speed of 10mm/s and an incident laser power of 1 mW, a condition we knew produced barrier-
walls that reliably contained the fluid. As shown in Figure 7(b), after introduction of the ink,
channels down to a width as small as ~100 um could reliably guide the fluid. This, to our
knowledge, is the smallest dimension for any paper-patterned structures reported so far.'®

B. Writing of fluidic wells

The second set of experiments relates to the writing of wells in paper and their ability to
contain fluid. Figure 8(a) shows a set of square wells with dimensions of Smm X 5mm with
barrier-walls written using laser powers ranging from 0.3 mW to 10 mW at a fixed scan speed
of 10 mm/s. Red ink was again introduced in a fixed volume of 3 ul that was sufficient to fill
each square completely. As shown in Figure 8(b), we similarly observed leakage only for the
wells written with a laser power of 0.3 mW, which we have determined to be the lower thresh-
old value.

FIG. 7. Photographic image showing a set of parallel fluidic channels having different channel widths, patterned with a
laser power of 1 mW, and a scan speed of 10 mm/s (a) before and (b) after introduction of 3 ul of red ink into the reservoirs
at the top-end of each of these channels.



026503-7 He et al. Biomicrofluidics 9, 026503 (2015)

0.3 0.4 0.5 1 5 10 mW

a +—

FIG. 8. Photographic image showing (a) a series of 5mm x 5 mm square-shaped wells patterned with different laser powers
0of 0.3, 0.4,0.5, 1, 5, and 10 mW at a constant scanning speed of 10 mm/s; (b) after introduction of 3 ul of red ink into each
square.

The final step was to determine the maximum volume of liquid that these wells could con-
tain without any sideways leakage, a parameter which is important when dealing with actual
samples under test, where loss of potentially expensive samples of reagents outside the test area
must be avoided. A similar set of squares was written (shown in Figure 9(a)) into which red
ink of different volumes ranging from 1l to 15 ul (Figure 9(b)) was introduced. Even when
the volume increased to a value of 15 ul, the wells were still able to hold the ink solutions with-
out any overflow.

On further investigation, we observed that a surface-relief ridge was formed along and
above the patterned lines because of the polymerisation of the photopolymer that was present
on the surface of the nitrocellulose membranes prior to the laser-patterning step and has been
investigated through surface-profile imaging measurements. The trace in Figure 9(c) is a
surface-profile scan across a laser-polymerised line and clearly shows the presence of a ridge
(having a width of ~120 um and a height of ~8 um) along the polymerised line. Hence, it can

=

25

sl

FIG. 9. Image showing (a) a series of Smm x Smm wells patterned with a laser power of I mW and a scan speed of
10 mm/s; (b) after introduction of red ink in different volumes of 1-15 ul into each square; (c) a surface-profiler scan across
a polymerised barrier-wall.
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be concluded that the polymerised patterns defined in nitrocellulose using the LDW method not
only show excellent ability in containing small liquid volumes but also show the capability to
contain larger liquid volumes without any undesired spill-over, a characteristic that is of imme-
diate interest for practical diagnostic assays.

Following these characterization experiments, we chose to validate the effectiveness of our
devices as sensors that can be used for the detection of CRP (C-reactive protein), which is an
annular protein found in blood plasma and is mainly used as a marker of inflammation.
Measuring and charting CRP levels can provide useful information in determining disease pro-
gress or the effectiveness of treatments. This experiment served as a useful proof-of-principle
and we performed this detection via the sandwich ELISA (enzyme-linked immunosorbent
assay), which is one of the most common reactions used for medical diagnostics.

The grid pattern that formed the square-well detection zones was patterned at a laser power
of 1 mW and a scan speed of 10mm/s, as described earlier. The solution of mouse IgG primary
antibody (2 ul at 360 ug/ml) was first pipetted into each square-well of the grid-like structure
(as shown in Figure 10(a)) in the nitrocellulose paper, which was then left to dry at room tem-
perature for at least 1 h. The whole paper-device was blocked using a blocking solution of 5%
bovine serum albumin (BSA), in phosphate buffered saline (PBS) for 1 h. Following this, the
device was washed 3 times with PBS. Sample solutions of CRP were prepared at dilutions of
1 ng/ml, 10ng/ml, 100 ng/ml, 1000 ng/ml, 10000 ng/ml, and 100000 ng/ml. The samples (2 ul)
were then pipetted on individual squares and were incubated for 1 h. Then, the device was
washed again for 3 times with PBS and a solution of anti-human CRP antibody (2 ul at
22.5 ug/ml) was pipetted into each square-well. The whole device was again left for 1 h for
incubation and this was followed by washing 3 times with PBS. In the next step, the HRP
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FIG. 10. (a) Selected area of 5 x 5 mm well structure patterned with a laser power of 1 mW and a scan speed of 10 mm/s
and results for the detection of CRP by the sandwich ELISA. (b) Calibration curve constructed using the grayscale intensity
values taken from the image shown in (a). Error bars indicate the standard deviation for 4 individual measurements.
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(horseradish peroxidase) conjugated streptavidin was added into each well and the device was
left in the dark for 20 min of incubation and then washed again using PBS. Finally, the chro-
mogenic reagent TMB (3,3’,5,5'-Tetramethylbenzidine) was pipetted on the whole device and
the colour change produced was imaged by taking a photograph (as seen in Figure 10(a)) of the
paper-device after 2 min with a USB camera.

The image was then processed with the Imagel] software (National Institutes of Health,
USA) to extract the respective colour intensities of the blue colour produced within the square-
well detection zones. The average grayscale intensities of each detection zone and of the
background of the image were measured, and the background intensity was subtracted from the
intensity of each detection zone to obtain the actual colour intensity of each spot to eliminate
the influence of the background. By measuring the colour intensities of the known concentra-
tions, we were then able to plot the curve (as seen in Figure 10(b)) that can then be used for
calibration.

IV. CONCLUSION

We have demonstrated that a simple, low-cost laser-based direct-write technique based on
the principle of light-induced polymerisation can be used for the rapid fabrication of fluidic
structures in nitrocellulose membranes. The laser polymerised patterns form the hydrophobic
barrier-walls of interconnected hydrophilic fluidic structures such as channels and wells. This
approach is non-lithographic and mask-less, and being non-contact in nature, offers the advant-
age of minimizing cross-contamination that could arise during fabrication. Compared with other
methods used in the production of microfluidic devices in nitrocellulose, the technique is also
well-suited for up-scaling to mass-production. We have shown that using this method it is
possible to create microfluidic channels and barrier-walls with dimensions of ~100um and
~60 um, respectively, the smallest values that have been reported so far. We believe that this
technique could be an ideal choice for rapid fabrication of nitrocellulose-based microfluidic
devices that can be used for a variety of applications such as clinical diagnostics and analytical
chemistry.
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We report the use of a new laser-based direct-write technique that allows programmable and timed fluid
delivery in channels within a paper substrate which enables implementation of multi-step analytical assays.
The technique is based on laser-induced photo-polymerisation, and through adjustment of the laser writ-
ing parameters such as the laser power and scan speed we can control the depth and/or the porosity of
hydrophobic barriers which, when fabricated in the fluid path, produce controllable fluid delay. We have
patterned these flow delaying barriers at pre-defined locations in the fluidic channels using either a contin-
uous wave laser at 405 nm, or a pulsed laser operating at 266 nm. Using this delay patterning protocol we
generated flow delays spanning from a few minutes to over half an hour. Since the channels and flow delay
barriers can be written via a common laser-writing process, this is a distinct improvement over other
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methods that require specialist operating environments, or custom-designed equipment. This technique
can therefore be used for rapid fabrication of paper-based microfluidic devices that can perform single or
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Introduction

Ever since the first proposal from the Whitesides' group in
2007, the field of paper-based microfluidics has been widely
researched and many different lab-on-chip (LOC) type devices
have been developed for implementing a wide range of analyt-
ical assays. The demand for low-cost alternatives to conven-
tional diagnostic tools has been the driving force that has
spurred significant developments in this field. A range of diag-
nostic assays, ranging from lateral flow type semi-quantitative
diagnostic assays to multiplexed tests have already been
implemented using such paper-based fluidic devices.*®
Several approaches which include photolithography,”
followed by wax printing,®° inkjet printing,'®'* plasma oxida-
tion,""® laser cutting'* and flexographic printing"® have
been used for fabricating paper-based fluidic devices. We
have recently reported the use of a laser direct-write (LDW)
approach for creating fluidic patterns in porous media,
namely cellulose paper and nitrocellulose membranes.'®"”
When compared to alternative techniques, the LDW method
presents important advantages: it does not need expensive
and fixed patterning masks, custom-modified equipment,
specialist chemicals or inks, and it overcomes the limitation
on achievable feature size that can result from the lateral
spreading of the hydrophobic material used to form the
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fluidic channel walls. Finally, and most importantly, it is suit-
able for scale-up towards mass-production, possibly on a roll-
to-roll basis. Using this approach, we have shown that it is
possible to fabricate paper-based fluidic devices, which con-
sist of interconnected hydrophilic channels demarcated by
hydrophobic polymerised barrier walls that extend through
the thickness of the paper, with feature dimensions below a
value of 100 um.

Research into the development of methodologies to con-
trol, and in particular delay the flow of fluids in these devices
is a much needed requirement that would enable greater
functionalities in such paper-based devices. The introduction
of control over the transport of fluid could enable a number
of other diagnostic detection tests that have multiple timed
analytical steps, for example a multistep test such as the
enzyme-linked immunosorbent assay (ELISA), which is most
often performed under controlled laboratory environments
and has a protocol that requires either a machine or skilled
personnel to perform the sequential steps at specific time
intervals."®'® In addition to this, a number of additional
attributes could be incorporated though controllable fluid
flow, such as fluidic diodes and valves,?®*' timers and
metering,”>** fluidic batteries,”® and such desirable multi-
step sample processing sequences have already been reported
in the literature.>*>°

Current methods that have already been reported for
manipulating fluid flow in paper-based fluidic devices can be
classified into four main categories: manually activated con-
trol,"»?* modification of the topology and geometry,'®?”

This journal is © The Royal Society of Chemistry 2015
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addition of dissolvable chemicals,'>*° and creation of physi-
cal barriers,”® and each of these procedures has its own
advantages, as well as some characteristic limitations. Tech-
niques that use manually activated control and physical bar-
riers require additional fabrication steps while adding dis-
solvable chemicals has the dual drawback of additional
processing steps and introduction of chemicals such as sugar
in the flow-path which might alter or limit the intended func-
tion of the devices. Implementation of a similar flow-delay
might be possible through careful considerations of the
geometry of the fluidic channels. However, to introduce a
flow-delay through changes to the channel geometry will
require either an increase of the channel width or an increase
of the channel length, both of which would have the
undesired effect of either increasing the foot-print of the
device or increasing the volume of the reagents used. Our
method instead allows the introduction of flow-delay to any
pre-designed device without any change to the channel geom-
etries, thus keeping the device compact and requiring smaller
reagent volumes.

In this work, to control fluid flow or delivery, we report
the use of a new approach that is an extension of the basic
LDW technique that we have earlier reported for creating flu-
idic patterns and devices made up of interconnected chan-
nels and reaction chambers. The LDW method (described in
ref. 16 and 17) uses lasers to create fluidic patterns in paper
via the light-induced polymerisation of a photopolymer previ-
ously impregnated in the paper. Laser-scanning of the paper
substrate results in the creation of hydrophobic photo-
polymer tracks that extend throughout the thickness of the
paper, and form the boundary walls of the laser-defined
fluidic patterns. To produce flow-control, the approach
presented here relies on use of physical barriers that run
across the flow-path (i.e. perpendicular to the fluidic chan-
nels) and hence introduce a delay in the fluid flow. As was
the case for our LDW method where we demonstrated the
use of laser light to form patterns in paper through light-
induced photo-polymerisation, the flow delay barriers in this
report are created using the same principle of light-induced
photo-polymerisation.

The schematic in Fig. 1a shows a simple fluidic geometry
that can be used to produce delay barriers via either of the

Cross-section Hydrophilic

a Flow
channel
Hydrophobic
barriers
b Flow
Solid barriers
e Flow
/ /’Porous barriers|

Fig. 1 Schematic representation of: a) cross-section of a fluidic
channel; b) cross-section of a fluidic channel with solid barriers; c)
cross-section of a fluidic channel with porous barriers; d) layout of a
pre-defined fluidic structure.

Basic layout
Finishing line
Cellulose paper
I (30 mm diameter)
Delay barrier
Fluidic pattern
Starting line

Source pad
(8 layer cellulose stack
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two following methods, (1) by controlling the depth of solid/
impermeable barriers (as shown in Fig. 1b) that are patterned
across the flow and which simply impede the fluid flow by
reducing the depth of the fluidic channel or, (2) by forming
porous barriers (as shown in Fig. 1c) that allow controlled
leakage of the fluids. As described and discussed in the later
sections, control over the depth of the barriers of the first
type or the porosity of the barriers of the second type is
obtained by simply adjusting the laser-writing parameters
such as the laser output power and scan speed. Unlike other
fluid flow control methods reported for paper-based micro-
fluidics, the approach presented here does not require any
additional processing equipment or specialist materials and
as described earlier uses the same fabrication approach that
defines the fluidic channels themselves.

Experimental section
Laser setups and materials

The lasers used for the direct-writing process were a
Q-switched Nd: YVO, laser (B M Industries, Thomson CSF
Laser, France) operating at 266 nm, with a pulse duration of
10 ns, a maximum single pulse energy of 2 m], and a repeti-
tion rate of 20 Hz (used for method 1 as outlined above, and
shown in Fig. 1b) and a 405 nm continuous wave (c.w.) diode
laser (MLD™ 405 nm, Cobolt AB, Sweden) with a maximum
output power of ~110 mW (for method 2, shown in Fig. 1c).

The paper substrates used were Whatman® no. 1 filter
paper from GE Healthcare Inc. The photopolymer chosen for
these experiments was Sub G, from Maker Juice, USA. The
sample solution used for characterising the flow delivery
delay was Tris Buffered Saline (TBS, 20 mM Tris, pH approx.
7.4, and 0.9% NaCl), which is a buffer commonly used in
diagnostic assays. The inks we used for validating the fluid
delay in our patterned devices were blue, black and red
bottled-inks from Parker, UK.

Creating fluidic delays

We first patterned fluidic channels with the design geometry
shown in the schematic of Fig. 1d, using the LDW technique,
which we have previously optimised via a systematic study.
The width and length of the fluidic channel was 5 mm and
15 mm respectively, and the inlet end of the channel was
designed to replicate the shape of a funnel. These fluidic
channel patterns were defined using the c.w. laser operating
at 405 nm."” We subsequently patterned the fluidic barriers
within the channels using either of the two lasers described
previously.

The channels were patterned using the c.w. laser due to
the much higher writing speeds achievable (almost three
orders of magnitude greater than that for the pulsed 266 nm
source). To ensure that there was sufficient fluid to wick the
entire length of the channel, we cut and stacked multiple (8
in this example) pieces of paper (of 3 mm x 5 mm), and posi-
tioned them at the wider end of the funnel-shaped inlet of
the channel, and loaded it with a comparatively large volume
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of fluid (~40 pL) - the stack serving as a continuous reservoir
of liquid.

During our earlier studies into the fabrication of fluidic
channels using pulsed laser irradiation, we observed that by
controlling the scanning speed (and therefore the effective
exposure) of the laser beam, we could polymerise lines of var-
ious depths inside the paper substrate as illustrated schemat-
ically in Fig. 2a. Slower scanning speeds produced polymeri-
sation through the full depth of the paper, while faster
scanning speeds led to photo-polymerisation only in the
upper portion of the paper, thus creating partial barriers that
the liquid had to overcome. These fluidic ‘delay barriers’ can
therefore decrease the flow by a rate that is proportional to
their depth, and hence this principle can be used to impose
a user-defined variable time-delay in the wicking of the liq-
uids and test samples.

An alternative approach, as illustrated in Fig. 2b allows
the writing of barriers via manipulation of the extent or
degree of polymerisation using c.w. laser exposure. In this
case however, the barriers produced extend throughout the
full paper thickness, but the degree of polymerisation can be
engineered to form barriers whose porosity can be controlled

Higher writing Lower writing
speed: speed:
Polymerisation of Polymerisation of
smaller depth bigger depth
Development
And final device
Slow liquid Slower liquid
flow rate flow rate
A Pulsed laser source
Lower fluence: Higher fluence:
Polymerisation barriers Polymerisation barriers
with lower density with higher density
|
Development
And final device
Slow liquid Slower liquid
flow rate flow rate
b c.w. laser source

Fig. 2 Schematic of the fabrication of polymerised barriers of: a)
variable depth inside the paper substrate, created using pulsed laser
exposure; b) variable degree of polymerisation extending throughout
the full thickness of the paper, created using c.w. laser exposure. Both
methods allow for controlled wicking, and variable flow delays.
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by varying incident laser fluence, which is determined by the
incident laser power and the laser scan speed. For these less
dense, leaky barriers, we believe the polymerised material
does not completely fill the voids within the paper matrix,
thus forming permeable barriers.

Fig. 3 illustrates the difference between such solid and
porous polymerised barriers. As shown in Fig. 3a, the poly-
merised regions for solid barriers written with a pulsed laser
could only be observed on the top, and not the lower face of
the paper, suggesting partial polymerisation through the
thickness of the paper. However, the polymerised regions for
porous barriers written with a c.w. laser always extended
throughout the entire paper thickness, as shown in Fig. 3b.
Blue ink was added to the sample in Fig. 3a to enhance the
contrast between the paper substrate and the lines.

As described below, we compare both of these methods
for generating controllable flow delay in fluidic channels.
The study was aimed at characterising the influence of the
laser fluence and exposure on the depths and porosity of the
barriers for methods 1 and 2 respectively, including an inves-
tigation of delay as a function of position and number of
barriers. Since both the fluidic channel walls and delay bar-
riers can be patterned using the same LDW process, this
technique should have immediate appeal to manufacturers
wishing to develop such paper-based devices on a large scale
where production speed and cost are two of the main
considerations.

Results and discussion

Method 1: delay via solid barriers created by pulsed laser
writing

In order to explore the relationship between the depth of the
solid barriers and the incident fluence, which depends on
both the laser average power and the laser scan speed, we
first fabricated a set of polymerised barriers written with a
fixed incident average power (7 mW) but different speeds
from 0.1 mm s to 1.5 mm s . We then measured the depth
of these barriers by cutting the paper substrates along a line
that intersects the barriers, and then imaged the cross-
sections of the paper using an optical microscope. The rela-
tionship between the depth and the barrier writing speed is

Solid barriers not extending throughout the thickness

Flow

Fig. 3 Images showing the delay barriers from both sides of the
cellulose paper. a) Depth-variable solid barriers formed by pulsed laser
exposure; b) porosity-variable barriers formed by c.w. laser exposure.
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plotted in Fig. 4, which shows that an increase in the writing
speed from 0.3 mm s * to 1.5 mm s * leads to a decrease in
the depth of the barrier from 82 + 6% to 17 + 6% of the thick-
ness of the paper.

To understand and quantify the usefulness of these solid
barriers with variable depths in both delaying and even
completely stopping the fluid flow, we fabricated a set of 4
channels, as shown in Fig. 5a, and then patterned barrier
lines perpendicular to the flow direction. Each of the fluidic
channels was inscribed with two barriers, both of which had
been written under the same writing conditions. Importantly,
for each of the fluidic channels (1-4) these pairs of horizontal
lines were written with the same incident average power (7
mW) but different speeds namely, 1 mm s, 0.7 mm s, 0.5
mm s and 0.3 mm s, thus forming solid barriers with dif-
fering depths, which can be calculated from the plot in
Fig. 4.

As shown in Fig. 5b and c, blue coloured ink introduced
from the inlet of the channels (marked in the image) experi-
ences a flow rate that is a clear function of the presence and
strength of the inscribed barriers, with channel 4 being the
slowest, and channel 1 the fastest. The ink was introduced at
the same time in each of the four channels. Fig. 5b and c are
images taken 2 minutes and 3 minutes after the introduction
of ink, and as seen in Fig. 5b, the ink has already flowed past
the two barriers of channel 1, is leaking past the second bar-
rier of channel 2, has just reached the second barrier in
channel 3, while it has just crossed the first barrier in
channel 4.

To quantify the flow delay versus writing conditions, we
used the arrangement of Fig. 1(d), which is shown in greater
detail in Fig. 6, using TBS (pH = 7.4), a reagent convention-
ally used as a buffer in bio-chemical assays, as the liquid
medium. The fluid ‘delivery time’ was defined and measured
as the time the TBS solution needed to travel from the
starting line to the finishing line, a distance of 15 mm in
total. The channel walls were written with the 405 nm c.w.
laser (20 mW, 10 mm s '), whereas the barriers were written
with a pulsed laser at writing speeds from 1 mm s to
0.3 mm s,
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Fig. 4 Comparison between the depth of the polymerisation in the
paper and the delay barrier writing speed. Error bars indicate the
standard deviation for 5 measurements.
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Fig. 5 Sequential images a), b) and c) that demonstrate the delay of
the liquid flow after introduction of blue ink in fluidic channels with
barriers created using different writing speeds.

First, we studied the consequence of having solid barriers
with different depths in the flow-path, however with only one
delay barrier at position P1 (as shown in Fig. 6) in each of
the pre-defined devices. Several devices, each with one single
delay barrier were written under different writing conditions,
by changing the scan speed (from 1 mm s™* to 0.3 mm s™') at
a constant laser average power of 7 mW, which corresponded
to creation of solid barriers with depths ranging from 30 +
6% to 82 + 6% of the thickness of the paper (as shown in
Fig. 4). We have quantified the ability of the barriers to delay
the fluid flow using a normalised ‘delay factor’, which we
define as the time to flow (from the starting line to the
finishing line) in a channel that has barriers, divided by the
time to flow in a channel without barriers:

Flow time for a channel with barriers

Delay factor = - - -
Flow time for a channel without barriers
The flow time for the channel with the same geometry as
that in Fig. 6 but without any barriers is approximately 2
minutes and 40 seconds.
The results for the delay factor are plotted in Fig. 7 which
show an increase in the delay factor from ~1.1 to ~1.6 with
an increase in the barrier depth from 17 + 6% to 82 + 6%.

Method 2: delay using porous barriers created by a c.w. laser

In this case, both the fluidic channels and the flow delay bar-
riers were written with the same c.w. laser (in a common
programmed writing step) by simply changing either the
laser output power or writing speed. To allow for a direct
comparison with the results for the solid barriers, fluidic
devices that were tested had the same design as in Fig. 6.

In this case however, four porous barriers were written
across the fluidic channels, to explore the role of number
and position of barriers as shown in Fig. 6. A

Designed barriers layout

Finishing line
Barrier P4
Barrier P3
Barrier P2
Barrier P1

Starting line

Source pad

Fig. 6 Schematic representation of designed barrier layout showing
the position of delay barriers (P1, P2, P3 and P4).
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Fig. 7 Plots showing the delay factor for devices with barriers having
different depths. Barriers were written with different writing speeds at
a fixed average power of 7 mW. Error bars indicate the standard
deviation for 5 measurements.

comprehensive study was performed to explore the flow delay
induced through barriers written with a range of different
writing conditions. The fluid delivery time and the percent-
age delay were calculated as for method 1.

We first did a comparative study for barriers patterned
with different writing conditions, namely different laser pow-
ers and scan speeds. Subsequently, we changed the
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number of barriers to explore the relationship between
the delay and the number of barriers in the flow path. As in
Fig. 6, a one barrier design refers to a device with a single
barrier patterned at position P1 in the channel; a two barrier
device refers to a channel with two barriers patterned at P1
and P2; and so on.

As shown in Fig. 8a, for barriers written with a fixed scan
speed of 100 mm s*, the fluid delay gradually increased with
an increase of the laser power, and progressively decreased
for barriers written with an increasing scan speed at a fixed
laser output power of 20 mW, as shown in Fig. 8b. These
results show that the porosity of these barriers is a clear func-
tion of the laser fluence used and that any targeted delay
(within the experimental error) can be achieved by choosing
the correct fluence. Similarly, for the plots shown in both
Fig. 8c and d, which are based on the use of multiple bar-
riers, we observe identical trends — for barriers written with
the same writing conditions, the delay increases with an
increase in the number of barriers.

In addition to this dependence on the porosity of the bar-
riers and the number of barriers, we observed that the fluid
delay also depended on the position of the porous barrier.
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Fig. 8 Plots showing the delay factor of delay-barrier-designed devices. a) Barriers written with different laser output powers at a fixed scan
speed; b) barriers written with different scan speeds at a fixed laser output power; c) different number of barriers written at a fixed scan speed; d)
different number of barriers written at a fixed laser output power. Error bars indicate the standard deviation for 5 measurements, and lines are a

simple guide for the eye.

4058 | Lab Chip, 2015, 15, 4054-4061

This journal is © The Royal Society of Chemistry 2015


http://dx.doi.org/10.1039/c5lc00590f

Published on 25 August 2015. Downloaded by University of Southampton on 14/10/2015 11:13:30.

Lab on a Chip

We introduced a single porous delay barrier written under
the same writing conditions (200 mm s scan speed and 20
mW laser output power) at different positions (P1-P4) as
shown in Fig. 6, and then studied the fluid delay. The plot of
the fluid delay versus the position of the porous barrier is
shown in Fig. 9. As the delay barrier was shifted further from
the starting line towards the finishing line, the delay factor
rapidly dropped from ~2.5 (for position P1) to ~1.3 (for posi-
tion P4). We believe this is because of the geometry of the
device, since the volume of the paper that serves as the reser-
voir for the fluid flow changes with a shift in the position of
the delay barrier. The volume before the delay barrier acts as
a pump for subsequent flow, thus affecting the flow rate after
the barrier. As shown in Fig. 6, the closer the barrier is to
the starting line, the smaller the source paper volume is, and
this leads, we suggest, to a lower pump force and hence a
lower flow rate and larger fluid delay.

Multiple fluid delivery using delaying barriers

Implementation of automated paper-based devices (as
described by Lutz et al,'® and Apilux et al.,'®) that are user-
friendly and need minimal intervention from the patient or
an unskilled user need strategies that allow control over the
flow of several liquids (reagents and sample) along their
pathways. Such devices allow the implementation of a multi-
step assay (such as an ELISA), and in this section, using fluid
delay strategies effected using the flow-barriers described ear-
lier, we demonstrate the usefulness of our method to fabri-
cate such automated paper-based tests. Fig. 10 shows a
device that uses a network of three identical channels for
sequential delivery of three fluids to a common detection or
reaction point. As shown in Fig. 10, sequential delivery of
each of these fluids is made possible by introducing (a set of
three identical) porous barriers written with a c.w. laser
across the fluid channels. By changing the porosity of each
set of delay barriers through simple adjustments of the laser
parameters, different delays can be introduced into each
channel.

Delay vs Barrier position
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Fig. 9 Plots showing the relationship between the fluid delay factor
and the position of the delay barriers (distance to the starting line) with
the same condition of 200 mm s™* scan speed and 20 mW laser output
power. Error bars indicate the standard deviation for 5 measurements,
and the line is a guide for the eye.
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Fig. 10 Image showing a 2D multi-channel fluidic device used for
sequential delivery of three fluids. It has three identical channels (6
mm width and 23 mm length) modified with different delay barriers (1.
stronger delay barriers; 2. no barriers; 3. weaker delay barriers). a)
Sequential images showing the arrival of TBS from each channel at dif-
ferent times; b) sequential images showing the arrival and mixing of
blue and red ink from three separated channel and the subsequent
mixing of the inks.

To show the operation of our devices, as also described
earlier, we first introduced a source pad (a stack of 8 cellulose
papers) into each channel that allows us to load a compara-
tively large volume of fluid (~40 pL) in to each channel, and
also serves as a continuous reservoir of liquid (Fig. 10). We
first tested the performance of our devices using TBS as the
test-fluid which was introduced into the source pad in each
of the three channels. Fig. 10a is a set of images that are
snapshots taken sequentially at different times after intro-
ducing the TBS into the source pads. The fluid in channel 2
(that does not have any delay barriers) arrived at the intersec-
tion zone first (after 5 minutes) and continued to flow
onwards until the fluid in channel 3 (with weaker delay bar-
rier) arrived at the intersection (after 10 minutes). Thereafter,
the fluids from these two channels mixed and flowed forward
until the arrival of the fluid from channel 1 (with the stron-
ger delay barriers) after 20 minutes. Finally, the mixture of
three fluids then wicks through the reaction pathway in the
following 10 minutes.

To further illustrate the dynamics related to the mixing of
the different fluids and to make the concept of flow delay
more obvious, we instead used two different coloured inks to
source the three separate channels (blue for channel 1 and 3
and red for channel 2). The sequential images that show the
flow through the device are shown in Fig. 10b. When com-
pared to the (blank) channel 2 that did not have any delay
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barriers, the fluid delivery through channel 1 and channel 3
were delayed by 15 and 5 minutes respectively. The results
for both of the devices that were either tested using TBS or
the coloured inks show clear evidence that our laser-
patterned delayed-fluid flow strategy can be used to make
paper-based automated devices. As a final step, we demon-
strate the use of this strategy to fabricate devices that can
implement multi-step ELISA protocols.

Automated multistep assay for CRP detection by
sandwich ELISA

This section describes the use of our fluid delay strategy to
implement a multiple step ELISA that enables the detection
of CRP (C-reactive protein). We have chosen CRP as an exam-
ple for evaluating this automated paper-based device because
it is an important and realistic analyte which is frequently
measured for early-stage diagnosis.>**° Devices (with the 2D
multi-channel geometries) identical to that shown in Fig. 10
were used to realise a multistep enzyme-based immunoassay
that allowed for the detection of CRP. As shown in Fig. 11a,
the three individual arms of the device were used to sequen-
tially deliver the three different reagents — channel 1 deliv-
ered streptavidin-HRP; channel 2 delivered the sample; chan-
nel 3 delivered the detection antibody through to the capture
antibody which was immobilized in the detection zone (iden-
tified in the image with a rectangular frame). As mentioned
earlier, the device geometry and the delay mechanism used
were the same as those in Fig. 10, except that an additional
cellulose absorbent pad was attached at the end of the detec-
tion pathway for collection of the excess fluid.

The ELISA kit used in the implementation of the CRP
detection (DuoSet® Human C-Reactive Protein/CRP) was pur-
chased from R&D Systems, Inc. (UK). All the antibodies used
were from this kit and were diluted to the working concentra-
tions of 3.6 ug mL™" and 162 ng mL™" for capture antibody

1. Streptavidin-HRP Absorbent pad /]

Fig. 11 Automated multi-step ELISA for CRP detection in a 2D muilti-
channel fluidic device. a) Image of a device showing its design and
indicating reagent locations for the assay. Four blue spots, shown
schematically in a), represent the position of immobilized capture anti-
body in the detection zone. b), ¢), d) and e) are photos of the CRP
ELISA result on the device for different sample concentrations of 10 pg
mL™, 100 ng mL™, 10 ng mL™* and no sample respectively.
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and conjugated antibody respectively. The CRP human standard
(C1617) was purchased from Sigma-Aldrich (UK) and diluted to
working concentrations using calibrator diluent (1% BSA
(bovine serum albumin) in PBS (phosphate-buffered saline)).

The capture antibody was pipetted at four distinct spots (1
uL per spot) within the detection zone, and then left to dry
for one hour at room temperature. The whole device was
then immersed in a blocking solution (5% BSA in PBS) for
one hour at room temperature, followed by three sequential
washing steps using PBS. After subsequent drying, the device
was ready to use.

In order to implement the assay, 40 uL of each reagent
was sequentially pipetted onto the source pads within a
period of a few seconds in each channel and the device was
left in a covered petri dish at room temperature to allow for
the timed, sequential delivery of the individual solutions
along each channel, into the detection zone for reaction with
the capture antibodies immobilized therein. The devices were
held along their edges by a specially designed holder that
suspended them in air thus eliminating any contact with the
petri dish surface underneath which otherwise would have
altered the flow of the reagents. After 30 minutes, the whole
device was washed three times using PBS for five minutes
each. Finally, 10 pL of the colorimetric substrate TMB (tetra-
methylbenzidine) was added at the detection zone and the
result was read after 20 minutes. Ideally, such a device
should also enable the sequential delivery of TMB to the
detection zone via another fluid flow channel, and that would
then be a true example of a sample-in-result-out type device,
however, for this initial proof-of-principle experiment where
we intend to show the usefulness of delays, we have not yet
manufactured such a test. In the case of several routinely
employed assays, the detection antibodies are tagged either
with a gold nanoparticle or coloured beads, and if we choose
to use detection antibodies labelled in this fashion, then
there would not be the need to have this additional delivery
path. Fig. 11b-d show the results for the detection of differ-
ent concentrations of CRP, and the clearly visible and distinct
blue spots that appear in the detection zone (with minimal
background colour ‘noise’) confirm the presence of CPR in
the sample. Fig. 11e shows the result for a control device
tested with a sample solution that did not have CRP. As
shown in the figure, for this negative result, we do not
observe any specific blue spots in the detection zone. The col-
our intensity of the spots in Fig. 11b is greater than that in
Fig. 11c, and this relates to the higher concentration of CRP
in the corresponding samples that were used in the two dif-
ferent cases. For some of the spots, their non-symmetric cir-
cular shape is as a result of the spotting of the capture anti-
bodies more towards one edge of the channel walls, resulting
in a clipping of their circular shape. The images in Fig. 11b-d
clearly demonstrate the successful detection of CRP on
our laser-patterned paper-based device with incorporated
fluid delay mechanisms. This device is an example of a semi-
automatic type test that still requires intervention from a
user, but we are planning on developing this concept further

This journal is © The Royal Society of Chemistry 2015
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in the immediate future to enable a fully-automated device
which would then be a true example of a sample-in-result-out
type device. In addition, using our devices, we were also able
to detect CRP with concentrations of less than ~10 ng mL™,
which we believe is close to the limit of detection.

Conclusions

In this work, we report a new method based on our LDW
technique that allows the fabrication of pre-programmed or
timed fluid delivery in paper-based fluidic devices without
any additional equipment or minimal actions from the user.
Barriers, aligned perpendicular to the flow-path, and used to
control the fluid flow in a channel were either solid barriers
with differing depths, or barriers with differing porosity, and
these could be fabricated by simple adjustments of the laser
patterning parameters, such as the laser power and the writ-
ing speed. Both types of barriers yield similar results for con-
trol over the fluid flow. These programmable fluid delay tech-
niques should help to further improve the functionalities of
paper-based microfluidic devices as such control can be used
to enable semi-automated multi-step fluidic protocols. In
contrast to other methods reported for controlling fluidic
transport, our approach eliminates the requirements for
cleanroom-based steps, or custom-designed equipment, or
the need for long flow paths, which can then translate into
requirements for larger analyte volumes. Most importantly,
since the delay-mechanism can be an integral part of the fab-
rication of the fluidic devices themselves, we believe this inte-
grated process presents a considerable manufacturing and
hence commercial advantage. With our existing laser-writing
setup, it is possible to pattern devices, using a c.w. laser, at
speeds of one metre per second, and accounting for the time
required for the pre- and post-processing steps needed to
make a complete device, our estimate is that it is possible to
fabricate at least one device per second. Above all, we believe
that this method could be an ideal choice for rapid fabrica-
tion of custom-designed paper-based microfluidic devices for
realizing single or multistep analytical tests.
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We report the use of a laser-based direct-write (LDW) technique that allows the design and fabrication of
three-dimensional (3D) structures within a paper substrate that enables implementation of multi-step ana-
lytical assays via a 3D protocol. The technique is based on laser-induced photo-polymerisation, and
through adjustment of the laser writing parameters such as the laser power and scan speed we can control
the depths of hydrophobic barriers that are formed within a substrate which, when carefully designed and
integrated, produce 3D flow paths. So far, we have successfully used this depth-variable patterning proto-
col for stacking and sealing of multi-layer substrates, for assembly of backing layers for two-dimensional
(2D) lateral flow devices and finally for fabrication of 3D devices. Since the 3D flow paths can also be
formed via a single laser-writing process by controlling the patterning parameters, this is a distinct im-
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Introduction

Paper-based microfluidic devices have drawn considerable at-
tention over the last few years, as they possess many intrinsic
advantages such as low cost, capability of mass production,
and are disposable, equipment-free, and require no external
power to operate.'* However, there are also some disadvan-
tages and limitations, such as issues with the control of flow
rate, multiplexed detection of assays on a single device and
there is a constant drive to further reduce the size in order to
achieve compact devices that require a smaller volume of re-
agents with shorter fluid distribution times.””” As a result, 3D
microfluidic paper analytical devices, which enable fluid dis-
tribution in both lateral and vertical directions, have also
been proposed in recent years.»*°

Compared with a conventional 2D geometry, 3D devices
provide a number of unique characteristics which are advan-
tageous for certain applications.’* As an example, in the case
of a multi-layered 3D device, which is a stack of substrates
that can be of dissimilar materials, fluid-flow can be in all
three dimensions, i.e. both laterally in the plane of any sub-
strate layer, and vertically through the thickness of all layers
that form the composite, and such devices would thus enable
a user to perform several assays within the same device foot-
print.® When compared to a lateral flow device (LFD), such

Optoelectronics Research Centre, University of Southampton, Highfield,
Southampton, SO17 1B] UK. E-mail: ph3e12@soton.ac.uk;
Tel: +44 (0)2380 599091

This journal is © The Royal Society of Chemistry 2016

flow-through geometries provide flow paths that are compara-
tively shorter and therefore provide the capability for imple-
mentation of multiple-step assays via more compact device
geometries.® Additionally, such compact 3D devices can mini-
mise the quantity of reagents that are either required or
wasted, in the case of 2D devices, as a result of soaking of
the greater lengths and volumes of the porous substrates.
Lastly, shorter flow paths obviously translate into a reduced
fluid distribution or delivery time leading to likely reductions
in times for operation of such tests."*

So far, for almost all of the reports in the literature, 3D
paper-based microfluidic devices have been fabricated by
sequential assembly of individual layers of 2D devices.
Therefore, in addition to the critical requirement for correct
alignment of individual layers, another key challenge en-
countered in the fabrication of such 3D devices is ensuring
sufficient contact between the hydrophilic sections of each
layer that constitute the flow-path because any lack of con-
tact will result in an interrupted flow-path.” Three general
solutions have been reported for avoiding this problem,
which include: 1) forming the structure in a layer-by-layer
manner with use of either double-sided tape or a hydro-
philic spray adhesive;>'" 2) applying an outer adhesive,
clamp, or protective coating to pre-assembled layers thus
holding the layers in contact with each other;>'? and, 3) by
forming 3D structures in a single layer of paper substrate
which therefore circumvents this problem completely.'®

3D paper-based microfluidic devices were first reported by
the Whitesides' group who used double-sided tape to
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physically attach individual 2D devices together, which had
been pre-patterned using a photolithographic method.® At
places where the desired flow through is required, laser-
drilled holes were created in the tape and filled with cellu-
lose powder in order to create hydrophilic connections be-
tween the adjacent layers of paper. However, this method
is somewhat labour-intensive as there are several sequential
assembly processes that must be accomplished and hence
it does not readily lend itself to mass fabrication. An alter-
native technique reported the use of hydrophilic spray ad-
hesive to glue layers of pre-patterned 2D devices together,
which then allows more rapid laboratory-based fabrication
of 3D devices."" As this method relies on cold lamination
techniques to hold and seal together layers of stacked 2D
devices, it is only able to produce 3D devices that incorpo-
rate two or three layers of paper, and so is not practicable
for devices requiring more layers."*'> Subsequent work by
Crooks et al. reported an alternative method for creation of
3D paper-based devices based on the principle of origami,
the traditional Japanese paper-folding art.”*>'* In this ap-
proach, a 3D device is achieved by laying and folding a sin-
gle piece of pre-patterned paper and then the stack is held
together with a clamp. The origami technique allows pattern-
ing of different layers of paper in one go and additionally
eliminates complex alignment steps. Such a folded design
also enables opening and altering the device during the re-
agent preparation step and even during the course of an
assay.'>'® However, this method can cause issues of repro-
ducibility as it relies on the individual performing the test
following the instructions given and there is then the possi-
bility of an incorrect procedure occurring, particularly if the
person is performing the assembly for the first time. Over-
all, most of these reported methods were based on fabrica-
tion of 3D devices using cellulose paper. However, other
porous materials, such as threads,'”'® cloth," and silk fab-
ric,>® have also been explored by different groups for fabri-
cation of 3D microfluidic devices.

Unlike all the methods discussed above, in this article,
we report a new approach for the fabrication of 3D de-
vices, which is a simple extension of the basic LDW tech-
nique that has been described in our previous publica-
tions for both fabrication of 2D microfluidic devices and
implementation of flow-control.> > In brief, by controlling
the laser patterning conditions, we have shown that we
can produce solid hydrophobic structures either partially
inside a single layer of paper or all the way through sev-
eral layers of paper (we have so far demonstrated 3 sepa-
rate layers). Also, by selectively patterning from both sides
of the composite substrate, we have fabricated 3D devices
based on both a single layer as well as a multi-layer
stacked arrangement. Unlike other 3D device fabrication
methods, the approach presented here does not require
any additional processing equipment, alignment or assem-
bly steps and, as described earlier, uses the same proven
fabrication approach that we have demonstrated for 2D
fluidic flow path devices.
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Experimental section
Laser setup and materials

The laser used for the LDW process was a 405 nm continuous
wave diode laser (MLD™ 405 nm, Cobolt AB, Sweden) with a
maximum output power of ~110 mW. The basic LDW setup
is the same as described in our previous publications for fab-
rication of 2D microfluidic devices and implementation of
flow-control and has been fully optimised via a series of sys-
tematic studies.”*>* The results we have achieved and will re-
port in the following sections are therefore based on the
same patterning procedure with appropriate adjustment of
the patterning conditions such as laser power and scan
speed.

The paper substrates used were Whatman® no. 1 filter pa-
per and polyvinylidene fluoride (PVDF) from GE Healthcare
Inc., UK was used for realizing stacking and sealing.
Ahlstrom® grade 320 and 222 chromatography paper from
Ahlstrom, Finland, were used for fabrication of backing and
3D structures described below. The photopolymer chosen for
these experiments was Sub G, from Maker Juice, USA. The
solvent used in development step was acetone from Sigma Al-
drich Co Ltd., UK. The inks used for validating our patterned
devices were blue and red bottled inks from Parker, UK.

Results and discussion
Stacking and sealing of multi-layer papers

During our earlier LDW studies for fabrication of 2D paper-
based microfluidic devices, we observed that the photo-
polymerization process is not restricted to a single substrate
but can also extend further into a composite formed from
several layers. In order to understand and further explore this
phenomenon, we prepared samples with different numbers
of layers (two to five) and investigated their patterning using
the same LDW method. The schematic for this is shown in
Fig. 1: firstly, different numbers of cellulose papers were
stacked together and then soaked with the photopolymer.
The same LDW patterning process was applied to form sim-
ple structures in these multi-layered samples. After the final

Stack of paper
Polymer walls i i
[ { i ]
! Fluidic Unireat sl Impregnate with
channel paper | photopolymer |
l ]
Development

Solvent
]

Exposure
[ ]
= = =—
Fig. 1 Schematic of patterning multi-layer stacks using the LDW
technique.
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development process, it was then observed that these multi-
layers had been efficiently bonded together to form a single
composite structure.

Based on our current setup with a 405 nm c.w. laser, we
found that a maximum of three layers of cellulose paper
(each with thickness of 180 um) can be bonded together
using a laser output power of 100 mW at a scan speed of 10
mm s . The polymerised lines were evident throughout all
three layers of paper and as shown in Fig. 2a and b, can be
clearly observed on both sides of the three-layer stack. We
then tested these structures by applying different volumes of
blue ink, from 3 pL to 7 pL, into these square wells from the
top surface as shown in Fig. 2c. The ink was well-confined
within the square wells defined by the polymerised walls and
flowed vertically from the upper layer to the layers under-
neath. The result is shown in Fig. 2d: 3 pL of blue ink is just
enough to reach the third layer, while the whole square well
of all three layers get fully inked with a volume of 6 pL and
7 uL is seen to produce slight overflowing. It is clear therefore
that the polymerised structures that extend from the top layer
all the way to the bottom layer perform the dual function of
bonding and forming walls that contain and hold the fluid
without any leakage, as seen for the image using 6 pL in
Fig. 2d.

Using the same parameters, we then attempted to pattern
stacks with four layers but although the layers were indeed
bonded together, leakage was much more of an issue, so un-
der our normal patterning process conditions, we did not
pursue composites with greater than three layers. However,
stacked structures with more layers would indeed be possible
through choosing different patterning parameters, such as
lower scan speed and higher incident power.

hree -papﬁ? stac

-

g

2

-

‘c Top

Bottom

Fig. 2 Images showing the polymerised structures from both sides a)
top side, b) bottom side) of a stack with three layers of cellulose paper
and images of both sides of the device c) top side, d) bottom side)
after introduction of blue ink of different volumes (3-7 ul) into the
designated well.
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Following these first trials we then trialled assembly of
multi-layer stacks but this time composed of dissimilar sub-
strate materials. The schematic image in Fig. 3a shows our
first realisation of a stacked structure using different mate-
rials: two layers of cellulose paper with a PVDF layer in be-
tween that have been bonded together via a common photo-
polymerization process. The rectangular channel and a
T-junction shown in the schematic were patterned on the top
and bottom surface respectively with a laser power of 50 mW
at a scan speed of 10 mm s '. The four sealing points which
extend throughout all of the three layers and enable their
bonding were formed by illuminating each point with a sta-
tionary laser beam (100 mW) for 5 seconds. To test the de-
vice, red and blue inks were separately introduced onto the
top and the bottom surfaces of this stack, and as shown in
Fig. 3b and c the inks were guided in the channel and
T-junction respectively. From Fig. 3b and c it can also be
clearly observed that both inks flow only within their respec-
tive layers and did not penetrate through to the opposite
layer, due to the presence of the intermediate blocking layer
(hydrophobic PVDF). This innovative result presents a solu-
tion for not only sealing of paper-based devices by isolating
the device between dissimilar outer cladding layers but also,
most importantly, permitting 3D pathways to be engineered
through judicious assembly of several layers, possibly com-
bined with holes and voids in some layers. In our earlier pub-
lications using the same laser-direct write technique,*** we
have demonstrated the patterning of varied porous materials
such as nitrocellulose membranes, printing paper, fabrics,

Polymer walls Sealing points

N /) Top layer
(Cellulose paper)

Isolation la);er

(PVDF)

Sealing points

Polymer walls

Bottom layer

a (Cellulose paper) \ /
Top Smm | Bottom 5 mm
b € ]

Fig. 3 a) Schematic image showing the arrangement of a stacked
device with different structures in top and bottom layers, which are
isolated with a hydrophobic film in between. b) Top and c) bottom
images showing the device described in a) after the introduction of
different inks from top and bottom surfaces without any cross-
contamination or mixing.
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and we therefore believe that any such material which is
porous in nature would be suited for use in the production
of the above described multi-layer devices. There are no
other requirements that we believe would limit the use of a
specific type of material for the creation of multi-layered
devices.

Any paper-based device is normally intended for operation
under ambient conditions, which can lead to a number of
limitations when compared to fully enclosed microfluidic de-
vices. Two of the main drawbacks are: a) the device is at risk
of contamination during the fabrication, transportation and
operation, and b) possible evaporation of the fluid in the
open air which may lead to change of the sample concentra-
tion, or an altered flow rate due to change in sample viscos-
ity.>**> We believe that the results we have achieved above
should contribute to a reduction of these two limitations by
sandwiching a conventional paper-based microfluidic device
with two outer layers of hydrophobic material. The LDW tech-
nique can be further extended to develop a new approach
that helps with sealing in microfluidic paper-based analytical
devices (LPAD). Additionally, the technique could also be fur-
ther employed for permitting 3D pathways through carefully
designing the patterning protocol and subsequent assembly
of several layers for realisation of a practical 3D paper-based
device.

Single-sided polymerisation - for backing a paper-based
device

To our knowledge, all or most of the presently reported
paper-based microfluidic devices have another important lim-
itation — operation of these unbacked devices requires that
their bottom faces remain isolated from contact with any sur-
face to prevent fluid flow along the interface which would
provide an alternative undesirable flow path. In addition to
the loss of the fluid (an expensive reagent or valuable sample
present in small volumes for example) this unwanted flow
can also lead to cross-contamination which in turn may pro-
duce a false result or failed test.>* On the other hand, as pa-
per is normally very fragile and more so especially after get-
ting wet, a backing support to provide mechanical strength
would normally be desirable. For the case of nitrocellulose
(NC) membrane-based devices, the support to the membrane
can be provided by an impermeable polyester layer.”® While
it is easy to procure such pre-backed NC membranes which
are extensively used in LFD, it is not yet possible to source
similar backed versions of paper substrates from the market.
As an alternative, tape is widely used to back paper-based de-
vices,?® but this has certain drawbacks as the adhesion be-
comes poor when the paper gets wet following the introduc-
tion of the sample; additionally, the adhesives in tapes can
diffuse into paper over time, which can lead to contamina-
tion as well as affecting the paper's hydrophilicity.”* Another
method of backing paper-based devices is based on flexogra-
phy printing: a thin layer of polystyrene is printed on one
side of the paper to form a hydrophobic backing,”” but this
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method requires additional equipment and adds cost to the
final devices.

We therefore introduce here the use of our LDW tech-
nique as a new solution for backing paper-based devices.
From the experiments we have done previously, we have ob-
served that by controlling the patterning parameters, (laser
incident power and scan speed), we could alter the depth of
polymerised structures inside the substrate which thereby
forms a hydrophobic polymerised layer within the substrate
itself, which could be used as the backing layer. Compared
with the methods currently used for backing, our LDW
method allows formation of a backing structure inside the
substrate during the device fabrication procedure without
any need for extra materials or equipment, which would then
lead to cost reduction and simplicity of fabrication. The sche-
matic illustrating this is shown in Fig. 4: the paper substrate
is first impregnated with photopolymer, then during the ex-
posure step the laser parameters are selected to polymerise
only to a certain depth inside the substrate. After the final de-
velopment process, the un-polymerised material is washed
away, leaving behind a polymer layer with a specified depth
inside the substrate, which thereby serves as the required
backing.

We therefore performed a parametric study to understand
the influence of different patterning parameters, which also
included the number of repetitive scans. The basic LDW
setup is the same as described previously and the paper sub-
strates used were Ahlstrom® grade 320 chromatography pa-
per with a thickness of 2.48 mm. As a proof-of-principle, in
order to form a backing structure, we scanned the laser beam
across the substrate in a line-by-line manner with a centre-to-
centre separation of 1 mm (as shown in Fig. 5a), which was
appropriate for the lines to just touch each other without any
significant overlap or gaps. By forming adjacent polymerised
lines under the same writing conditions, it was possible to
create a 2D polymerised layer inside the substrate.

The cross-sectional images in Fig. 5b and ¢ show examples
of a patterned paper with different thicknesses of poly-
merised layers formed at the bottom of the substrate that
was achieved by simply altering the patterning parameters.
As shown in Fig. 5b and c, after introducing red ink from the
un-polymerised side, we could clearly identify the poly-
merised layers (white region). As seen in the images: the

Exposure
Impregnation "
¥ K K K ¥
Untreated paper Development
<:' Solvent
Polymer backing _

Fig. 4 Schematic of patterning a backing layer inside the paper
substrate using the LDW technique.
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Unexposed
paper
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Polymer
backing layer — <
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Fig. 5 a) Schematic of patterning a backing structure by scanning the
laser beam across the substrate in a line-by-line manner with a separa-
tion of 1 mm. Cross-section images showing polymerised layers (un-
inked white layers) on one side of thick cotton fibre filter paper with
different thickness of: b) ~700 um and c) ~1 mm, after introduction of
red ink from the other side.

thickness of the polymerised structures increases from ~700
um to ~1 mm with an increase of laser output power from
30 mW to 70 mW at a fixed scan speed of 5 mm s '. As
shown in both images, the polymerised layer, although writ-
ten in a line-by-line manner was continuous and uniformly
thick, and the demarcating interface between the un-
polymerised and polymerised section is clearly defined.

To determine the depth of the polymerised layers as a
function of the patterning parameters, we performed a study
with the results shown in Fig. 6. For a fixed scan speed, as
expected, the depth of the polymerised layer increases with
an increase of the incident laser power. For example, at a
fixed scan speed of 10 mm s, the depth of the polymerised
layer increases from ~400 pm to ~950 pm with an increase
of laser output power from 10 mW to 100 mW. Similar behav-
iour was observed with a layer depth increase from ~450 um
to ~1050 pm and ~1200 um to ~2050 pum at a fixed scan

Depth vs. Laser output power
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Fig. 6 Plots showing the variation in the depth of the polymerised

layers for different laser powers at three different scan speeds. Error
bars indicate the standard deviation for 5 measurements.
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speed of 5 mm s and 1 mm s respectively for incident la-
ser power ranging from 10 mW to 100 mW. As expected, we
can also observe from the same plots that the depth of the
polymerised layers increases with the decrease of the scan
speed at fixed laser powers.

Additionally, we observed that the depth of a single poly-
merised line also depends on the number of scans performed
under the same writing conditions, which thereby alters the
resulting thickness of the polymerised backing layers. In or-
der to study how the number of scans affects the polymerised
depth, we scanned the beam once, twice and three times re-
spectively under the same writing conditions. The histogram
in Fig. 7 shows that the depth of the polymerised layer in-
creases monotonically with an increasing number of repeat
scans. As shown in the plots, the depth of the polymerised
layer increases from ~400 pm to ~800 um with an increase
of the number of scans from one to three at a patterning con-
dition of 10 mW of incident power at 10 mm s™* scan speed.
Similar trends were observed for all laser powers used (30,
50, 70 and 100 mW) for the same scan speed of 10 mm s .

Single-sided polymerisation - for reduction in the dead-
volume of a paper-based device

An additional benefit of this technique lies in the reduction
of the active paper volume that can be produced routinely for
all such test substrates, which leads to a corresponding re-
duction of reagent/sample volume required. Due to the opac-
ity of the substrate, the observable signals (the colour
change) that provide the test results originate only from the
top region or plane of the substrate (which for an NC mem-
brane extends below the surface to a depth of ~10 um), and
any colour change from deeper regions (the so-called dead-
volume) makes a negligible contribution to the observable
signal, and is therefore redundant.*® Reduction of the thick-
ness of the substrate at the detection area will therefore not
only help with saving of reagent/sample but will also help
increase the limit of detection. Because the amount of the
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Fig. 7 Plots showing the variations in the depths of the polymerised
layers for different laser powers at a fixed scan speed of 10 mm s for
three different numbers of scans. Error bars indicate the standard
deviation for 5 measurements and a linear line for the case of 2 scans
is a simple guide for the eye.
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sample which previously would have soaked the entire
volume of the substrate will now instead fill up a compara-
tively smaller volume of the substrate, the sample concen-
tration will be relatively higher and thus will lead to an im-
proved limit of detection.

To test this hypothesis, as shown in Fig. 8a, a simple
proof-of-principle experiment was performed by introducing
different volumes (1, 2 and 3 pL) of red ink into 4 x 5 mm
well structures patterned on samples 1 and 2, which were
backed with layers that had different thickness of ~400 pm
and ~600 um, using the LDW method. These backing layers
were first formed by scanning the laser in a line-by-line for-
mat using laser powers of 10 mW and 40 mW respectively at
a scan speed of 10 mm s *. The line-patterns of the grid-
structures were patterned by scanning the laser once along
the paper surface with a power of 20 mW at a scan speed of
10 mm s *. The paper substrates used for both samples were
Ahlstrom® grade 222 chromatography paper with a thickness
of 0.83 mm. As shown in Fig. 8a, the colour intensities
change in each well with different ink volumes and also dif-
fer between the two samples with different thickness of back-
ing for the same volume. The images were processed with
the Image] software (National Institutes of Health, USA) to ex-
tract the respective grayscale colour intensities of the red col-
our produced within the central area of each well and the re-
sults are plotted in Fig. 8b. The conclusion here is that the
detected colour intensity increases with an increase of the
ink volume, but more importantly, also increases with an in-
crease of the backing thickness, i.e. the signal is enhanced
with a reduction of the dead-volume. We therefore believe
that by designing and choosing the appropriate thickness of
the backing, we should be able to control the volume of sub-
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strate and hence reduce the dead-volume thereby increasing
the sensitivity and saving on sample or reagent needed.

In summary, we have proved that by simply changing the
patterning parameters, we can polymerise lines with different
depths in the substrate, and therefore, by scanning in a line-
by-line manner we could form polymerised layers with the de-
sired depths, and these can be used either as backing for
paper-based devices or to alter the volume of the paper-based
fluidic device. Here, for our first simple proof-of-principle ex-
periment, we have used an un-optimised line-by-line scan-
ning procedure in order to cover a large area. Alternatively,
instead of repetitive multiple scanning protocols, a single-
step process that uses a cylindrical lens could also be
employed. In this case the lens focuses the beam only in one
direction and leaves the other direction wide enough to cover
an extended lateral region and this is an intended future
approach.

Dual-sided polymerisation - for fabrication of a 3D paper-
based device

In order to exploit fully the true potential of this approach we
have explored the possibility of creating such polymerised
patterns though exposure from either side of a single sub-
strate. The objective here was to use this dual-sided polymeri-
sation protocol to fabricate a 3D device in a single paper sub-
strate. The concept is explained through the schematic
depicted in Fig. 9a. As shown in this figure, by patterning via
exposure from both the top and bottom faces of a single pa-
per substrate it should be possible to create polymerised
blocks that extend partially from both faces of the substrate
and define an enclosed flow-path that is embedded within
the substrate. By selectively positioning and connecting such
polymerised areas, we can then construct arbitrarily-shaped
connected 3D flow paths that guide the fluid both in the

Cross-section
Top Polymerised blocks Paper substrate
e

a Bottom Enclosed flow-path

Cross-section Solid barriers

Inlet Inlet

© [N N .. o

Bottom

Fig. 8 (a) Images showing the results of introduction of different
volumes of red ink into 4 x 5 mm well structures patterned in two
samples with different backing thickness. (b) Plots constructed using
the grayscale intensity values taken from the images shown in (a).
Error bars indicate the standard deviation for 3 measurements.
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Fig. 9 a) Schematic showing an enclosed flow-path formed by creat-
ing polymerised blocks from both faces of a single paper substrate. b)
Schematic representation of cross-section of a 3D fluidic device with
two inlets (D®) from either end. c) Photographic images taken from
the top and bottom of the device described in b).
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horizontal and vertical directions. The schematic in Fig. 9b
shows an example of such 3D paper-based devices created in
a single substrate with several fully enclosed and inter-
connected channels. As shown in the cross-section sche-
matic, solid polymerised barriers were formed from both top
and bottom, leaving gaps in both vertical and horizontal di-
rections. The gaps in the vertical direction form three open
windows A, B and C, where the reagent/sample will appear af-
ter passing through the enclosed channels between the two
inlets (®®). The enclosed channels that connect the inlets
and three open windows are defined by gaps between the
solid barriers in the horizontal direction. Photographic im-
ages of the top and bottom views of a real device with the il-
lustrated arrangement are shown in Fig. 9c: the white areas
are bare/un-polymerised sections of paper and the pale yellow
areas are the hydrophobic polymerised regions. All of the
polymerised blocks shown in the schematic in Fig. 9 and the
devices in Fig. 10-12, were patterned by scanning the laser in
a line-by-line manner to create lines with a centre-to-centre
separation of 1 mm using a laser output power of 100 mW at
a scan speed of 10 mm s™*. The resultant blocks had thick-
nesses of ~950 um and hence for a substrate that had a
thickness of 2.48 mm, the enclosed flow-path had a height of
580 pum.

In order to test these 3D structures, we first introduced
red ink from the inlet ©® of the device described in Fig. 9b.
The sequential images in Fig. 10 show the flow of red ink,
which were taken from both top and bottom faces of the de-
vice. After the introduction of the ink, it flowed into the first
enclosed channel between inlet ® and the open window A.
The red shaded areas were observed from both sides of the
device and illustrate the ink flow inside the channel. After a
short period of time, the ink flowed through the first section
of the enclosed channel and reached the open area A: as
shown in the images the red ink has filled in the area A and
is visible from both top and bottom.

We have also introduced red ink from the inlet @ and the
result is shown in Fig. 11. The ink again flowed through the
enclosed channel between inlet and the open area B and fi-
nally reached the open window C and hence appeared on the
top side. The difference of the structures in the right and the
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Fig. 11 Photographic images showing the top and bottom of the
device described in Fig. 9b after introduction of red ink from the inlet
@.

left sections of the device is that the polymerised structures
at the bottom cover the whole area without having an open
window. It can be regarded as a 3D device with an enclosed
channel and an open window just on the top plus a backing
structure underneath, which helps to provide support to the
device.

Finally, the cross-section image in Fig. 12 illustrates the
flow process of the red ink inside this 3D device. The narrow
red lines inside the substrate, which connect the inlets and
open areas, show the flow of the red ink inside the enclosed
channels. The ink from inlet @ flowed and filled up the open
area A, which allows the ink to be seen from both top and
bottom, through an enclosed channel in between and then
kept flowing towards the open area B along another enclosed
channel. Similarly, the ink filled in the open area C and
shows up only from the top with the source from the inlet @
again through an enclosed channel inside the substrate that
was formed with solid blocks on both sides. Such fully
enclosed channels can be achieved easily with our LDW
method, which prevents liquid exchange between the exterior
and the interior of the channel.

Above all, the approach reported here for fabrication of
3D paper-based devices is a simple extension of the basic
LDW technique that has been used for fabrication of 2D
microfluidic devices.”"*> Through selectively designing and
patterning polymerised structures from both sides of the sub-
strate, we could fabricate 3D structures inside a single sub-
strate. Unlike other 3D device fabrication methods, the ap-
proach presented here does not require any additional
processing equipment or alignment/assembling step and
uses the same fabrication approach described earlier for pro-
ducing a 2D fluidic device.

Enclosed channels

Inlet
A B c P
5mm

Top e

Bottom

Fig. 10 Sequential images taken from the a) top and b) bottom
showing the device described in Fig. 9b after introduction of red ink
from the inlet @.

This journal is © The Royal Society of Chemistry 2016

Fig. 12 Cross-section image showing the enclosed channels and flow
of the red ink in the device described in Fig. 9b after introduction of
ink from both inlets.
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Conclusions

In summary, we have proposed and demonstrated a novel
method, which can be used for stacking and sealing, fabrica-
tion of backing structures and construction of 3D structures
in paper or porous substrates. The method is based on the
same LDW technique we have reported previously with sim-
ple modification of the patterning parameters during the fab-
rication procedure, so that the polymerization process can ex-
tend through a few layers of substrate that are stacked
together. This can be used for sealing the devices in order to
solve potential evaporation and contamination problems. By
simply changing the patterning parameters, a polymer back-
ing layer with a specific thickness can be patterned within
the paper substrate itself, which can be used as backing for
paper-based devices instead of the currently used tape or
polyester film. In addition, the thickness of this polymerised
layer can be controlled to reduce the paper volume, which in
turn allows reduction of the required reagent/sample volume
and most importantly, can be used to increase the limit of
detection.

Finally, we showed the possibility of fabrication of 3D
paper-based devices as the polymerised structure can be
formed inside the substrate with a controllable thickness. As
a result, through selectively designing and patterning some
of these polymerised structures from both sides of the sub-
strate, we could fabricate 3D structures inside a single layer
of substrate. Unlike other 3D device fabrication methods, our
LDW approach does not require any additional processing
equipment or alignment/assembling steps and uses the same
fabrication approach that is applied for producing a 2D flu-
idic device by simply altering the patterning parameters.

Acknowledgements

The authors acknowledge the funding received via the Engi-
neering and Physical Sciences Research Council (EPSRC)
Grant No. EP/J008052/1, EP/K023454/1, EP/N004388/1 and EP/
MO027260/1, and the funding received via a Knowledge
Mobilisation Fellowship for Dr. Collin Sones from the Insti-
tute for Life Sciences and the Faculty of Health Sciences of
the University of Southampton. The data for this paper can be
found at 10.5258/SOTON/387247.

Notes and references

1 J. L. Osborn, B. Lutz, E. Fu, P. Kauffman, D. Y. Stevens and
P. Yager, Lab Chip, 2010, 10, 2659-2665.

2 A. C. Siegel, S. T. Phillips, M. D. Dickey, N. S. Lu, Z. G. Suo
and G. M. Whitesides, Adv. Funct. Mater., 2010, 20, 28-35.

3 K. Abe, K. Suzuki and D. Citterio, Anal. Chem., 2008, 80,
6928-6934.

4 D. Sechi, B. Greer, ]J. Johnson and N. Hashemi, Anal. Chem.,
2013, 85, 10733-10737.

Lab Chip

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

View Article Online

Lab on a Chip

N. Hashemi, J. S. Erickson, J. P. Golden and F. S. Ligler,
Biomicrofluidics, 2011, 5, 9.

N. Hashemi, J. S. Erickson, J. P. Golden, K. M. Jackson and
F. S. Ligler, Biosens. Bioelectron., 2011, 26, 4263-4269.

A. K. Yetisen, M. S. Akram and C. R. Lowe, Lab Chip,
2013, 13, 2210-2251.

A. W. Martinez, S. T. Phillips and G. M. Whitesides, Proc.
Natl. Acad. Sci. U. S. A., 2008, 105, 19606-19611.

H. Liu and R. M. Crooks, J. Am. Chem. Soc., 2011, 133,
17564-17566.

L. Ge, J. X. Yan, X. R. Song, M. Yan, S. G. Ge and J. H. Yu,
Biomaterials, 2012, 33, 1024-1031.

G. G. Lewis, M. J. DiTucci, M. S. Baker and S. T. Phillips, Lab
Chip, 2012, 12, 2630-2633.

H. Liu, Y. Xiang, Y. Lu and R. M. Crooks, Angew. Chem., Int.
Ed., 2012, 51, 6925-6928.

C. Renault, ]J. Koehne, A. J. Ricco and R. M. Crooks,
Langmuir, 2014, 30, 7030-7036.

S. J. Vella, P. Beattie, R. Cademartiri, A. Laromaine, A. W.
Martinez, S. T. Phillips, K. A. Mirica and G. M. Whitesides,
Anal. Chem., 2012, 84, 2883-2891.

N. R. Pollock, J. P. Rolland, S. Kumar, P. D. Beattie, S. Jain,
F. Noubary, V. L. Wong, R. A. Pohlmann, U. S. Ryan and
G. M. Whitesides, Sci. Transl. Med., 2012, 4, 10.

A. V. Govindarajan, S. Ramachandran, G. D. Vigil, P. Yager
and K. F. Bohringer, Lab Chip, 2012, 12, 174-181.

M. Reches, K. A. Mirica, R. Dasgupta, M. D. Dickey, M. J.
Butte and G. M. Whitesides, ACS Appl. Mater. Interfaces,
2010, 2, 1722-1728.

X. Li, J. F. Tian and W. Shen, ACS Appl. Mater. Interfaces,
2010, 2, 1-6.

A. Nilghaz, D. H. B. Wicaksono, D. Gustiono, F. A. A. Majid,
E. Supriyanto and M. R. A. Kadir, Lab Chip, 2012, 12,
209-218.

P. Bhandari, T. Narahari and D. Dendukuri, Lab Chip,
2011, 11, 2493-2499.

C. L. Sones, 1. N. Katis, P. J. W. He, B. Mills, M. F. Namigq, P.
Shardlow, M. Ibsen and R. W. Eason, Lab Chip, 2014, 14,
4567-4574.

P. J. W. He, I. N. Katis, R. W. Eason and C. L. Sones,
Biomicrofluidics, 2015, 9, 10.

P. J. W. He, L. N. Katis, R. W. Eason and C. L. Sones, Lab
Chip, 2015, 15, 4054-4061.

K. M. Schilling, A. L. Lepore, J. A. Kurian and A. W.
Martinez, Anal. Chem., 2012, 84, 1579-1585.

E. da Silva, M. Santhiago, F. R. de Souza, W. K. T. Coltro and
L. T. Kubota, Lab Chip, 2015, 15, 1651-1655.

E. M. Fenton, M. R. Mascarenas, G. P. Lopez and S. S.
Sibbett, ACS Appl. Mater. Interfaces, 2009, 1, 124-129.

J. Olkkonen, K. Lehtinen and T. Erho, Anal. Chem., 2010, 82,
10246-10250.

R L F S.-c f p. development, Millipore Corporation,
Billerica, MA, pp. 9-10.

This journal is © The Royal Society of Chemistry 2016


http://dx.doi.org/10.1039/c6lc00789a

	crossmark: 


