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UNIVERSITY OF SOUTHAMPTON

Abstract

Faculty of Physical Sciences and Engineering

Optoelectronics Research Centre

Doctor of Philosophy

by loannis N. Katis

We report on the use of laser direct-write techniques for the fabrication of point-of-care
paper-based diagnostic sensors. These include laser-based deposition, laser ablation and

laser-induced photo-polymerisation.

Firstly, Laser Induced Forward Transfer (LIFT) was employed to deposit biomolecules
from a donor film onto paper receivers. Paper was chosen as the ideal receiver because of
its inherent properties which make it an efficient and suitable platform for point-of-care
diagnostic sensors. Both enzyme-tagged and untagged antibodies were LIFT-printed

and their viability was confirmed via a colorimetric enzyme-linked immunosorbent assay

(ELISA).

Secondly, we report on the laser-based structuring of paper-based fluidic devices. Laser-
scanning the paper defines the areas that will be polymerised, thus creating barriers
that keep the liquid solutions contained. Complicated devices are easy to fabricate and
the flexibility of this technique allows for unique patterns, making it appropriate for
rapid prototyping but also for large-scale production. Furthermore, the laser patterning
technique allows control of the depth or degree of polymerisation, thereby allowing the

liquid to wick through but also imposition of flow delays.

Finally, the use of lasers for the fabrication of a 'master’ which can be used for casting

a PDMS mould for applications in micro-contact printing.

The combination of the above mentioned techniques represent the platform technology
for the rapid, precise and versatile laser-based fabrication of diagnostic point-of-care

SEeNnsors.
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Chapter 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, and microfluidic engineering technology has been widely
used for implementing lab-on-chip-type (LOC) type POC devices since its origins in
the 1990s. The main drivers behind LOC POC devices are the possibility of reducing
the quantity of valuable samples or reagents that would be needed, faster detection
times which would result from the compact structure of such devices, and, perhaps most
importantly, the reduced cost to the health system and ease of testing for the patient. For
many global diseases, diagnostic platforms are required that are self-contained, stable
in environmental extremes, do not need electricity and can be operated with minimal
training. However, although this technology is promising and there have been a large
number of achievements in this field, there are few clear front runners in the development
of commercialised products, particularly in the context of paper-based tests, and we see

this as the ideal opportunity for our technology to make a very positive contribution.

When compared with other silicon, silica or polymer-based LOC-type microfluidic de-
vices, porous paper-based structures offer considerable advantages as they do not require
any additional pumps because of the inherent ability of paper to wick fluids via capillary
forces. This provides an enormous benefit in terms of both the cost and manufacturabil-
ity of any such test, and this has led to the development of many paper-based devices for
simple colorimetric bio-assays. In addition to paper, 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 capa-
bility. A large number of biological assays, namely blotting assays, flow-through assays

and lateral flow tests, have been developed on these porous nitrocellulose membranes,
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and hence nitrocellulose-based microfluidic devices are currently regarded as the ideal

choice for improving the performance of existing POC assays.

The basic question remaining is how to manufacture these tests on such porous platform
media to a standard that will be acceptable to, and adoptable by, existing established
manufacturers in the healthcare sector. Using this technology to bring to market a
new range of diagnostic devices would represent a step change in advancement of world
health. Wohile several methods have been reported in the literature to date for the
fabrication of fluidic patterns in such porous media, none of the current techniques,
which include the use of photolithography, inkjet printing, printing of wax, and plasma
oxidation, plotting, and shaping have as yet made the breakthrough towards fabrication
protocols that would enable manufacturing at the world market level. What is needed is
a simple, rapid, safe, cheap and versatile process that can be adopted immediately, and
we believe, as a result of our LDW paper-patterning work under our existing feasibility
grant, we have now defined and demonstrated the proof-of-principle for such a process.
The next steps are to refine the technique, build and test prototypes, and in due course

bring the technology to market with all the associated global benefits.

1.1 Motivation and main objectives

There is one main objective in this work, and this is to introduce novel laser-based
techniques for the fabrication of medical diagnostic devices and to try and improve
on their capabilities. The specific subgroup of medical diagnostic devices that was
targeted through this work was paper-based point-of-care diagnostic devices. There are
two prerequisites for the manufacture of such a device. The first is the deposition or
printing of the biomolecules and reagents that will perform the biological or chemical
assay on the paper device. The second is the creation of channels, test zones, and other
required structures inside the paper device. These structures should be able to contain
the reagents on specific areas of the device, as well as to control the direction and speed
of their flow, according to the required steps of the biochemical assay that the device

will perform.

Regarding the deposition of the reagents on the devices, Laser Induced Forward Transfer
(LIFT) was considered an ideal candidate to explore. LIFT allows the precise deposition
of a wide range of materials on a similarly wide range of receiver substrates, making it
a very flexible technique. The objective was to explore different materials which could
contain and protect the reagents and that could be LIFT-printed. The reagents had

to be usable and accessible after LIFT-printing, for the biochemical assay to proceed.



Chapter 1. Introduction 3

Also, LIFT-printing had to be performed on paper substrates, as this was the material

of interest in this case.

Concerning the structuring of the paper devices, it was realised that laser-based photo-
polymerisation can provide the flexibility and simplicity required during the manufac-
turing process, even for complex designs and functions. The target was to investigate
whether this novel technique is capable of producing high quality paper-based diagnostic
devices in a cost-effective, scalable and rapid manner. In order to achieve this, various

materials had to be tested such as polymers and membranes.

A similar, laser direct-write approach was considered as the solution to the problem
of creating micron-scale features on materials that could be used to cast a mould for

micro-contact printing of biomolecules.

All these different objectives and their suggested solutions had the same goal that was to
merge two different fields, laser physics and biology, into this highly multi-disciplinary
work and produce an outcome that, it is hoped, will move the field of point-of-care

diagnostics forward.

1.2 Outline of this thesis

In chapter 2, a general description of the laser direct-write techniques will be presented.
Additive and subtractive laser-based techniques will be discussed, with more focus given
on Laser Induced Forward Transfer, photo-polymerisation and ablation. Additionally,
point-of-care diagnostic sensors will be introduced, and a more in-depth analysis of
paper-based sensors will be given. Finally, Enzyme Linked Immunosorbent Assays will

be presented, as they are the main type of assay used in this work.

Chapter 3 is focused on Laser Induced Forward Transfer, and more specifically on its
applications for laser-printing of biomolecules on paper-based diagnostic devices. Trials
of LIFT of several different materials containing antibodies will be discussed, and the

main results of glycerol-based donors will be presented.

Chapter 4 will introduce a novel laser-based manufacturing technique for the fabrication
of structures in porous media such as cellulose paper and nitrocellulose membrane. This
technique is based on photo-polymerisation and allows the creation of fluidic channels
and barriers inside the volume of the substrate, thus providing additional functionalities
and properties on paper-based devices. More specifically, it can lead to miniaturisation
and multiplexing of these devices, allowing for cheaper manufacturing and more complex

designs and testing. Furthermore, several different diagnostic assays will be presented,
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both on cellulose and nitrocellulose, and for detection in water as well as in human
bodily fluids.

In chapter 5, the paper patterning technique of the previous chapter is utilised to give
additional properties to paper-based devices. More specifically, photo-polymerised bar-
riers fabricated inside the volume of the paper are used to impose delays on the fluidic
flows. Here, two different types of barriers will be presented, made with pulsed and c.w.
lasers accordingly. A semi-automated paper-based test for the detection of CRP that

requires minimal input from the user is also presented in this chapter.

Chapter 6 describes a novel technique for the fabrication of micro-contact printing de-
vices. This technique uses a digital multi-mirror device to create arbitrarily shaped
structures via either ablation or photo-polymerisation in a substrate. This substrate,
the master, is then used to cast the complementary pattern in PDMS. The PDMS mould

is then used as a stamp for micro-contact printing of ink and proteins.

Finally, in chapter 7 the main conclusions and contributions of this work to the field
are outlined. The thoughts and ideas for future work and the future prospects of this

project are presented.



Chapter 2

Background

2.1 Laser Direct-Write Techniques

Laser direct-write (LDW) is a sub-class of a wide group of processes called direct writing.
Direct writing includes any technique or process capable of depositing, removing or
processing different types of materials over various surfaces following a preset pattern
[1]. They are typically processes that employ computer-controlled translation stages
that move a pattern-generating device such as laser writing optics or ink deposition
nozzles [2]. Direct writing is distinct from conventional rapid prototyping in terms of
the track width ranging from sub-microns to millimetres, and the range of materials
that can be deposited include metals, ceramics, polymers, electronically and optically

functional materials, as well as biological materials [3].

Laser direct-write allows for the deposition, removal, or modification of material through
the interaction with a laser beam. LDW is highly versatile and several processes have

been developed for each type of application and precursor, i.e. solid, liquid, gas.

2.1.1 Laser Direct-Write Subtraction

Laser Direct-Write Subtraction (LDW-) includes techniques and processes that result in
photochemical, photothermal, or photophysical ablation on a substrate, directly creating
the features of interest. Common processes that fit this description are laser scribing,
cutting, drilling, or etching. All of them are able to produce surface relief structures
or holes in a material. The fundamental interactions that lead to material removal can
be either thermal or athermal, depending primarily on the material and environment
characteristics as well as the pulse duration of the laser. The nature of these interactions

has a direct effect on the quality of the produced features. For example, when the

5



Chapter 2. Background 6

material is thermally removed, there is a tendency for a heat-affected zone to occur near
the vicinity of the removed material. This zone has structures and properties that can
differ from the bulk material and can exhibit additional surface relief. On the other
hand, athermal absorption caused by ultrafast lasers can reduce the formation of a

heat-affected zone, thus enabling features smaller than the diffraction limit [4, 5].

2.1.1.1 Laser ablation

Laser ablation is the process in which a laser beam is focused on a surface to remove
material from the irradiated area. Laser ablation is usually driven by absorption and
heat transfer with subsequent melting and evaporation of the illuminated material. The
ability of the material to absorb laser energy limits the depth to which that energy can
perform useful ablation. Ablation depth is determined by the absorption depth and the
thermal diffusion length of the material. The depth is also a function of beam energy

density, the laser pulse duration, and the laser wavelength.

Lasers used for micromachining are normally pulsed lasers which have a relatively low
duty cycle, or less commonly they may be a continuous wave laser (c.w.). That is, the
pulse width (time) is very short compared to the time between pulses. Therefore, even
though excimer lasers have a low average power compared to other larger lasers, their

peak power can be quite large. The peak intensity and fluence of the laser is given by

Peak power (W)

Peak intensity (Watt 2 = 2.1
cak intensity (Watts/em) Focal spot area (cm?) 21)

L 1 J
Fluence (Joules/cm?) = ASCT PUSe Cuersy (2) (2.2)

Focal spot area (cm?)

while the peak power is
Las 1 J

Peak power (W) = aser pulse energy (J) (2.3)

Pulse duration (sec)

There are several key parameters to consider for laser ablation. The first is selection of
a wavelength with a minimum absorption depth. This will help ensure a high energy
deposition in a small volume for rapid and complete ablation. The second parameter is
a short pulse duration to maximize peak power and to minimize thermal conduction to
the surrounding work material. The third parameter is the pulse repetition rate. If the
rate is too low, all of the energy which was not used for ablation will leave the ablation

zone allowing cooling. If the residual heat can be retained, thus limiting the time for
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conduction, by a rapid pulse repetition rate, the ablation will be more efficient. More
of the incident energy will go toward ablation and less will be lost to the surrounding
work material and the environment. The fourth parameter is the beam quality. Beam
quality is measured by the brightness (energy), the focusability, and the homogeneity.
The beam energy is of no use if it cannot be properly and efficiently delivered to the
ablation region. Further, if the beam is not of a controlled size, the ablation region may

be larger than desired with excessive slope in the sidewalls.

As described in chapter 6, laser ablation was utilised to create micron-sized features on

BisTes films for micro-contact printing applications.

2.1.2 Laser Direct-Write Addition

2.1.2.1 Laser Induced Forward Transfer

LIFT is a laser-based direct-write additive technique used for depositing materials from
a thin donor film onto a receiver substrate, as shown schematically in Fig. 2.1. The
donor film is pre-deposited on a carrier that is transparent to the incident laser light, and
photons from the laser source provide the driving force that transfers a small volume of
the donor material onto the accepting receiver. The LIFT technique was first proposed
by Bohandy et al. [6] for deposition of Cu films using an ArF excimer laser, but since
then it has been employed for printing a wide range of materials including metals, ox-
ides, polymers, ceramics, organics as well as biomaterials, for applications as diverse as
embedded electronic circuits, integrated photonic devices and tissue engineering [7-13].
For printing of biological donor materials, the transfer of cells [14-19], fungi [20], pro-
teins [21-24], antigens [25], bacteria [26] and DNA [27-30] has already been reported in
the literature, where one of the most fundamental requirements is to demonstrate the
printing of viable and undamaged samples. This laser-based approach to printing of bio-
materials has several inherent advantages; operation in a standard ambient environment
allows printing of a wide range of materials with the further possibility of transferring
multi-layered (either vertical stacks, or horizontally patterned) structures composed of
different materials. In addition, a further flexibility presents itself in the form of precise
control of the size and shape of the printed pixels which is possible by controlling the
parameters of the incident laser light such as wavelength, pulse duration, energy density

and spatial beam profile.

During LIFT, a laser pulse is focused or imaged onto the interface between the donor and
the carrier and it is absorbed within a small volume of the donor. This rapid absorption

leads to an explosive phase transformation within the donor-carrier interface, which is
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FIGURE 2.1: Schematic of the LIFT configuration.

followed by the expansion of the heated volume, which causes a small area of the donor

to detach from the carrier and be transferred onto the receiver [31].

Usually, the receiver is in contact or separated some few microns from the donor via
a spacer. The lateral dimensions of the transferred material are defined by the lateral
dimensions of the incident laser pulse and by the phase of the donor material (liquid,
solid, paste). The LIFT-printed spots are typically in the range of microns to millimeters.
The LIFT-printed material is also termed the pad or the flyer.

2.1.2.2 LIFT with dynamic release layer

As described earlier, LIFT relies on the absorptivity of the incident laser light within
a small volume of the donor [32] and some donor films cannot tolerate such direct
illumination from the laser pulse. Therefore, when the donor material is transparent to
the laser pulses or is very delicate, it is necessary to introduce a dynamic release layer
(DRL) between the carrier and the donor as seen in Fig. 2.2. The added benefit of using
such a DRL is that it can facilitate the propulsion of the flyer.

It is very important that during LIFT-printing, the biomaterial (antibodies) intended
for transfer onto the paper receiver needs to be protected against direct exposure to any
laser radiation since interaction with high energy laser pulses could lead to significant
loss of biological or chemical properties of the material. We have therefore chosen for
this work, this modified LIFT procedure referred to as Dynamic Release Layer (DRL-
LIFT), which employs the use of a sacrificial layer that absorbs the energy of the incident
laser pulses and transforms it into mechanical energy that propels the donor material

to the receiver. The DRL prevents the laser light from damaging the donor and this is
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FIGURE 2.2: Schematic of the Dynamic Release Layer LIFT configuration.

especially important when LIFT-printing sensitive materials. The material chosen as a
DRL therefore needs to have a low ablation threshold and a high absorption coefficient
to minimize excessive heating of the donor, and thereby the possibility of any denaturing
of the transferred antibodies. Materials commonly used as DRLs include gold [33], silver

[20], titanium [26, 29, 34] and polymers such as triazene [15, 35-37].

There are cases where the DRL remains intact and the propulsion of the donor film is
facilitated through the mechanical flexibility of the DRL. This technique is termed as
blister-actuated LIFT (BA-LIFT), where a flexible DRL is deformed after the absorption
of the laser pulse, and transfers the momentum of the deformation to an area of the donor

film, which is subsequently ejected and transferred to the receiver [38—40)].

As described in chapter 3, DRL-LIFT has been used to print biomolecules on paper

substrates, as a paper-based diagnostics fabrication tool.

2.1.2.3 Matrix-assisted pulsed laser evaporation

Matrix-assisted pulsed laser evaporation direct-write (MAPLE-DW) is a laser-based
process in which the donor is embedded within a matrix, or a solution, that acts as
the DRL. The matrix evaporates during and/or after the transfer, and only the donor
remains as a deposit on the receiver as seen in Fig. 2.3 [41]. The liquid donor can
be frozen prior to LIFT-printing in order to suppress or reduce premature evaporation,
but also to improve donor handling. Similarly to DRL-LIFT, the laser pulse causes the
DRL to propel the donor towards the receiver. The transfer mechanism of MAPLE LIFT
is identical; the heating induced by the laser pulse causes the DRL to evaporate and

expand, therefore providing the mechanical thrust required for transfer. MAPLE DW
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has been used for the printing of viable biomaterials [41], metals [42], and entire sensors
[43]. Another very similar technique, called Laser Decal Transfer (LDT), employs a

solvent as the matrix and usually the deposits are cured post-transfer [44].
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FIGURE 2.3: Schematic of the Matrix-Assisted Pulsed Laser Evaporation configuration.

2.1.2.4 Laser-induced backward transfer

Laser-induced backward transfer (LIBT) is based on similar mechanisms as LIFT, with
the difference that the donor-carrier-receiver configuration is reversed. The receiver is
placed in the beam path and the donor is facing the laser pulse as seen in Fig. 2.4.
Obviously, the receiver needs to be transparent to the laser pulses, whereas the carrier
is opaque. The laser pulse passes through the carrier and is absorbed by the donor,
or in the case that the donor is also transparent, at the interface of the donor and
opaque carrier. The pulse is absorbed, the donor material is heated and expanded and
is propelled backward and towards the receiver. This technique was first demonstrated
for the fabrication of nano-size metal particles [45] and it has also been applied to the

transfer of liquids from a self-replenishing donor [46].

2.1.3 Laser Direct-Write Modification

2.1.3.1 Photo-induced polymerisation

Polymerisation is a process in which relatively small molecules, called monomers, com-
bine chemically to produce very large chain or network molecules, called polymers [47].
Photo-induced polymerisation is a polymerisation reaction where initiation is triggered

by radiation. A photoinitiator is usually added to the formulation, since most monomers
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FIGURE 2.4: Schematic of the LIBT setup showing the reverse configuration.

do not produce sufficient initiating species under illumination from a light source. Pho-
toinitiation usually requires UV light, although other radiation, including visible light,
can be employed. The polymer formation is a fast transformation of the liquid monomer
into a solid material. There are two major chemical schemes that are commonly used
in photopolymerisation, each requiring a specialized photoinitiator. In free radical poly-
merization a complex ion (radical) is split off the initiator by the light radiation and that
combines with a monomer molecule to start the reaction. In cationic polymerization,
light causes a strong acid to be released by the initiator and that in turn starts the
bonding process. Most photopolymers today are based on the free radical scheme, but
more advanced materials use cationic polymerization which frequently offers better final

solid material properties.

Once the polymerization process starts, it continues because it’s a chain reaction. Each
time monomer or binder molecules link to form a gelling solid, they liberate other radicals
or acid molecules that in turn cause additional molecules to bond - and so on. In some
cases the propagation can even proceed in the dark for a short time after the light source
is removed. The chain reaction continues to propagate 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.

One of the great advantages of laser-based polymerisation is the rapidity of the cur-
ing process, with extensive crosslinking usually being achieved within a single second.
Lasers are very advantageous for polymerising applications as, not only they have great
energy output, but they also emit light coherently. The spatial coherence of the laser

emission allows the beam to be focused down to very small dimensions, and this enables
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the generation of high resolution patterns. Another advantage is that the light intensity
does not change by varying the distance from the laser, and this enables uniform illumi-
nation of large and also non-planar objects. Additionally, one great advantage of using
lasers as the light source, is that the decrease in curing rate, as chain propagation is
increasingly hindered during solidification, can be compensated for by the higher rate of
initiation occuring due to the intense laser irradiation. There are other characteristics
and advantages of laser-induced photo-polymerisation and they are summarised in Fig.
2.5.
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FIGURE 2.5: Performance characteristics of laser-induced photo-polymerisation [47].

Photopolymerisation guarantees spatial resolution, compared to thermal polymerisa-
tion, as the polymerisation occurs only in the illuminated areas. Applications of photo-
polymerisation range from manufacture of optical disks and microcircuits using pho-
tolithography [48, 49], to dental healthcare, display screens, optoelectronics [50, 51],

energy storage and microfluidic devices [52].

As shown in chapters 4 and 5, photopolymerisation was used to fabricate structures

within paper substrates, as a paper-based diagnostics manufacturing tool.

2.1.3.2 Multi-photon polymerisation

Complex topographical structures can be fabricated with sub-micron resolution, by
tightly focusing a pulsed laser beam within a three-dimensionally defined focal volume of

photo-sensitive polymers [53]. This is achieved through multi-photon absorption (MPA)
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by the material that causes solidification. This means that photochemical or photophys-
ical transformations are restricted to occur within the focal volume of the laser beam
and by moving the focal position, intricate three-dimensional microstructures can be
created. In MPA, an electronic transition in a material is driven not by a single pho-
ton, but rather by two or more photons combined. The probability for MPA depends
on the intensity of the light used to the power of the number of photons that must
be absorbed to drive the transition, because multiple photons must be present simul-
taneously. By using femtosecond 3D laser scanning using micro-stages, plastic models
of animals, buildings and micron-sized words can be produced [54-56]. This technique
has also been used to direct-write 3D protein microstructures, opening opportunities for

creating complex cellular interfaces for cell growth [57, 58].

As described in chapter 6, multi-photon polymerisation was used to generate micron-

sized features on polymer, for micro-contact printing applications.

2.2 Medical and biochemical diagnostics

2.2.1 Immunoassays

Immunoassays are biochemical methods of antigen detection that are highly sensitive
and specific, depending mostly on the binding specificity or affinity of an antibody to
a macromolecule. Immunoassays have many different formats and variations, and are
usually run in multiple steps with reagents being added and washed away at different
steps of the assay. Immunoassays became considerably simpler to perform and more
popular when techniques for chemically linking enzymes to antibodies were demonstrated
in the 1960s [59].

In immunology, an antibody or an immunoglobulin, is a large, Y-shaped protein pro-
duced by plasma cells that is used by the immune system to identify and neutralise
pathogens such as bacteria and viruses. The macromolecule bound by an antibody is
called an antigen and the area of an antigen to which the antibody binds is referred
to as an epitope. Antibodies do not recognise the whole antigen molecule, but they
bind non-covalently to specific epitopes of these antigens. The non-covalent bonding
includes electrostatic interactions (ionic bonding, hydrogen bonding, halogen bonding),
Van der Waals forces, and hydrophobic interactions, which are reversible and determine
the strength of interaction between antibodies and antigens. The antibodies we have
chosen for our experiments are Immunoglobulin G (IgG), an antibody isotype composed
of four peptide chains, two identical heavy chains and two identical light chains arranged

in a Y-shape, and which thus provides two antigen binding sites as shown in Fig. 2.6.
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They are the most abundant antibody isotype found in blood and major components
of the immune system and are therefore extensively used as a diagnostic tool for many

conditions.

Epitope of antigen

Variable regions

FIGURE 2.6: Schematic of the structure of an IgG antibody.

In addition to the binding of an antibody to its antigen, the other key aspect of all im-
munoassays is the means to produce a measurable signal in response to this binding. A
large number of labels or tags exist in modern immunoassays, and they allow for detec-
tion through different means. These labels are detectable either because they produce a
colour change in a solution, fluoresce under light, they emit radiation, or because they

can be induced to emit light.

The antibodies that bind directly to the specific antigen are known as primary anti-
bodies. The secondary antibodies are usually conjugated or labeled with enzymes or
nanoparticles and are used as detection antibodies to determine the concentration of the

antigen [60].

2.2.2 Enzyme Linked Immunosorbent Assay (ELISA)

ELISAs are a commonly used type of immunoassay that typically employs Immunoglob-
ulin G (IgG) antibodies that are raised in animals and that are directed against a vast

range of proteins for different conditions, diseases and allergens. These antibodies can be
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either monoclonal or polyclonal, which means that they bind to a very specific binding
site or multiple binding sites of antigens respectively. The binding of the antigen and
antibody is detected using an enzyme linked to a secondary antibody, which turns the
antigen-antibody complex into a coloured product when chromogenic enzyme substrate
is added. Enzymes are one of the most popular labels for immunoassays and they in-
clude horseradish peroxidase (HRP), 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. ELISAs are useful methods
in not only detecting but also quantifying antigens in samples, and they provide rela-
tively fast, highly specific, highly sensitive, and very robust detection through enzymatic

signal amplification [61].

Typically, ELISAs have four main steps, consisting of coating, blocking, reacting of
antigen and antibody, and developing colour, while there are intermittent washing steps.
There are different formats of ELISAs, namely direct, indirect, competitive, and non-
competitive (sandwich ELISA) [62]. The format that is used is determined by the
purpose of the experiment and the types of antibodies and antigens used. Direct ELISAs,
the simplest format, involves binding of the antigen directly to a microtiter multi-well
plate and the subsequent introduction of an enzyme-labelled secondary antibody as
shown in Fig. 2.7a. Similarly, in the case of indirect ELISAs, the antigen is first bound
on the plate, but is instead followed by an unlabelled primary antibody. Subsequently, an
enzyme-labelled secondary antibody is introduced, that binds specifically to the primary
antibody, as seen in Fig. 2.7b. Non-competitive ELISASs first require the binding of the
capture antibody to the microtiter plate and the subsequent binding of the antigen
to the capture antibody. Following that, an enzyme-conjugated detection antibody,
specific to the antigen, is added and bound to the antigen as seen in Fig. 2.7c. The last
format of ELISA, which is competitive, involves the incubation in solution of a primary
unlabeled antibody and the antigen. The antibody-antigen complexes are then added on
the microtiter plate that is pre-coated with the same antigen. Any unbound antibody
will be removed by washing the substrate, which means that the more antigen in the
sample, the less antibody will be able to bind to the antigen in the substrate, hence
the assay is competitive. Lastly, the secondary enzyme-linked antibody that is specific
to the primary antibody is added, and the remaining enzyme produce a chromogenic
or fluorescent signal (Fig. 2.7d). A competitive ELISA works in the inverse way of
the other ELISAs, meaning that the higher the antigen concentration in the sample,
the weaker the eventual signal. The major advantage of a competitive ELISA is the
ability to use crude or impure samples and still selectively bind any antigen that may

be present.
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2.2.3 Point-of-care biosensors

Both in developed and developing countries, early and accurate diagnosis is important
for the health of patients. It allows for prompt and proper treatment of patients, limits
the spread of disease in the general public and minimises the waste of resources on
ineffective treatment [63]. In the absence of diagnostic tests, disease in low-resource
settings is often treated based on clinical symptoms and local prevalence of disease, and
in that case, many patients stay untreated, or are treated for the wrong disease, or
even remain completely untreated. It is therefore of utmost importance that diagnostics

become widely available, especially in areas with low resources.

Point-of-care devices are diagnostics specifically designed to be used at the site where
the patient is located, outside a diagnostic laboratory, by non-laboratory staff. In recent
years, there has been much research in developing and fabricating paper-based point-
of-care devices for biochemical analysis and medical diagnostics [64, 65]. This research
has been driven by the need for reliable diagnostic tools in the developing world where
there is little or no infrastructure, trained personnel and hence expensive technologies
cannot be afforded [66]. POC diagnostic tests should be Affordable by those at risk
of infection, Sensitive (few false positives), Specific (few false negatives), User-friendly
(simple to perform and requiring minimal training), Rapid (to enable treatment at first
visit) and Robust, Equipment-free and Deliverable to those who need it, following the
ASSURED criteria set out by the World Health Organisation. A list of the attributes
that a simple test should have, as set by the Food and Drug Administration (FDA) can
be seen in Table 2.1.

TABLE 2.1: Attributes of a simple test as set by the FDA. [67]

Fully automated instrument or unitised, self-contained test

Uses direct unprocessed specimens

Needs only basic, non-technique-dependent specimen manipulation
Needs only basic, non-technique-dependent reagent manipulation
Needs no operator intervention during the analysis steps

Needs no technical or specialised training

Needs no electronic or mechanical maintenance

Produces results that require no operator calibration, interpretation, or calculations

Produces results that are clear to read, such as positive or negative, a direct read-
out of numerical values, the clear presence or absense of a line, or obvious colour
gradiations

Has test performance comparable to a traceable reference method, as demonstrated
by studies in which intended operators perform the test

Contains a quick reference instruction sheet written at the educational level of the
user
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There are tests already available that target diseases such as HIV, malaria and tuber-
culosis, which are the major causes of infection that afflict mostly the developing world.
These rapid POC tests are also far more cost-effective (0.25-30 USD per test) compared
to typical laboratory tests.

2.2.4 Paper-based and lateral flow diagnostics

The concept and the first demonstration of paper-based diagnostic devices were given
by the Whitesides group in Harvard University [68, 69]. There are several advantages in
using paper as the platform for diagnostic technologies. Paper is widely manufactured
from renewable resources and is inexpensive. Its porous structure allows wicking of
liquids without the use of external pumps. It is suitable for biological applications since
it is biocompatible while its properties can be easily altered to suit different applications.

It can be easily stored and transported and it is also combustible and biodegradable.

Lateral flow biosensors are rapid, immunochromatographic test strips that are able to
diagnose a wide range of analytes in a sample without the need for specialized and
expensive equipment or human resources [70, 71]. They are typically used for medical
diagnostics either for home testing, point of care testing or laboratory use, and are one

of the most widely available and used application is the home pregnancy test.

These assays consist of several zones, typically made from different materials and each
serves one or more different purposes (Fig. 2.8). The sample pad is the starting part
of the test where the sample is added on the strip and, if required is treated to be
compatible with the rest of the strip. The sample flows to the conjugate pad where
a specific conjugate has been immobilised during the manufacture of the strip. This
conjugate is usually colloidal gold, or coloured or fluorescent or magnetic latex micro-
particles, which are conjugated to biomolecules that bind to the target analyte of the test
strip, and then migrate to the next section of the strip as a complex. This next section
is the reaction pad on which are the test and control lines. These lines are composed
typically of antibodies that bind to the target analyte and the conjugated biomolecule
respectively. In this way, the complex analyte-conjugate will bind to the test line only
if the analyte is present in the sample, but will bind to the control line regardless of
the presence of the target analyte. A colorimetric change at the test and control lines
indicates the presence of the analyte and the correct implementation of the assay as seen
in Fig. 2.9. One of our main objectives is to develop a laser-printed prototype device

that performs as a lateral flow sensor.

There are different reaction mechanisms of paper-based diagnostics, with the main cat-

egories being chemical, biological and electrochemical reactions [72]. Most chemical



Chapter 2. Background

Sample Port

Test Line
Control Line

U

Conjugate

FIGURE 2.8: Schematic of a lateral flow biosensor. [72]

cOr1jrT) (eOr—T
N

Positive result Negative result

N
cCIIdr

Invalid result

F1cURE 2.9: Typical steps in a lateral-flow test. A is the specimen inlet, B the buffer
port, C the control window, and T the test result window. A test result is only valid if
a line is observed in the C window. [67]



Chapter 2. Background 20

reactions produce a colour change, such as the redox reaction, the precipitation reaction
and the enzymatic reaction. These reactions are usually one-step procedures, as for
example the BSA, glucose and nitrite detection tests presented in this thesis. Biological
reactions are either based on antigen-antibody binding (similar to immunoassays) or on
nucleic acid hybridisation. During this work, only the former reactions were used for
the detection of CRP, TNF« etc.

Paper-based ELISAs have been rapidly developed in recent years which allow minimal
reagent volumes and simple equipment and materials, and facilitates cheap, quick and
reliable diagnostics. They have several advantages compared to a conventional ELISA
that is performed on a microtiter plate, while retaining a similar level of specificity and
sensitivity. The antibodies and other reagents store well on the nitrocellulose materi-
als used in paper-based tests, so room temperature storage for at least a year can be
achieved. These paper based ELISA tests, in a lateral-flow form, require only a few
minutes and little sophistication from the user, as they are often as simple as dipping
the strip into a body fluid and waiting for the signal to develop. A major drawback of
these tests is that they are rarely quantitative, which is inadequate in many cases. It is
possible though, that by using a photometric reader or even a camera, some tests can be-
come at least semi-quantitative. Throughout this thesis, we replaced the microtiter plate
with laser-patterned paper-based microfluidic devices to implement multi-step ELISAs
for detection of a range of analytes including CRP, IL-6 etc., and we have also demon-
strated that these tests can be semi-quantitative by using a simple camera to read the

results.
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Laser Induced Forward Transfer

of antibodies on paper

3.1 Introduction

The development and applications of point-of-care diagnostic devices have been growing
significantly over the last few years for use away from the medical and laboratory infras-
tructure present in a hospital or doctor’s surgery [64, 66]. These tests require very small
sample volumes (less than 1 ml) with little or no preparation, and provide the result
much faster than routine lab tests (in minutes or tens of minutes), can be facilitated and
interpreted without any special training or equipment, can be administered in the home
environment, and most importantly are cheap to buy and transport. The deposition
and subsequent immobilisation of biomolecules on the device during its fabrication has
a critical role and is usually achieved by spotting, injection or photolithography. The
ultimate goal of this study is the development of paper-based diagnostic devices using
an alternative, laser-based, deposition procedure called Laser Induced Forward Trans-
fer (LIFT), which enables printing of reagent volumes as low as a few nanolitres with
high spatial printing flexibility. With the end-goal of developing low-cost colorimetric
point-of-care diagnostic sensors on paper, in this chapter, we report our results on the

LIFT-printing of antibodies, both untagged and conjugated with enzymes.

Use of cellulose paper as a platform to build low-cost sensing devices was proposed
by Whitesides et al. in 2007, and since then its use for developing such sensing de-
vices has been well-documented [73]. Paper is readily available in a range of different
grades, thicknesses and forms, and has a wide variety of properties such as hydrophilicity,
porosity, and capability to wick liquid solutions. Additional features that make paper

very attractive for point-of-care sensors are that liquid flow can occur without the need

21
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for external pumps, and the properties of the paper can also be adjusted by suitable
pre-treatment processes [74, 75]. Finally, it is easily and inexpensively stored and trans-
ported, is biocompatible and can be incinerated for easy and safe disposal after use. We
have chosen paper as the receiver medium onto which the sensor would be fabricated,
because of all these intrinsic benefits in addition to fulfilling the low-cost requirement.
The present work demonstrates the use of one of the most routinely employed papers -

cellulose-based filter paper - as the receiving substrate for our LIFT-printing studies.

It is very important that during LIFT-printing, the biomolecules (antibodies) intended
for transfer onto the paper receiver need to be protected against direct exposure to any
laser radiation, since interaction with high energy laser pulses could lead to significant
loss of biological or chemical functionality. We have therefore chosen for this work
a modified LIFT procedure, referred to as Dynamic Release Layer (DRL-LIFT) [76],
which employs the use of a sacrificial layer that absorbs the energy of the incident laser
pulses and transforms it into mechanical energy that propels the donor material to the
receiver. The material chosen as a DRL therefore needs to have a low ablation threshold
and a high absorption coefficient to minimize excessive heating of the donor, and thereby
the possibility of any denaturing of the transferred antibodies. Materials commonly used
as DRLs include gold [33], silver [20], titanium [26, 29], and polymers such as triazene
[15, 35-37].

In this chapter, we present a DRL-LIFT-printing approach that uses an Au DRL to
transfer a donor that contains either enzyme-tagged or untagged antibodies. The via-
bility of the antibodies post-transfer was validated by an indirect colorimetric Enzyme
Linked Immunosorbent Assay (ELISA) [73]. ELISA is a commonly used method for
biochemical analysis that provides high sensitivity and selectivity through enzymatic
signal amplification. Paper-based ELISA tests [77] allow for quick and reliable diag-
nostics with minimal reagent volumes and in conjunction with the patterning ability of
LIFT should make possible the fabrication of personalised biosensors, and this concept
is further described in a later section. Our results demonstrate the first steps towards
our final goal of laser-printed point-of-care paper-based diagnostic sensors. Part of the

work in this chapter has been published in [78] and [79].

3.2 DMaterials and methods

The untagged antibodies used in the present experiments were purified mouse IgG2a (BD
Biosciences, UK, 557353). The enzyme-conjugated antibodies were goat anti-mouse IgG
(H+L) (Life Technologies, UK, G21040) tagged with horseradish peroxidase (HRP), an

enzyme which has the ability to catalyze the conversion of the chromogenic substrate,
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3,3",5,5’-Tetramethylbenzidine (TMB) (Sigma-Aldrich, T0440). TMB acts as the hy-
drogen donor for the reduction of hydrogen peroxide to water by peroxidase enzymes,
HRP in this case. This oxidation of 3,3’,5,5’-Tetramethylbenzidine results in 3,3",5,5'-
Tetramethylbenzidine diimine (Fig. 3.1) which imparts to the solution a characteristic
colour change (to blue) that is easily detectable visually by the human eye or a camera.
Although in our case the colour was detected using a camera, it is most common to use
a spectrophotometer at a wavelength of 650 nm for these measurements. This reaction
can also be halted by adding a stop reagent such as sulphuric acid that turns the TMB
solution yellow and then the colour can be measured at 450 nm. The protein used in
the blocking step was 98% lyophilised bovine serum albumin (BSA) (Sigma-Aldrich,
A3059) in a 2% concentration of Phosphate Buffered Saline (PBS) (PAA Laboratories,
UK, H15-001). The gelatine used was commercially available food grade gelatine, in
the forms of sheets, cubes and powder. The agarose used was molecular biology grade
(Sigma-Aldrich, A9539). The glycerol used for the donor film was 99% pure (Fisher
Scientific, G/0600/08) and Tween20 (Sigma-Aldrich, P1379) was used as a surfactant
in the washing and blocking steps.
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FiGure 3.1: Oxidation of 3,3’,5,5-Tetramethylbenzidine that results in 3,3’.5,5-
Tetramethylbenzidine diimine.

3.3 Experimental setup

The schematic in Fig. 3.2 shows the experimental setup used for these trial LIFT-
printing experiments. The laser used for these experiments was a KrF excimer operating
at 248 nm at a selected repetition rate of 1 Hz, pulse duration of ~10 ns, and delivering
a maximum energy of ~400 mJ per pulse. An aperture was used to select a smaller
central area of the beam which had an acceptable spatial uniformity, and this was
subsequently imaged via a lens with a focal length of 30 cm onto the interface of the
fused silica carrier and the donor providing a laser spot area that varied from ~200 pum
x ~200 pm up to ~1000 pm x 1000 pm, large enough to produce a transfer-printed
pixel that could be observed without the aid of an imaging device such as a camera.
The energy density required for printing should exceed the LIFT threshold, which was

experimentally determined to be ~200 mJ/cm?. Glass slides were used as attenuators
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to decrease the energy of the incident laser pulses. Two standard manual xyz-axes
translational stages were used for positioning the donor and the receiver, which were
separately controllable, allowing for LIFT-printing from different areas of the donor
onto selected areas of the receiver. The vertical axis of both translation stages was
adjusted such that the plane of the donor was set at the image plane of the aperture and

the receiver was set using spacers at a separation of ~100 pum from the donor surface.
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FIGURE 3.2: Schematic of LIFT-printing using a liquid donor.

3.4 Preparation of the donor films and experimental re-

sults

There were several materials that were considered as the donor matrix that could incor-
porate the biomolecules for LIFT-printing. In a liquid form, glycerol was chosen as the
most effective one, as it had also been used in previous publications [23, 80, 81] and was
known to have all the right attributes for this work. In a solid form, donors made from

gelatine and Agar were considered and trialled.

3.4.1 Gelatine donor films

The first material that was trialled was food-grade gelatine because of its biocompatibil-
ity and the fact that a solid film can be produced from a liquid solution at a temperature
that does not result in the denaturation of the antibodies in the solution. As seen in Fig.
3.3, gelatine has a melting point of less than 50 °C for concentrations of less than 50%
(w/v) [82], whereas antibodies start denaturing at temperatures over 50 °C [83]. This is
also regardless of the bloom value of the gelatin, which is a measure of the strength of a
gel. Therefore, this method will allow the antibodies to retain their structural form and

consequently their biological and immunological properties.

In order to produce a thin film on the quartz or fused silica carrier substrate, the

gelatine was put in an oven at 120 °C for 10 minutes in order for it to melt and was then
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FIGURE 3.3: Melting points of gelatine [82]. Higher concentrations and bloom values
require higher melting temperatures.

transferred on a hot plate at 45°C. A solution of 15 ml of PBS that also contained the
enzyme-tagged antibodies was then added to the beaker and the gelatine was dissolved
in it. The solution was thoroughly mixed until it was uniform and a few drops were spin-
coated on the quartz substrate, with the spin-coating speed determining the thickness
of the film produced as seen in Fig. 3.4 [82]. Through trials of different speeds and
measurement of the thickness of each film, the spin coater rotation speed was chosen to
be 7,000 RPM. After spin-coating, the film was left to dry and cool at room temperature.
Its thickness was then measured using an interferometric microscope and profilometer

(ZeScope) with results seen in Fig. 3.5.
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FI1GURE 3.4: The thickness of gelatin film vs coating speed for different concentrations
[82]. Higher coating speed produces thinner gelatin films.
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FIGURE 3.5: Profile of a gelatine film spin coated on a quartz slide at 7000 RPM. The
thickness of the film is ~1 pm.

In order to find the optimal parameters for LIFT using a gelatine donor, several lines
of spots were LIFT-printed using different laser energies varying from ~2 mJ/pulse to
~7.3 mJ/pulse, corresponding to excimer voltages ranging from 19 kV to 30 kV. The
separation between donor and receiver was kept at ~100 pum and the spot size was 200
x 200 pm. Following the LIFT-printing experiments, the donors and the receivers were
observed under an optical microscope. Figure 3.6 shows sets of areas on the donor film
that have been LIFT printed from. It is apparent that LIFT was not possible, although
there is a clear outline at the areas where the laser beam hit the donor. Even at the
highest laser intensity, the material seems to have been partly modified or melted, but it
has not been clearly removed from the carrier. Increasing the energy of the laser pulses
resulted in more debris at the chosen deposition sites and at the surrounding areas,
generated either by the donor or the paper receiver. These results are further confirmed
through Fig. 3.7 that shows the profile of the LIFT-printed areas on the donor film, and
clearly shows that the material has been removed only partially, to a depth of ~0.2 ym
of the 1 pm thick film.

The attempt of the LIFT-printed spots on the paper receiver did not lead to any quan-
tifiable results. Although the spots were clearly visible with the naked eye as they were
darker compared to the white background of the paper, they were not visible under the
optical microscope, partly because of the complex fibrous nature of the paper that do
not allow for adequate focusing, and partly because any transferred material would be
transparent. The method of ensuring that the LIFT-printing was performed correctly
was by incorporating the enzyme-tagged antibodies in the donor film, because the LIFT-
printed pixels could subsequently be visualised via a colour change produced by adding

the chromogenic substrate. As expected, the addition of TMB did not produce any
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FIGURE 3.6: Microscope images showing areas on the donor film that have been LIFT
printed from, using different energies ranging from 2 mJ/pulse to 7.3 mJ/pulse.
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F1cURrE 3.7: Images showing the profile of the areas on the donor film that have been
LIFT printed from. The spots were 0.2 pm deep whereas the original donor film was

~1 pm.
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colour change at the specified LIFT-printed spots, thus confirming that this experiment
had not yet succeeded.

Another attempt for LIFT-printing of the gelatine donor was performed with the ad-
dition of a DRL. It was found that the gelatine film did not absorb the laser pulse at
the wavelength of the KrF excimer, and therefore a DRL film was required. The quartz
slides were thoroughly cleaned using a standard cleaning procedure in the cleanroom,
and a 25 nm Au layer was deposited with the resistive evaporator to ensure the unifor-
mity and smoothness of the layer. LIFT was conducted as previously, with pulse energies
ranging between ~2 mJ/pulse and ~7.3 mJ/pulse, keeping the same 100 pm separation,
but the spot size was increased to 500 x 500 um. As seen in Fig. 3.8 that shows the
donor film, LIFT worked slightly better, although residue of the film can still be seen
inside the spots. The same test using HRP-tagged antibodies and TMB was performed
on the paper receivers to see if the antibodies had been successfully transferred, but it
did not produce any colour change, and thereby experimenting with LIFT-printing from

a gelatine donor was discontinued, as it was deemed inadequate.

FI1GURE 3.8: Spots on an Au-DRL gelatine donor after LIFT-printing using various
laser energies, showing the residue remaining on the carrier.

3.4.2 Agar donor films

The following set of experiments described here is on LIFT-printing from solid donors.
Agar was chosen as a possible solid donor as it could accommodate and protect the
antibodies during LIFT, and also allow subsequent access to them after transfer printing
them on paper. In order to prepare the donor, 1 g of agar powder was poured slowly
in 100 ml of purified water at a temperature of around 90 °C while constantly stirring
the solution until the powder was completely dissolved. The agar was then spin-coated
at 300 RPM on the fused silica slide to obtain a thickness of ~10 ym. The thickness

of the film was measured using the ZeScope Profiler as seen in Fig. 3.9. Measurements
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of the transmittance of light through the Agar film using a spectrophotometer showed
that it has more than 95% transmittance at 248 nm, and therefore a gold DRL film was
required for LIFT.

The fact that the temperature during the fabrication of the Agar film was high, pro-
hibits us from simultaneously adding the antibodies to the solution at this stage, as the
antibodies denature and lose their biological and chemical properties at temperatures
over 50°C [84]. Therefore, the solution containing the antibodies must be added to the
agar after the thin donor film was formed on the fused silica carrier slide. Agar is highly
hydrophilic and porous, so it can easily and quickly absorb the aqueous solution. 15 ul of
HRP-conjugated anti-mouse IgG was diluted in 1.5 ml of PBS for a 1:100 concentration
of antibodies. Agar solidifies around 32 — 40°C, and since the entire process above was
done at room temperature, the agar solution cools down to room temperature in a few
minutes only, to form a clear/transparent gel-like film. The antibody solution was then
pipetted on the already formed agar film and left to dry. After the film had completely
solidified again, the donor film was ready to be used for LIFT.
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FIGURE 3.9: Images showing the profile of the Agar donor film. The thickness of the
film was ~10 pm.

FIGURE 3.10: (a) LIFT-printed spots from an agar donor, (b) Colour change on the
agar spots produced by adding TMB, (¢) LIFT-produced spots on the agar donor.
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During the LIFT experiment using agar, the separation between donor and receiver was
about ~100 pym. FExcimer voltages ranging from 19 kV to 30 kV that correspond to
energy per pulse ranging from ~2 mJ to ~7.3 mJ were used and a line of LIFT-printed
squares was formed for each voltage setting in an attempt to determine the optimal
parameters for LIFT-printing of agar. Since the agar donors produced exhibited non-
uniformities in thickness and quality, and because it also has high porosity, it made
it difficult to LIFT-print, and hence it might not be the ideal material for solid-donor
LIFT. The laser settings that produced the best results so far were 25 kV corresponding
to 5.7 mJ/pulse. These LIFT-printed spots on cellulose paper exhibited a colour change
when TMB was added (Fig. 3.10). This verifies that agar can be used as a donor film
for LIF T-printing antibodies on paper, but further parametric studies such as the study
of the different laser fluences for different thickness of the agar film would be required
to optimise this LIF'T process. On the other hand, the fact that the produced agar film
is non-uniform and porous and because it requires high temperature processing, makes

this material not ideal to use for the intended bio-LIFT applications.

3.4.3 Glycerol donor films

A 1 mm thick fused silica substrate, pre-cleaned using a standard solvent cleaning pro-
cedure, was coated with a 25 nm Au film DRL using an e-beam or resistive evaporator.
In order to improve its hydrophilicity and hence adhesion with the donor film, the Au
DRL was treated with Oy plasma for 20 s using a reactive ion etcher. This treatment
allowed the production of films with greater uniformity and stability. Without plasma
treatment, it was found that the liquid donor film might break up after its deposition on
the carrier due to its surface tension. A liquid donor film, consisting of a glycerol-PBS
solution (80% v/v) was then formed on the substrate by containing it in a square well us-
ing tape (Fig. 3.11) or by using a wire coater (Gardco, US). In the first case, the adding
of the donor solution near one side of the predefined well was followed by spreading it
over from one side of the well to the other by a glass slide to remove the excess liquid
donor and thereby form a film. Alternatively, about 200 ul of the solution was pipetted
on the carrier and spread with the wire coater whilst removing any excess liquid, leading
to the formation of a ~65 pum thick film. The uniformity and reproducibility of the film’s
thickness using the wire coater method proved to be better, and hence was adopted as

the selected approach.

During the first set of LIF'T experiments, the donor film was spin-coated on the carrier,
in an attempt to achieve donor thicknesses of around a few microns, similar to what the
literature suggested for use with solid LIFT donors. Although, this was easily achiev-

able and the reproducibility of the film thickness was excellent when the concentration
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F1cUrE 3.11: Image showing a glycerol donor film on a fused silica carrier after LIFT-
printing of specific pixels.

of the glycerol in the film was constant, this method was abandoned as it was found
that micron-thick films were not suitable for this application, as they would not carry
enough antibodies to create a substantial level of a colour signal on the receiver. Thus,
thicker films in the range of 10 s - 100 s of microns were selected for this next series of

experiments.

The antibodies, either the secondary (enzyme-tagged anti-mouse IgG) or the primary
(untagged mouse IgG), were incorporated in this film in concentrations in the range of

ng/ml to pug/ml, prior to the forming of the film on the carrier.

Due to their excellent inherent properties for this work, such as biocompatibility, cost
and hydrophilicity, the receiver substrates were Whatman grade 1 filter cellulose paper.
Nitrocellulose paper, which exhibits much higher hydrophobicity and results in strong
localisation and immobilisation of antibodies and other biomolecules, is another material
of choice in many point-of-care sensors. Our results show that similar attributes are
observed for LIFT-printing on simple cellulose paper, where antibodies also exhibited
high localisation within the LIFT-printed areas. It was also observed that the glycerol
was absorbed in the cellulose paper faster due to its hydrophilic nature and with greater
efficiency than in the nitrocellulose paper, for which the droplets are not completely
absorbed within the volume of the paper, but are adsorbed on its surface with excess

liquid evaporating over time as the paper is left to dry under ambient lab conditions.
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3.5 LIFT-printing of biomolecules

3.5.1 LIFT-printing of enzyme-tagged antibodies

Two sets of LIFT-printing experiments are presented here. The first included the direct
LIFT-printing of enzyme-tagged antibodies on paper. In order to show the viability
of the antibody-HRP enzyme conjugate post printing, it is necessary that a change in
colour (from white in the absence of HRP to blue in the presence of HRP) is observed
at the LIFT-printed positions on paper as a consequence of the presence of the enzyme
that induces the colour change on interaction with the chromogenic substrate as seen
in Fig. 3.12. This would thus confirm the retention of the biological and chemical
properties of the printed antibodies after LIFT-printing. The second set of experiments
involved LIFT-printing of untagged antibodies on paper and the subsequent detection of
these antibodies via an indirect ELISA test which provides proof of their immunological

viability and stability following the LIFT-printing process.

For the first experiment, different concentrations, ranging from 50 ng/ml to 500 ng/ml,
of the HRP-conjugated antibodies were incorporated into the donor films and spots were
LIFT-printed onto the cellulose paper receiver. These initial tests were needed to deter-
mine the lowest concentration that can still provide a sufficiently intense colour change
that is detectable with the human eye or a simple mobile phone camera, the two options
that we consider convenient and beneficial in the case of point-of-care diagnostics. Spec-
trophotometry or other more sophisticated and instrument-intensive detection schemes
were therefore not used for our viability testing procedures as our aim was to develop a
device that operates outside normal medical facilities such as hospitals and furthermore
can be read by untrained non-medical personnel/individuals. It was observed that a
concentration of the HRP-conjugated antibodies, 50 ng/ml in PBS was the threshold at
which detection could still be achieved; concentrations of antibodies lower than this did
not induce a colour change intense enough to be observable. Glycerol donor films that
contained the HRP-conjugated antibodies have also been used 7 days after they were
prepared, and this was to ensure that they can be used later than the day they were
formed. The shelf life of these films is considered to be limited by the shelf life of the

antibodies they contain, and it is believed that the glycerol does not reduce this time.

The colour intensities of the LIFT-printed pixels were quantified by recording the digital
images with a comparatively low-resolution 1.3 megapixel USB camera, followed by
analysis of the images using a MATLAB program developed in-house. This program
uses a 256-bit colour scale where black corresponds to a colour intensity of 255 and
white to a colour intensity of zero. Each pixel of the image is also represented by three

values which correspond to red, green and blue colour components of the image. Figure
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FIGURE 3.12: Schematic showing the LIFT-printing and colour change mechanism of
antibodies on paper.

3.13a shows a set of LIFT-printed spots of a known concentration and the red line
represents the positions along which the measurement of the colour intensity was taken.
The three distinct graphs for red, green and blue components that are the results of
the measurement of the colour intensity that correspond to the red line on Fig. 3.13a
can be seen in Fig. 3.13b. These results had to be inverted and normalised in order to
obtain the average colour intensity value that represents this specific concentration of

antibodies.

The dashed calibration curve seen in Fig. 3.14 for all known concentrations of HRP-
tagged antibodies was obtained by performing this measurement for several LIFT-
printed spots for each known concentration (62.5 ng/ml, 125 ng/ml, 250 ng/ml, 500
ng/ml) and extracting the average colour intensity value for each one. Following the mea-
surements of the LIFT-printed spots, the same concentrations of the HRP-conjugated
antibodies were pipetted on another paper substrate, and their images were captured

and analysed to create the solid calibration curve of the pipetted IgG. This allowed us
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FIGURE 3.13: (a) Set of LIFT-printed antibodies of known concentration. The red line
shows where the measurement of the colour intensity was done. (b) Graphs of the red,
blue and green colour intensities corresponding to the set of spots of (a)

to identify any loss of antibodies resulting from the LIFT process. It was found that
the colour intensity of the LIFT-printed antibodies is lower by between 2-4% (when
normalised to the full scale of 0-100) compared to the colour intensity of the antibodies

that have just been pipetted.

Colour intensity
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FI1GURE 3.14: Plot of the colour intensity of different concentrations of LIFT-printed
HRP-conjugated IgG and of pipetted HRP-conjugated IgG along with their linear in-
terpolation curves.
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One of the important properties of direct-write laser processing is that it allows for pre-
cise control of the size and shape of both individual printed pixels as well as the resultant
multiple-pixel patterns that can be printed. Fig. 3.15a and Fig. 3.15b show the results
for a simplistic LIF T-printed trial barcode which further establishes the flexibility inher-
ent to such a laser-based direct write procedure. The bar code patterns were revealed by
addition of the chromogenic substrate TMB onto the paper after LIFT-printing of the
enzyme-tagged antibody to form the desired pattern. Printing the biomaterial in a shape
of a real full-size barcode or QR code would allow additional information to be added
to the test, such as patient-specific details, extra controls such as test duplication, or
encoding of the result where a positive diagnosis might otherwise produce unintentional
patient anxiety. In this latter case, medical intervention may well be needed due to
the possible severity of implications of the positive (or negative) outcomes. In practice,
through actual implementation of such tests, barcodes can also identify a specific patient.
Furthermore, by scanning the test with a mobile phone camera and sending it to the
intended recipient, the healthcare professionals can rapidly be alerted of the patient’s
condition, and in the case of a virus infection, information about their geographical loca-
tion (available by the GPS feature inherent to modern smartphone devices) would also
enable rapid vectorial mapping of the spread of the virus. For simple tests where secrecy
or patient confidentiality is not an issue, word patterns such as 'yes/no’ that make it
easier for immediate read-out by the patient or person taking the test are more suitable.
Fig. 3.15¢ and 3.15d show such LIFT-printed ’yes/no’ patterns that have been produced
by addition of the chromogenic substrate TMB onto the paper after LIFT-printing the

enzyme-tagged secondary antibody to form the desired word patterns.

3.5.2 LIFT-printed paper-based Enzyme Linked Immunosorbent As-

say

The second set of experiments involved the LIFT-printing of untagged antibodies from
a glycerol donor film onto cellulose paper receivers, and the subsequent validation of
their chemical and biological viability through an ELISA as shown in Fig. 3.16. An
ELISA is a form of analytic biochemical assay that uses enzymes to detect the presence
of an antigen, such as a virus or an antibody, and is mainly used as a diagnostic tool
in medicine and plant pathology, as well as a quality control in food and environmental
industries. Depending on the type of ELISA (indirect, sandwich or competitive) that is
being implemented, LIFT-printing of at least one type of antibody specific to the antigen
is required. Typically, an ELISA is conducted in a polystyrene multi-well ELISA plate,

which in this report was replaced by plain cellulose paper. This replacement of the
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FicUure 3.15: LIFT-printed pixels of HRP-conjugated anti-mouse IgG in the form of

a QR code, (a) before the detection with the chromogenic substrate TMB and after

developing with TMB in the form of (b) a 2-d trial barcode QR code, shown as a
black/white pattern in the inset, (¢) 'yes’ and (d) 'no’.

bulky and relatively expensive ELISA plate with a cheaper, smaller and more versatile

medium such as paper, was one of the main incentives for this series of experiments.

Currently in this developmental stage, only the target, a mouse IgG, was first printed on
the paper surface via the LIFT-printing step in a specific pattern, and was subsequently
immobilised through evaporation. After this, the paper was blocked with Bovine Serum
Albumin (BSA) to prevent non-specific binding of the antibodies on the paper during the
following steps of the ELISA test. The blocking solution consists of 2% BSA and 0.05%
Tween20 in PBS. The paper was immersed in the blocking solution for 1 hour at room
temperature. The following step is the tagging of the LIFT-printed antibodies with the
enzyme-tagged antibodies (HRP-conjugated anti-mouse IgG). Different concentrations
of the secondary tagged antibodies have been used to determine the best result, which
in our case means the generation of the highest colour intensity with the minimum
background signal and after several optimisation trials, 50 ng/ml was selected as the
optimal value. The paper was immersed in this solution and incubated for 1 hour at
room temperature followed by a washing step to remove any unbound antibodies from
the paper surface. Washing was done three times for five minutes each using a washing
solution of 0.05% Tween20 in PBS. After the washing was done, the final step involved
the addition of the chromogenic substrate TMB which when combined with the HRP
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FIGURE 3.16: Schematic diagram of a paper-based indirect ELISA (adapted from [77]).



Chapter 3. Laser Induced Forward Transfer of antibodies on paper 38

enzymes, produced blue-coloured pixels, highly localised at the LIFT-printed positions

as seen in Fig. 3.17.

FiGURE 3.17: Optical microscopy images of LIFT-printed mouse IgG following the
ELISA test, forming continuous lines and individual pixel arrays.
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FIGURE 3.18: Calibration curve of the mean colour intensity following the ELISA
versus the concentration of LIFT-printed antibodies in each pixel.

The calibration curve for the paper-ELISA using this particular set of antibodies was ob-
tained as described previously, by capturing images of pixels LIFT-printed with known

concentrations of antibodies and subsequently measuring their colour intensities (Fig.
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3.18). The calibration curve would thus allow the determination of an unknown concen-
tration of the target antibodies in a test-sample. It is clear that the blue colour is highly
visible after the ELISA has been performed. For a future complete device however, it
is desirable to include a calibration test based on a standard pre-printed blue-coloured
control pattern, and we are currently establishing the optimum and easiest protocol that

could be used by a patient for POC testing.

3.5.3 LIFT-printing on pre-patterned wax-printed paper

The simple experiment described here involved LIFT-printing onto pre-structured paper-
based microfluidic devices. Wax printing [85, 86] and photolithography of polymers [87]
are only two of the many methods that have been reported for fabrication of paper-based
microfluidic devices. Wax embedded in paper acts as a hydrophobic barrier that creates
hydrophilic channels in paper. Any aqueous solution that is subsequently added to the
paper will hence be contained in the patterned wax area. The wax printed paper devices
that were used in the following experiment were printed with a commercial wax printer
and have kindly been provided by our collaborators at the University of Braunschweig

in Germany. Each of the used patterns is composed of several wax circles connected

through a common channel, as can be seen in Fig. 3.19a.

FIGURE 3.19: (a) LIFT-printed glycerol spots on pre-patterned paper with wax, (b)
Spots made visible by adding TMB on the paper channel.

During this experiment, the glycerol solution containing the antibodies was first LIFT-
printed on these wax-printed paper strips. Several spots were printed on the small (5
mm diameter) circles and the TMB-substrate was subsequently pipetted onto the large
(10 mm diameter) circle and left to wick through the channel in order to produce the
colour change at the LIFT-printed areas (Fig. 3.19b). These wax-printed patterns can
also be used when fabricating a LIFT-printed paper ELISA test as the circles perform
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a similar role to the 96-well plates commonly used for standard ELISA tests. It was
found that 4 pl of sample solution will completely wick the area of the 5 mm wax circle,
thus minimizing the volume of the reagents and reducing the total cost, compared to a
standard ELISA test. As reported elsewhere, paper-based ELISA also requires far less
incubation and washing times than traditional multi-well plate ELISA [77, 88]. This
was the first report on the development of a paper-based ELISA fabricated by LIFT
combined with the pre-patterning of the paper device. As can be seen in the chapters
that follow, a novel laser-based technique for the patterning was developed by us and

therefore experimenting on wax-printed paper devices was discontinued.

3.6 Conclusions

The aim of the experiments described in this chapter was to show the feasibility of
transferring undamaged antibodies on paper in order to manufacture paper-based med-
ical diagnostic devices. In order to demonstrate this, the transfer of untagged and
enzyme-linked antibodies on paper substrates was performed using Laser Induced For-
ward Transfer with ns laser pulses. Several different materials, in liquid and solid form,
were trialled as the donors that can contain and protect the antibodies during LIF'T, and
glycerol proved to be the most suitable option, as solid-based donors were found to be
difficult to LIFT. In order to ensure the stability of the reagents that were LIFT-printed
but also because the donor films used were transparent at the wavelength of the laser
used, there was a need to use a thin gold Dynamic Release Layer. After the LIFT-
printing process, the functionality and immunological reactivity of the LIFT-printed
antibodies was confirmed by developing and demonstrating an ELISA and establishing

the standard calibration curves using the LIFT-printed pixels.

Additionally, it was shown that the localisation of the LIFT-printed pixels and immo-
bilisation of the antibodies, which is a pre-requisite for paper-based diagnostic devices,
was maintained throughout the wet-bench process which further justifies our use of the
spatial patterning ability of LIFT. This immobilisation of the antibodies through the
LIFT-printing process on the paper surface, also allowed the use of plain cellulose paper
instead of the more expensive nitrocellulose membranes which should help reduce the
final cost and more importantly allows for the fabrication of devices that do not need
to be confined by hydrophobic barriers in fluidic channels, but can instead work in free-
flow conditions. LIFT was proven to be equivalent to commercial dispensing machines
(BioDot) in regards to the printed volumes of the reagents which is in the range of nl
and also the flexibility of the printed designs, although our current setup would not be

able to compete in terms of speed. This work demonstrates that LIFT is a technique
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capable of transferring antibodies onto a paper substrate accurately and reproducibly,
and that LIFT is a promising technology for manufacturing immunologic paper-based

point-of-care diagnostic sensors.






Chapter 4

Laser-based structuring of

paper-based fluidic devices

4.1 Introduction

Point-of-care (POC) testing plays a vital role for early stage non-invasive clinical detec-
tion and diagnosis. One of the principal reasons for its widespread uptake is because it
provides an effective and rapid modus-operandi that either excludes or minimises unnec-
essary 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 patients bedside, either in the comfort of their home, at
their general practitioners clinic, or in a hospital emergency unit. 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 lab-on-chip (LOC) technology has con-
siderable potential, and hence sustained efforts have been directed towards developing
LOC-type fluidic systems for medical diagnostic devices [89]. 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.

43
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Compact LOC devices have primarily been developed on platform substrates such as
silicon and glass, using cleanroom-based fabrication processes adapted from the semi-
conductor processing industry. In an attempt to further reduce the manufacturing costs,
a low-cost polymer, polydimethylsiloxane (PDMS), which can be used in a rapid pro-
totyping environment, was also considered as a better choice for implementation of
microfluidic-based LOC devices. This material however, still presents certain limita-
tions and entails comparatively high fabrication costs, which has led to a subsequent

search for alternatives, that now include paper and thread [90].

In particular, paper, with its varied characteristics, is now considered as a highly suit-
able alternative for fabrication of LOC-type devices, and many labs have focussed their
attention in this direction [64, 73, 91]. Of particular importance is the relatively low-
tech nature of paper, which has almost all of the attributes 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.

In the previous chapter, we have shown how we can print reagents and biomolecules onto
the paper substrates that constitute the POC devices. Following those experiments, we
realised that we had to develop a laser-based technique that would allow us to fabricate
structures in the paper substrates, thus giving us the ability to create complete paper-
based POC diagnostic devices using lasers. In this chapter, this novel technique is
described and our results for it are presented. Part of this work has been published in
journals [92, 93] and conferences [94-101].

4.2 Paper for point-of-care diagnostics

As a substrate material, paper is inexpensive, abundantly available in a range of different
engineered forms and properties, can be stored and easily transported, functionalised
and 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 paper as a platform technology is mature and well-established,
lending itself to routine low-cost large-volume production procedures. Finally, delivery
of paper-based items is routinely available to everyone world-wide that has access to a

postal service.

Paper is currently used for analytical and clinical chemistry, and chromatographic tests
are routinely performed using paper in commercial analytical laboratories for the de-
tection 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
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dipsticks that can simultaneously detect blood 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 (uPADs) suggest that these may
be the ideal platform for performing such tests [66].

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 demonstrated using hydrophobic materials such
as SU8, PDMS, polystyrene (PS), alkyl ketene dimer (AKD) and wax [64].

The earliest approach presented by the Whitesides group [68], 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 desktop plotter that dispensed an ink composed of the
low-cost elastomeric polymer PDMS [102]. 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 [103], plasma-treatment through a metal
mask of a paper impregnated with hydrophobic AKD [104, 105], paper-cutting using a
computer-controlled X-Y knife plotter [106-108], printing of wax [85, 86], inkjet-printing
[109-112], flexographic printing [113], wax-screen printing [114], and laser-treatment of
a paper with a hydrophobic coating [115].

Each of these procedures has its own advantages, as well as some characteristic draw-
backs. Techniques such as UV-lithography and plasma-treatment require the use of ex-
pensive and fixed-pattern masks as well as dedicated equipment and controlled conditions
in labs. The knife-plotting technique requires specialised or custom-modified patterning
equipment whereas other techniques sometimes require undesirable post-processing pro-
cedures. Another important 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.
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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 preliminary 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 wavelength, 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 100 pum, or even
below, and our current results show that fluidic channels with barrier wall width as
small as ~50 pym can be fabricated. 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

individual tests could be acceptably low.

4.3 Laser patterning of cellulose paper

4.3.1 Experimental section

As described earlier, the inscription of the fluidic patterns in paper is achieved via a LDW
procedure that uses the principle 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. 4.1, where the UV laser beam is directed towards the polymer-impregnated paper
which was mounted on an xyz-translational stage. A cylindrical lens (either f = 36 mm,
or f = 25 mm) focussed 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 positioning with respect to

the focal plane of the lens.

Laser illumination of the impregnated paper induces polymerisation only within the

exposed regions through initiation of light-induced cross-linking of the polymer. By
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FIGURE 4.1: Schematic showing the laser-patterning of fluidic channels throughout the
entire thickness of the paper.

varying the exposure parameters of laser energy density (for pulsed laser sources), or
laser power (for continuous wave (c.w.) lasers), 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 any 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 polymerised through the direct-write step. Figure 4.2 shows a step-
wise schematic depicting the sequential processing steps involved in the creation of these
fluidic channels - laser scanning of parallel lines along the surface of the paper substrate
under the correct conditions creates photo-polymerisation-induced hydrophobic barrier

walls that define a fluidic channel.

The choice of laser used dictates several important parameters of the photo-polymerisation
process such as the optical penetration depth in the paper, writing speeds for the barriers
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 focussed laser spot. The first laser used for the direct-
write pattern definition step was an Nd: YVOy 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



Chapter 4. Laser-based structuring of paper-based fluidic devices 48

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 parameters
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 J/cm?.

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 corresponding incident fluence ranged from ~1.9 J/cm? to
~156 J/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 J/cm? to
~312.5 J/cm?.

4.3.2 Results and discussion
4.3.2.1 Patterning with the 266nm pulsed laser

Figure 4.3 shows three sets of parallel lines that have been inscribed using the 266 nm
pulsed laser source, at translation 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 subsequently pipetted into the channels, to test the ability of

the structures to contain and wick liquids along the channel. The ink was pipetted from
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FIGURE 4.2: Schematic of the paper-patterning procedure.

one side of the channel (the top side in the figure shown) in 3 ul droplets, until the

channel was filled or a leak was observed.

By looking at the cross-section of the paper under the microscope, it was found that the
polymerisation depths of the barrier walls for channel (c¢) was only about 60% of the
thickness of the paper (Fig. 4.4a), 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 (Fig. 4.4b), 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.

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,
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F1GURE 4.3: Three sets of parallel lines that have been polymerised while being trans-
lated at three different speeds, namely, (a) 0.06 mm/s, (b) 0.07 mm/s and (c) 0.09

mm/s.

100 pm

FIGURE 4.4: Microscope images showing the cross-sections of a line polymerised at (a)
0.09 mm/s and (b) 0.06 mm/s respectively.
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and for speeds greater than 0.35 mm/s the photo-polymerised structures 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 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 um. 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.

4.3.2.2 Patterning with c.w. lasers at 375 nm and 405 nm

In order to explore the possibility of using our paper-patterning procedure with differ-
ent laser parameters, we then tried other UV 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 deleterious ablative effects that we observe when scanning with the pulsed laser at
higher fluences. Additionally, operation at these longer wavelengths would translate
into greater absorption depths for the incident light, hence allowing much higher writing
speeds than those possible with the pulsed 266 nm source. As can be seen from the
results, the writing speed using the c.w. laser was at least three orders of magnitude

higher than using the pulsed laser.

Figure 4.5 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 4.5a shows results for a fixed incident laser power of 1 mW, and the line-widths
are seen to increase from a value of ~130 ym at 6.7 mm/s to a value of ~320 pum at
4 mm/s. Similarly, as shown in Fig. 4.5b, 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 pym at 5 mW, to a value of ~1000 pm at 30 mW. This can be attributed

to the fact that with an increase in the incident laser power, a larger fraction of the
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incident Gaussian intensity laser profile would be above the polymerisation threshold,

thus resulting in polymerised lines with larger widths.

FI1GURE 4.5: 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®.

The graph in Fig. 4.6 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. 4.6 show that, for a fixed laser power of 10
mW, the widths of the polymerised lines increased from ~680 pym 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 pm to ~1200 pm 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.
4.7. 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 pm to ~800 pm with increasing
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. Although of low intensity, these lobes induce additional

photo-polymerisation and therefore produce a broadened line-width compared to the
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FIGURE 4.6: 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.

theoretical limit for a perfect single mode laser source. Table 4.1 shows a summary of
the resulting line-widths for the lines polymerised with the two c.w. wavelengths under
different laser writing conditions.

TABLE 4.1: 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

Laser power (mW) Line-widths (um) for | Line-widths (um) for
375 nm at 6.7 mm/s || 405 nm at 6.7 mm/s

) ~ 4804+ 15 ~ 80£ 10

10 ~ 680+ 30 ~ 220+ 20

15 ~ 850+ 30 ~ 270+ 30

30 ~ 1050+ 30 ~ 380+ 20

50 ~ 1180+ 40 ~ 550+ 20

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.
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FIGURE 4.7: Plots showing the variations in the widths of the laser-patterned lines for
different incident laser powers at 405nm at different scan speeds.

All of the experiments described so far were performed using the DeSolite® photopoly-
mer. However, to make a useful comparison, we repeated our experiments with another
photopolymer, SubG. Due to the extremely low viscosity (12cP @ 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 so-
lution of isopropanol prior to impregnation into the paper substrates. Fig. 4.8 shows
a series of parallel lines that was 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 compared
with those written with DeSolite®. Fig. 4.9 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. 4.8

and Fig. 4.9 the widths of lines polymerised using SubG are 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 footprint. Using our LDW pro-
cedure 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 Fig. 4.10a, under the appropriate
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FIGURE 4.8: 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 (b) SubG.

writing conditions (scan speed of 10 mm/s, incident power of 10 mW and corresponding
incident fluence of ~125 J/cm?), 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, flu-
idic 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 pm

was required.

For this barrier wall width, we then investigated the minimum widths a fluidic channel
can have and still guide fluids. We observed that the fluidic channel with a width of ~80
pm was able to contain and guide the flow of ink along it. Fig. 4.10b shows such a channel

having a width of ~80 pum, and barriers with widths of ~120 pm, guiding red ink. To
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FIGURE 4.9: 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.

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 pm [116].

As described above, a minimum line-width is necessary for a barrier wall to contain
fluids, and this was found to be different for the two photopolymers. Fig. 4.11 shows
a set of square patterns each with identical dimensions of 5 mm X 5 mm, but with
barrier walls that have different line-widths ranging from ~100 pym 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. 4.11, squares with line-widths greater than ~300

pm were able to contain ~2.5 uLi of ink solution.
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- 80 pm

FIGURE 4.10: Microscope images showing: (a) 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 pm, (b) a fluidic channel with a width of ~80um guiding red
ink.

prdé St LA

FIGURE 4.11: 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 a

scanning speed of 10 mm/s, and (b) showing the introduction of 2.5 ul of red ink to
each square.

4.3.3 Applications 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. 4.12) by
implementing the detection of Bovine Serum Albumin (BSA) and glucose. For the BSA
test, we pipetted 3 ul of a 250 mM citrate buffer solution at pH 1.8 in each square
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well 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, 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. 4.12a.) which were fully developed after ~10 minutes. The
concentration of protein in each sample is labelled in Fig. 4.12a. 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.

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

FIGURE 4.12: (a) Patterned cellulose paper after completion of the BSA detection assay

showing different shades of the blue-green colour, corresponding to the different con-

centrations of BSA pipetted in each well, (b) patterned cellulose paper after completion

of the glucose assay showing different shades of the pink-brown colour, corresponding
to the different concentrations of glucose pipetted in each well.

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 concentrations of
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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 D-Glucose (Sigma
Aldrich G3285). Introduction of the sample solutions into the wells resulted in a change
of colour from white to different shades of pink-brown (Fig. 4.12b). The colours were
fully developed after ~10 minutes. The concentration of glucose in each sample is
labelled in Fig. 4.12b.

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 technique reported in Chapter 3 for the quantification of the LIFT-printed
antibodies. The images were processed with the ImageJ software (National Institutes of
Health, USA) to extract the respective colour intensities of the blue and brown colour
produced within the detection zones for the BSA and glucose respectively. The central
part of each detection zone was selected and the average grayscale intensities for each
zone were measured. The measured average intensity of the blank control was subtracted
from the average intensity of each detection zone, to remove any background colour. By
measuring the colour intensities of the known concentrations, we were then able to plot
the calibration curves as seen in Fig. 4.13 and Fig. 4.14. Using the same procedure as
above, we can find the concentration values of BSA and glucose of unknown samples by

measuring their colour intensities and comparing them to the calibration curves.
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FicUre 4.13: Calibration curve for the detection of BSA constructed using the
grayscale intensity values taken from the image shown in Fig. 4.12(a).
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FIGURE 4.14: Calibration curve for the detection of glucose created using the grayscale
intensity values taken from the image shown in Fig. 4.12(b).

The final part of our experimental validation involved the use of a fluidic device shaped
as a T-junction, for the simultaneous detection of BSA and glucose in the same sample
solution, as shown in Fig. 4.15. 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 ul) 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-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. 4.15a) 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 4.15b 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 [78] and comparing these to a pre-defined calibration

curve such as the ones shown in Fig. 4.13 and Fig. 4.14.
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F1GURE 4.15: 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.

4.3.4 Detection of BSA and glucose with LIFT-printed reagents

Since the main target of this research is to produce a completely laser-fabricated paper-
based diagnostic device, it was decided to combine the paper-patterning technique with
the previously described LIFT technique. The paper was patterned using the same
parameters as in previous experiments of this chapter. Two glycerol donor films were
created for LIFT-printing, as described in the previous chapter. One of the donor films
contained the reagents for detection of BSA and the other contained the reagents for
detection of glucose. LIFT-printing was then facilitated on the pre-patterned paper
devices using the 248 nm excimer, as in the previous LIFT experiments. Several spots
of both donor films were LIF T-printed in turn on separate and on the same pre-patterned

papers.

Two pattern designs were used, the square grid for the separate devices (Fig. 4.16)
and the T-shape for the multi-analyte detection devices (Fig. 4.17). A PBS solution
containing both BSA and glucose was then pipetted on the paper devices, and blue
and brown colour was produced at the corresponding reaction zones. As can be seen
from the figures, LIFT-printing allowed for precise printing of the reagents inside the
reaction zones. This combination of the two fabrication techniques provides several
advantages. LIFT allows for minimal reagent use, as each LIFT-printed spot can be a
few nanolitres instead of microlitres that are usually pipetted. Consequently, the area
on which the reagents are printed can be less than a mm?, reducing the footprint of the
devices considerably. Both LIFT-printing and the paper-patterning technique are very

flexible techniques and are therefore ideal for prototyping.
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FIGURE 4.16: LIFT-printed spots on pre-patterned papers for the detection of (a) BSA
and (b) glucose.

Sample inlet

FIGURE 4.17: Example of multi-analyte detection of BSA and glucose using LIFT-
printed spots on pre-patterned paper.
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4.3.5 Detection of TNF-«a on cellulose paper

The first multi-step sandwich ELISA that was trialled on the nitrocellulose membranes
was for the detection of TNF-a. The ELISA kit used in the implementation of the
TNF-« detection 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
ug/mL, 500 ng/mL for capture antibody and conjugated detection antibody respectively.
The TNF-« standard was diluted in a range of concentrations between 1ng/ml to 370

ng/mL.

Initially, the assay did not perform as expected. The problem was that when the ELISA
was finished, instead of observing a strong colour change only in the areas that the
capture antibody was pipetted, there was a blue colour everywhere on the paper as
seen in Fig. 4.18. The same result (false positive) occured even when there was no
TNF«a sample (negative control), so in cases that it was expected that there should be
no colour change at all. This problem was attributed to the non-specific binding of the
conjugate antibody on the paper and the non-removal of the conjugate antibody during
the washing steps. Different blocking solutions were trialled (BSA, milk powder, casein)

but none of them solved the problem.

FIGURE 4.18: Images showing (a) the expected result of the TNFa paper-ELISA, and
(b) the obtained false-positive result on paper that was blocked with casein and BSA
respectively.

Several procedures were undertaken to ensure that the problem was not based on the
reagents of the assay, such as testing the assay on the microtiter plate which produced
the expected results as seen in Fig. 4.19. Similar problems were encountered when
testing different assays on paper, such as ELISAs for diagnosis of IL-15 and PIIINP.
Therefore, these ELISAs were deemed not compatible with the paper substrate and

these experiments were discontinued.
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FIGURE 4.19: Image showing the expected result of the TNFa ELISA on the microtiter
plate.

4.4 Laser patterning of nitrocellulose membranes

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 devices are currently regarded

as the best alternative 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/shap-
ing and physical blocking of pores. The techniques so far reported include the use of
photolithography [117], inkjet printing [109, 110], printing of wax [85, 118], and plasma
oxidation [104, 119], laser-cutting [120], and shaping [106], 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.

In this section, we report on the results of patterning nitrocellulose membranes for low-
cost microfluidic devices by employing the laser-based direct-write procedure described
earlier in this chapter. As shown later, using this approach, we have successfully demon-
strated that it is possible to create microfluidic channels with barriers-walls that have

dimensions of ~60 ym a size which has not yet been achieved using other reported
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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.

4.4.1 Experimental section

The laser used for our LDW patterning process was a 405 nm 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 BA85 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.

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
controlled 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.

During the first step of this LDW process, the laser beam was focused onto the nitrocel-
lulose substrate using a spherical lens (f = 15 cm). The substrate was mounted on an
xyz- stage, and by controlling the positions in the x and y directions, a user-defined 2D
design was patterned on the substrate. The third axis, z, was used to position the sub-
strate at the optimum position (usually, at the focal plane of the lens). For experiments
performed 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
pm. The range of substrate translational speeds trialled varied from 0.05 mm/s to 10
mm/s, while the incident average powers ranged from 0.3 mW through to 10 mW. The

corresponding incident fluences can hence be calculated using the equation:

. Energy Laser incident power
Incident fluence = =

= 4.1
Area Beam diameter x Scanning speed (4.1)

and therefore ranged from ~0.375 J/cm? to ~2500 J/cm?.

The final developing step was to wash off any un-polymerised photo-polymer from the
substrate through immersion in a suitable solvent (in this case toluene), which does not

affect the intentionally polymerised regions.
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4.4.2 Results and discussion

The choice of an appropriate photo-polymer that does not alter the properties of the
nitrocellulose substrates is vital, and several, such as SubG from Maker Juice, USA,
Norland 61 & 68 from Norland Products Inc., USA, 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 ~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 reason for choosing toluene as the solvent used in these experiments was that
other solvents such as acetone or IPA would dissolve the nitrocellulose. This was also
the reason we could not use the SubG polymer, as it is a polymer that is pre-mixed with
solvents. On the other hand, we found that nitrocellulose does not dissolve in aliphatic
and aromatic hydrocarbons such as benzene, xylene and toluene, and therefore toluene

was selected as the solvent to be used.

4.4.2.1 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 4.20a, 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 properties of these channels was tested by flowing red ink through them.
As can be seen in Figure 4.20b, 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.

10 5 mW

1 mm

1 mm |

FIGURE 4.20: 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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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 is 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 seconds for the paper to fully absorb the photo-polymer.

Figure 4.21 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, 10 mm/s) but with
a fixed laser power of 10 mW. The lines shown, after development in toluene, appear as
transparent 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 5 mm/s
have poor definition with irregular edges, which is the result of over-polymerisation due
to the unnecessarily high exposures used. However, for scan speeds greater than 5 mm/s,

we see that the lines are increasingly well-defined and, as shown in a following section,

perform well as barriers to contain and guide fluids.

FIGURE 4.21: Photographic image showing a nitrocellulose substrate with a set of
parallel lines that were polymerised using different scan speeds of 0.05 - 10 mm/s at an
incident laser power of 10 mW.

To further identify the optimum condition in terms of the width and the quality of the
patterned lines, we performed a subsequent study by varying the laser power as well as
the laser scan speed. The plots in Fig. 4.22 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 pm and ~50 pum to ~340 pm and ~270 pm 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



Chapter 4. Laser-based structuring of paper-based fluidic devices 68

lines increase from ~50 pm to ~220 pum as the laser power increases from 0.3 mW to
10 mW.
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FIGURE 4.22: 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.

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.
Fig. 4.23a shows a set of straight channels having an identical 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. Fig. 4.23b 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 width of barrier line that we can form in
nitrocellulose and which is able to contain and guide the flow, is ~60 ym - the smallest
dimensions reported in literature when compared with other techniques reportedly used
to fabricate microfluidic devices such as photolithography, inkjet etching, wax printing
etc.[73]

The final step was to determine 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
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FIGURE 4.23: (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.

implemented techniques, ranges from 0.5 mm to 4 mm [64], 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 Fig.
4.24a, we patterned several pairs of parallel lines with different channel widths which
were fed by the open U-shaped structures that would serve as 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 had identified as one that produced
barrier-walls that reliably contained the fluid. As shown in Fig. 4.24b, after introduction
of the ink, channels down to a width as small as ~100 pm could reliably guide the fluid.
This, to our knowledge, is the smallest dimension for any paper-patterned structures

reported so far [73].
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FIGURE 4.24: 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.

4.4.2.2 Writing of fluidic wells

The second set of experiments relates to the writing of wells in paper, and their ability
to contain fluid. Figure 4.25a 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 uL
that was sufficient to fill each square completely. As shown in Fig. 4.25b, 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 threshold value for this fixed scan speed.

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
Fig. 4.26a) into which red ink of different volumes ranging from 1 uL to 15 uL (Fig.
4.26b) was introduced. Even when the volume increased to a value of 15 uL, 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
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present on the surface of the nitrocellulose membranes prior to the laser-patterning step,
and this was investigated through surface-profile imaging measurements. The trace in
Fig. 4.26¢ is a surface-profile scan across a laser-polymerised line, and clearly shows
the presence of a ridge (having a width of ~120 ym 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 4.25: Photographic image showing (a) a series of 5 mm x 5 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 introduction of 3 uL of red ink into each square.

4.4.3 Applications for chemical and biological diagnostics

4.4.3.1 Detection of nitrite in water

Following these characterization experiments, we chose to validate the effectiveness of
our devices as sensors that can be used for the detection of nitrite in water. This
is a considerable health concern, as contamination of water sources can occur from
fertilizers, animal waste and sewage, which will persist until consumed by plants or other
organisms. This experiment served as a useful proof-of-principle, which could equally
well be implemented at a relatively cheaper cost on cellulose paper. We performed
this detection via the Griess reaction [121, 122], which is a commonly used colorimetric
reaction 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.

The Griess reagent was prepared by in DI water dissolving 50 mM sulfanilamide, 330
mM of citric acid and 10 mM of N-(l-naphthyl)-ethylenediamine dihydrochloride.The
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FIGURE 4.26: Image showing (a) a series of 5 mm x 5 mm wells patterned with a

laser power of 1 mW and a scan speed of 10 mm/s; (b) after introduction of red ink

in different volumes of 1-15 pL into each square; (c) a surface-profiler scan across a
polymerised barrier-wall.

prepared Griess reagent (2 ul) was first pipetted into each square-well of the grid-like
structure (as shown in Fig. 4.27a) in the nitrocellulose paper, which was then left to
dry at room temperature for at least 1 h before use. The grid pattern that formed the
square-well detection zones was patterned at a laser power of 1 mW and a scan speed
of 10 mm/s, as described earlier. Samples of sodium nitrite were prepared on the day
of testing at dilutions of 10 mM, 2.5 mM, 1.25 mM, 625 uM, 312 puM, 156 puM for the
known samples and 500 pM, 250 uM for the 'unknown’ samples. The samples (2 pul)
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 Fig.
4.27a.

The image was then processed with the ImageJ software to extract the respective colour
intensities of the pink colour produced within the squarewell detection zones. The
central part of each detection zone was selected and the average grayscale intensities
for each zone were measured. The measured average intensity of the blank control was
subtracted from the average intensity of each detection zone, to remove any background

colour. By measuring the colour intensities of the known concentrations, we were then
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FIGURE 4.27: (a) 5 x 5 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).

able to plot the calibration curve as seen in Fig. 4.27b. Using the same procedure as
above, we measured the concentration of the 2 'unknown’ samples A and B (plotted
in Fig. 4.27b in red) by measuring their colour intensities and comparing them to the

calibration curve.

4.4.3.2 Detection of TNF-a on NC

The TNF-« detection assay was revisited using NC as the platform instead of cellulose

paper. Reagents, protocol and concentrations used were as described previously in this
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chapter. Initial tests were done with sample concentrations that are in the clinically
relevant range that is pg/ml. The results within this range were unsatisfactory, as the
concentration of the antigen was not high enough to produce any colour change, although

the problem of non-specific binding observed on cellulose paper did not occur here.

Following that, it was decided to increase the concentration of the antigen to 370 ng/ml,
which was the highest possible antigen concentration. By greatly increasing the antigen
concentration, the result was as expected and it can be seen in Fig. 4.28: the specific
blue spots illustrate the presence of TNF-« in the tested sample. However, these results
show that our tested device is far from the sensitivity that can be achieved with com-
mercial ELISA tests performed on their standard platform (microtiter plates), which are

normally able to detect TNF-« in the range of pg/mL.

FI1GURE 4.28: Image showing the result of implementation of a sandwich TNF-o ELISA
on a nitrocellulose membrane with the sample concentration of 370 ng/mL.

The detection of TNF-« is normally required in the pg/mL range, which is extremely
low and thus requires very high sensitivity that increase the difficulty in implementation
on paper platform. As a result, we then changed our target to another biomarker CRP,

which has a much higher detection level at ng/mL range that makes it easier to detect.

4.4.3.3 Detection of C-Reactive Protein in PBS

Previous experiments showed that a simple one-step chemical diagnostic test can be
easily implemented on the patterned NC devices, as well as multi-step biological tests
for high concentrations of antigen. It was imperative that the devices were validated
further for their effectiveness as medical diagnostic sensors, and the analyte that was
chosen as the target was C-reactive protein (CRP), which is an annular protein found

in the blood plasma and is mainly used as a marker of inflammation. Measuring and
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charting CRP levels can provide useful information in determining disease progression or
the effectiveness of treatments. Additionaly, the physiological range of CRP is pg/ml,
well within the sensitivity capabilities of these devices. This experiment served as a
useful proof-of-principle and we performed this detection via the sandwich ELISA (4.29),
which is one of the most common reactions used for medical diagnostics.

Paper 5. Add conjugated

antibody
6. Wash

,—HRP

[ 1. immobilise
capture antibody )\ Conjugated
2. Block antibody
Capture
Y Y \Vantibody

7. Add substrate (TMB)

3. Add standard
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FIGURE 4.29: Schematic of the CRP-ELISA procedure.

The grid pattern that formed the square-well detection zones was patterned at a laser
power of 1 mW and a scan speed of 10 mm/s, as described earlier. The solution of mouse
IgG primary antibody (2 pL at 360 pug/mL) was first pipetted into each square-well of
the grid-like structure (as shown in Fig. 4.30a) in the nitrocellulose paper, which 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% bovine serum albumin (BSA), in phosphate
buffered saline (PBS) for 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, 1,000 ng/mL, 10,000 ng/mL and 100,000 ng/mL. The samples (2 uL) were then
pipetted on individual squares and were incubated for 1 hour. Then the device was
washed again for 3 times with PBS and a solution of anti-human CRP antibody (2 uL
at 22.5 pug/mL) was pipetted into each square-well. The whole device was again left for
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1 hour for incubation and this was followed by washing 3 times with PBS. In the next
step, the HRP (horseradish peroxidase) conjugated streptavidin was added into each well
and the device was left in the dark for 20 minutes of incubation and then washed again
using PBS. Finally, the chromogenic 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 Fig. 4.30a) of the paper-device after 2 min with a USB camera.

The image was then processed with the ImageJ software to extract the respective colour
intensities of the blue colour produced within the square-well detection zones. By mea-
suring the colour intensities of the known concentrations, we were then able to plot the

curve (as seen in Fig. 4.30b) that can then be used for calibration.

4.4.3.4 Detection of C-Reactive Protein in urine and blood plasma

In the previous sections of this chapter, we have shown the techniques required to fab-
ricate paper-based and NC-based medical diagnostic devices. In order to prove that
these devices can be used in a real setup, they had to be tested for their ability to diag-
nose analytes in human bodily fluids and more specifically in human urine and human
blood plasma. Again, the analyte of interest was CRP, as the protocol was known and

well-developed in this format.

The urine samples were obtained from healthy subjects and were spiked with known
concentrations of CRP. These spiked samples were then tested in the grid-like devices
shown earlier, using the same protocol as before. For comparison, on the same device,
the healthy non-spiked samples were also tested. Along with the spiked and healthy
urine samples, samples of known concentrations of CRP and blanks in PBS were tested
on the same devices to ensure consistency with the previous results. The results of
these tests can be seen in Fig. 4.31, and these confirm that indeed these laser-patterned

devices can be used for the detection of CRP in human urine samples.

In the following experiment, human blood plasma samples were used for the detection of
CRP. The human samples were kindly provided by our collaborators at the Southamp-
ton University General Hospital. These were samples from patients that had conditions
such as heart attacks and therefore their CRP levels were elevated, and had been mea-
sured at the hospital by other traditional techniques. Therefore, a direct comparison of
our technique with the one commonly used by the doctors could be performed. Further-
more, blood plasma of healthy subjects was obtained that could be used as the negative
control for our tests. The healthy blood plasma was also spiked with CRP of different
concentrations. The results of the tests using human blood samples can be seen in Fig.

4.32. All unhealthy clinical samples produced a signal which is also consistent at the
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FIGURE 4.30: (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 showing 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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Spiked urine samples
500, 250, 125, 62.5, 31.25 pg/ml

Spiked urine samples
16, 8, 4 pg/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 4.31: Detection of CRP in human urine on laser-patterned nitrocellulose. 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.

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 is
decreasing, and finally, the non-spiked healthy samples show a very low signal that can

be used as the negative control.

Unknown clinical sample SK001 Y
Unknown clinical sample SKOO5 = | _.'l

Unknown clinical sample SK006

Unknown clinical sample SKO15

Healthy spiked 500, 250, 125, 62.5, 31.25 pg

Healthy spiked 16, 8, 4, 2 ug

Healthy not spiked

Healthy not spiked

FIGURE 4.32: Detection of CRP in blood plasma on laser-patterned nitrocellulose. In
this trial, both unhealthy clinical samples and healthy samples were used.

4.4.3.5 Detection of IL-6 in PBS.

Another analyte of interest that we trialled with our laser-patterned devices was In-
terleukin 6 (IL-6), a cytokine that is not only involved in inflammation and infection
responses, but also in the regulation of metabolic, regenerative and neural processes

[123]. Similar to CRP, IL-6 is elevated in most, if not all, inflammatory states and it has
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been recognised as a target in medical diagnostics. In many cases, both of these ana-
lytes would have to be tested simultaneously, which makes them ideal for our multiplexed

diagnostic devices.

The whole paper device was blocked using a blocking solution of 5% BSA in PBS for
1 hour. The capture antibody used in this assay was an anti-human IL-6 mouse mon-
oclonal antibody (R&D Systems, MAB206) at a working concentration of 2 ug/ml in
PBS with 1% BSA, that was pipetted at the wells and left overnight to dry in room
temperature. The analyte used was recombinant human IL-6 (R&D Systems, 206-IL-
CF) in concentrations ranging from 1.2 pg/ml to 75 pg/mlin PBS with 1% BSA, that
was incubated in the wells of the paper device for 1 hour. The detection antibody was
anti-human IL-6 goat polyclonal biotinylated antibody (R&D Systems, BAF206) in a
working concentration of 0.1 pg/ml in PBS with 1% BSA, that was incubated for 1 hour.
Finally, streptavidin-conjugated HRP was incubated for 20 minutes and TMB was used
to produce the blue colour change at the positive samples. Washing steps with the PBS

buffer were performed between each incubation step.

Although the assay has worked correctly, it still requires some optimisation of the proto-
col, in order to reduce background noise and false-positive results. It is very important
though, that in this case the concentration range was in the order of pg/ml, at least
3 orders of magnitude lower than our previous results. That confirms not only that
paper-based devices can be used similarly to an ELISA microtite plate test, but also

that their sensitivity can be high and comparable to standard lab-based tests.

4.5 Laser-patterning of other porous materials

To further explore the compatibility of this technique, some initial experiments were
conducted, that involved patterning of other porous materials. The photopolymer and
solvent used here were SubG and acetone and the laser was a 405 nm c.w. laser. The
results of these patterning experiments for the different materials are shown in Fig.
4.33. First of all, the result of patterning glass fibre filter is shown in Fig. 4.33a, the
patterned channels (with different barrier widths) were able to contain and guide the red-
ink through them. In addition, a T-shape structure shown in Fig. 4.33b was patterned
in fabric, which faithfully contained and guided the flow. Finally, Fig. 4.33c and 4.33d
show the polymerised patterns in Polyvinylidene fluoride (PVDF) and printing paper

respectively.
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FIGURE 4.33: Images showing the results of patterning different porous materials using
the LDW technique such as (a) glass fibre filter, (b) fabric, (¢) PVDF, (d) printing

paper.

4.6 Conclusions

In this chapter, we have demonstrated laser-based patterning of cellulose paper for the
creation of fluidic structures via photo-polymerisation. This LDW procedure is non-
contact, thus it offers the advantage of minimizing cross-contamination that could arise
during fabrication, it is non-lithographic and mask-less and we have shown its utility in
the fabrication 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 pm, the smallest
that have been reported so far in the literature, which will allow for miniaturisation of the
diagnostic sensors, and therefore a corresponding minimal use of reagents. The process is
ideal for rapid prototyping at preliminary trial-device fabrication stages and also for final
device optimisation. Since the laser energies used are relatively low, the laser required
for the process is relatively inexpensive. This means that the infrastructure required
for this technique is not expensive and several lasers could even be used in parallel to
speed up the process considerably and increase the production volumes. We believe that
this technique is therefore ideal for use in mass-manufacturing of paper-based medical

diagnostics.

We have additionaly demonstrated that this 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. 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
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to create microfluidic channels and barrier-walls with dimensions of ~100 pm and ~60
pm respectively, the smallest values that have been reported so far in the literature.
We believe that this technique could be an ideal choice for rapid fabrication and mass-
production of nitrocellulose-based microfluidic devices that can be used for a variety of

applications such as clinical diagnostics and analytical chemistry.

We have also demonstrated that these devices can be used for different detection tests,
either simple step in the case of BSA, glucose and nitrite detection, or multi-step in the
case of CRP detection. More importantly, we have demonstrated that these devices can
be used for the detection of CRP in human bodily fluid samples, whether these were
spiked, healthy or with elevated levels due to a condition of the subjects. There are
also several advantages of using a laser-patterned paper-based device for these assays.
Most important is the fact that the reagents and sample volumes used are only 2 ul per
square well which is much lower than the usual 100-200 ul used in a standard ELISA
test. This cuts down on the cost of the assay considerably, as reagents are typically
very expensive. 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 presented here require about 3 hours in total to complete, compared to 6
or more hours required for a standard ELISA test. Additionaly, the cost of the paper
device is 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.






Chapter 5

Laser direct-write of advanced
structures in paper-based devices

for fluidic delays

5.1 Introduction

Ever since the first proposal from the Whitesides group in 2007 [68, 124], 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 analytical
assays. The demand for low-cost alternatives to conventional diagnostic tools has been
the driving force that has spurred significant developments in this field. A range of
diagnostic assays, ranging from lateral flow type semi-quantitative diagnostic assays to
multiplexed tests have already been implemented using such paper-based fluidic devices

64, 66, 78, 87].

Several approaches which include photolithography [117], followed by wax printing
[85, 118], inkjet printing [109, 110], plasma oxidation [104, 119], laser cutting [120] and
flexographic printing [113] have been used for fabricating paper-based fluidic devices.
We have recently reported the use of a laser-direct-write (LDW) approach for creat-
ing fluidic patterns in porous media, namely cellulose paper and nitrocellulose mem-
branes [92, 93]. 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 fluidic channel walls. Since it is non-contact in nature, the

possibility of contamination being introduced during patterning procedures is thereby

83
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significantly reduced. Finally, and most importantly, it is suitable 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 consist of intercon-
nected hydrophilic channels demarcated by hydrophobic polymerised barrier walls that

extend through the thickness of the paper, with feature dimensions below a value of 100

pm.

Research into the development of methodologies to control, 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 [125, 126]. In addition
to this, a number of additional attributes could be incorporated though controllable fluid
flow, such as fluidic diodes and valves [127, 128], timers and metering [129, 130], fluidic
batteries [131, 132], and such desirable multi-step sample processing sequences have

already been reported in the literature [133, 134].

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 [104, 128], modification of the topology and geometry [125, 135], addition of
dissolvable chemicals [126, 127], and creation of physical barriers [136], 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 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 function of the devices. Finally, flow control through modifications of
the topology and geometry can increase the fluidic path dimensions, which in turn leads
to both a decrease of the fluidic wicking rate and an increase of the required sample and

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
fluidic patterns and devices made up of interconnected channels and reaction chambers.
The LDW method (described in references [92] and [93]) uses lasers to create fluidic
patterns in paper via the light-induced polymerisation of a photopolymer previously
impregnated in the paper. Laser-scanning of the paper substrate results in the creation

of hydrophobic photopolymer tracks that extend throughout the thickness of the paper,
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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 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. Part of this chapter has been published in [137]

The schematic in Figure 5.1a shows a simple fluidic geometry that can be used to produce
delay barriers via either of the two following methods, (1) by controlling the depth of
solid/impermeable barriers (as shown in Figure 5.1b) 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 Figure 5.1¢) that allow controlled leakage of
the fluids. As described and discussed in the later sections, the 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 paper-patterning methods, 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.

o UrOSSpection Hyarophilic
) channel Basic layout
Hydrophobic Finishing line
barriers Cellulose paper
(30 mm diameter)
b Fow 15mm Delay barrier
Solid barriers Fluidic pattern
Starting line
C Source pad
Porous barriers (8 layer cellulose stack)

FIGURE 5.1: 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.
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5.2 Experimental section

5.2.1 Laser setups and materials

The lasers used for the direct writing process were a Q-switched Nd: YV Oy 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 (used for
method 1 as outlined above, and shown in Figure 5.1b) 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 5.1c).

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.

5.2.2 Creating Fluidic Delays

We first patterned fluidic channels with the design geometry shown in the schematic
of Figure 5.1d, 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
405nm [92]. 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
positioned them at the wider end of the funnel-shaped inlet of the channel, and loaded it
with a comparatively large volume of fluid (~40 uL) the stack serving as a continuous

reservoir of liquid.

During our earlier studies into the fabrication of fluidic channels using pulsed laser irra-
diation, 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 5.2a. Slower scanning speeds produced

polymerisation through the full depth of the paper, while faster scanning speeds led to



Chapter 5. Laser direct-write of advanced structures in paper-based devices for fluidic
delays 87

photo-polymerisation only in the upper portion of the paper, thus creating partial bar-
riers 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.
Higher writing Lower writing
speed: speed:
Polymerisation of Polymerisation of
smaller depth bigger depth

& Development

And final device

Faster liqud Slower liquid

a flow rate flow rate
Lower fluence: Higher fluence:
Polymerisation barriers Polymerisation barriers
with lower density with higher density

* K

&, Development
And final device

Faster liquid Slower liquid
b flow rate flow rate

FIGURE 5.2: Schematic of the fabrication of polymerised barriers of: (a) variable depth

inside the paper substrate; (b) variable degree of polymerisation extending throughout

the full thickness of the paper. Both methods allow for controlled wicking, and variable
flow delays.

An alternative approach, as illustrated in Figure 5.2b 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. 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 the fibrous strands, without forming a completely impermeable barrier.
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Figure 5.3 illustrates the difference between such solid and porous polymerised barriers.
As shown in Figure 5.3a, 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 5.3b. Blue ink was added to the sample in

Figure 5.3a to enhance the contrast between the paper substrate and the lines.

a  Solid barriers not extending throughout the thickness
| Bottom

Porous barriers throughout the full thickness

Top i | ? Bottom

2_m+ | |

e
aman
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.

FI1GURE 5.3: 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.

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 investigation of delay as a function of positions and numbers of
barriers. Since both the fluidic channel walls and delay barriers 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.
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5.3 Results and discussion

5.3.1 Method 1: Delay via solid barriers created by pulsed laser writ-

ing.

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 5.4, which shows that an increase in the writing speed from 0.3 mm/s to
1.5 mm/s leads to an decrease in the depth of the barrier from ~90% to ~10% of the
thickness 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 Figure 5.5a, 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 differing depths, which can be calculated

from the plot in Figure 5.4.

As shown in Figure 5.5b and 5.5¢, 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 5.5b and 5.5c are images taken 2 min and 3 min after the introduction
of ink, and as seen in Figure 5.5b, 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.

To quantify the flow delay versus writing conditions, we used the arrangement of figure
5.1d, which is shown in greater detail in Figure 5.6, using 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
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F1GURE 5.4: Comparison between the depth of the polymerisation in the paper and
the delay barrier writing speed. Error bars indicate the standard deviation for 3 mea-

surements.

FI1GURE 5.5: Image showing the delay of the liquid flow after introduction of blue ink
in fluidic channels with barriers created using different writing speeds.

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 5.6a)
in each of the pre-defined device. 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 ~20 % to ~90% of the thickness of the paper
(as shown in Figure 5.4). We have quantified the ability of the barriers to delay the
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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 (5.1)

Delay factor =
cray tactor Flow time for a channel without barriers
The results for the delay factor are plotted in Figure 5.7 which show an increase in the
delay factor from ~1.1 to ~1.6 with an increase in the barrier depth from ~20% to
~90%.

Designed barriers layout Designed barriers layout

Finishing line Finishing line

Barrier P4

Barrier P3

. Barrier P2

Barrier P1 Barrier P1
Starting line Starting line

Source pad Source pad

FIGURE 5.6: Schematic representation of designed barrier layout showing the position
of delay barriers (P1, P2, P3 and P4).
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FIGURE 5.7: 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 3 measurements.
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5.3.2 Method 2: Delay using 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 (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 Figure
5.6.

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 Figure 5.6b. A compre-
hensive 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 percentage

delay were calculated as for method 1.

We first did a comparative study for barriers patterned with 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 5.6b, 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 5.8a, 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 Figure 5.8b. 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 5.8c and 5.8d, which are based on the use of multiple barriers,
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 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 conditions
(200 mm/s scan speed and 20 mW laser output power) at different positions (P1 P4)
as show in Figure 5.6b, and then studied the fluid delay. The plot of the fluid delay
versus the position of the porous barrier is shown in Figure 5.9. 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 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.
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FIGURE 5.8: 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; (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 3 measurements, and
lines are a simple guide for the eye.

The volume before the delay barrier acts as a pump for subsequent flow, thus affecting
the flow rate after the barrier. As shown in Figure 5.6b, the closer the barrier is to the
starting line, the smaller the source volume is, and this leads, we suggest, to a lower

pump force and hence a lower flow rate and larger fluid delay.

5.3.2.1 Weight measurements of porous barriers

In order to establish the difference in porosity or polymer-filled volume, weight measure-
ments of the polymer lines were considered. Several same-size samples were prepared
with the same number of lines but different laser fluences, ranging from ~0.1 J/cm? to
~1.7 J/em?. The paper substrates were weighted before and after the laser-based pat-
terning, specifically before the introduction of the polymer (blank paper) and after the
unpolymerised polymer was removed and the paper was dried to remove any remaining
solvent. The first weight measurement was then subtracted from the second to obtain
the total weight of the polymer on every paper substrate. The polymerised lines though,
have different widths depending on the laser fluence used for their fabrication. Therefore
the weight /volume had to be calculated from the total weight of polymer for each paper

substrate. The results of these measurements and calculations are shown in Fig. 5.10,
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FIGURE 5.9: 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 3 measurements, and the line is a guide for the eye.

and they clearly show the correlation between the weight/volume unit of the polymer
and the laser fluence used. This shows that indeed, the higher the laser fluence used for
the fabrication of the polymer structures, the higher the density of the polymer, and

therefore its capability as a flow-delay mechanism.

08
07 *

06 *
05 ¢

0.4

0.3 *

0.2

Weight/volume {mg/mm?3)
L 2

0.1

0 0.2 0.4 06 0.8 1 1.2 14 1.6 18
Fluence (J/cm?)

FIGURE 5.10: Plot showing the correlation between the fluence used to prepare polymer
structures and their weight/volume.
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5.3.3 Multiple fluid delivery using delaying barriers

Implementation of automated paper-based devices (as described by Apilux et al. and
Lutz et al. [125, 126]) 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 lig-
uids (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 earlier, we demonstrate the usefulness of our
method to fabricate such automated paper-based tests. Figure 5.11 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 5.11, 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.

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
comparatively large volume of fluid (~40 pL) in to each channel, and also serves as
a continuous reservoir of liquid (Figure 5.11). 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. Figure 5.11a 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 min) and continued to flow onwards until the fluid in channel 3 (with weaker delay
barrier) arrived at the intersection (after 10 min). Thereafter, the fluids from these two
channels mixed and flowed forward until the arrival of the fluid from the third channel
(with the 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 three 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
5.11b. When compared to the (blank) channel 2 that did not have any delay 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 demonstrate the

use of this strategy to fabricate devices that can implement multi-step ELISA protocols.
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FIGURE 5.11: 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 bar-

riers; 3.weaker delay barriers). (a) Sequential images showing the arrival of BSA from

each channel at different times; (b) Sequential images showing the arrival and mixing

of black and red ink from three separated channel and the subsequent mixing of the
inks.
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5.3.4 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 example 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 Figure 5.11 were
used to realise a multistep enzyme-based immunoassay that allowed for the detection of
CRP. As shown in Figure 5.12a, the three individual arms of the device were used to
sequentially deliver the three different reagents - channel 1 delivered streptavidin-HRP;
channel 2 delivered the sample; channel 3 delivered the detection antibody through to
the capture antibody which was immobilized in the detection zone (identified in the
image with a rectangular frame). As mentioned earlier, the device geometry and the
delay mechanism used were the same as those in Figure 5.11, except that an additional
cellulose absorbent pad was attached at the end of the detection 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 purchased from R&D Systems, Inc. (UK). All the anti-
bodies used were from this kit and were diluted to the working concentrations of 3.6
pg/mL and 162 ng/mL for capture antibody 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 in PBS).

The capture antibody was pipetted at four distinct spots 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 simultaneously pipetted onto
the source pads 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 immobi-
lized therein. After 30 minutes, the whole device was washed three times using PBS
for five minutes each. Finally, the colorimetric substrate TMB (Tetramethylbenzidine)
was added at the reaction 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 an-
other 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
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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 5.12b and 5.12¢ 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 CPR in the sample.
Figure 5.12d 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
5.12b is greater than that in Figure 5.12¢, and this relates to the higher concentration of
CRP in the corresponding samples that were used in the two 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 5.12b and 5.12c 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 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.

5.4 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 writing speed. Both types of barriers yield similar results for control
over the fluid flow. 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 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,
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FI1GURE 5.12: 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

immobilized capture antibody in the detection zone. (b), (¢) and (d) are photos of the

CRP ELISA result on the device for different sample concentrations of 10 pg/mL, 100
ng/mL and no sample respectively.

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 realizing single or multistep analytical tests.






Chapter 6

Rapid and mask-less
laser-processing technique for the
fabrication of microstructures in

polydimethylsiloxane

6.1 Introduction

The general idea and target of the work described in this thesis, as can also be seen in the
previous chapters, was the utilisation of laser direct-write techniques for the fabrication
of devices with biomedical applications. In a similar vein, the following chapter shows
the results of our work on developing a novel technique for the creation of micro-contact

printing (uCP) devices.

More precisely, we report a rapid laser-based method for structuring polydimethylsilox-
ane (PDMS) on the micron-scale. The novelty of this method is that it is mask-less
as it uses a digital micro-mirror device (DMD) (Fig. 6.1) to create arbitrarily shaped
structures via either ablation or multi-photon photo-polymerisation in a master sub-
strate, which is subsequently used to cast the complementary patterns in PDMS. This
patterned PDMS mould was then used for micro-contact printing of ink and biological

molecules.

A range of methods such as wet chemical etching, reactive-ion etching [138, 139], light
induced patterning [140], decal transfer microlithography [141], the bond-detach method
[142], and print-and-peel [143] approaches (such as photo-copying [139] and solid-object
printing [144, 145]) have been utilised for creating patterns in PDMS through the use

101
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FIGURE 6.1: Photographs showing micromirrors of a DMD.

of a master. However, one of the most commonly used approaches for the structuring of
PDMS for such applications is through the creation of a pattern in either a photoresist
(SU8), or in a film of SiO2 or SisNy or metal on a Si or SiO2 substrate to produce
a master mould that is used to cast the PDMS [146, 147]. This more often than not
involves the use of a clean-room based UV-lithographic procedure that utilizes custom-
designed masks for the creation of a master-mould. The structures that are formed in
the master are then duplicated by casting PDMS on it to produce a secondary-mould
of PDMS which is then used for end applications in micro-contact printing or, by itself

as a fluidic substrate.

Even though this lithographic procedure can routinely produce high-resolution micron-
scale structures, the procedure, by its very nature, is both expensive and time-consuming.
Instead, in this chapter, we demonstrate, for the production of the master and hence
the secondary PDMS-mould, a rapid and flexible alternative to the expensive UV-
lithographic procedure. The method described here is a mask-less laser-based direct-
write procedure that does not rely on cleanroom access, but can rather be done in a
traditional laboratory setting. As in soft-lithography, the creation of the PDMS-mould
via the mask-less approach shown here, occurs in two steps, and allows the creation of
high-quality micron to millimetre-scale features in PDMS. The process is generic, and
the mould material is not limited to PDMS, but can also be used to create structures
in a wide range of other materials, with the added advantage of being able to fabri-
cate complex and differently-shaped structures adjacent to one another, in a single laser
patterning step. Furthermore, through a simple step-and-repeat procedure it is then
possible to stitch together a 2D array of complex patterns over a larger area of several

cm2 .

This laser-based direct-write method uses a DMD as an intensity spatial light mod-

ulator in order to produce a user-defined laser light pattern for the creation of the
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complex structures. The master-mould with user-defined pattern was created by either
laser-ablation or multiphoton polymerisation [148-151], which are commonly employed
laser-based techniques extensively used in materials patterning. Patterns that are com-
plementary to the two-dimensional surface relief patterns created in the master-mould
were then produced in a PDMS mould. To demonstrate the applicability of this laser-
based procedure, we also present the results from the use of a laser-patterned PDMS
mould for micro-contact printing of ink and fluorescently-tagged biomolecules. Part of

of the work presented in this chapter has been published in [98, 152-154].

6.2 Micro-contact printing

Soft lithography is a technique complementary to photolithography. Whereas pho-
tolithography was mainly developed and adapted to fabricate semiconductors in the
microelectronics industry, soft lithography extends its possibilities as it can process a
wide range of elastomeric and mechanically soft materials. Materials such as polymers,
gels and organic monolayers can be used with soft lithography, although PDMS has
been the material of choice due to its inherently useful properties such as low cost, bio-
compatibility and low toxicity, chemical inertness, as well as mechanical flexibility and
durability. Soft lithography is not a single fabrication technique, but rather a collection

of fabrication methods based on using patterned PDMS.

Microcontact printing is a form of soft lithography that uses the relief patterns on a
master PDMS stamp to form patterns of molecular ink on the surface of a substrate
through conformal contact (Fig. 6.2). In this case, the patterned PDMS is used as a
stamp. The side of the PDMS that has the patterned features is first immersed in the
ink and then brought into contact with a substrate in order to transfer the ink onto the
substrate surface. Therefore, only the ink from the raised features of the PDMS mask

will be transferred.

Creation of the master is done using traditional photolithography techniques as seen
in Fig. 6.3. The master is typically created on silicon, but can be done on any solid
surface. Photoresist is applied to the surface and patterned by a photomask and UV
light. The master is then baked, developed and cleaned before use. In typical processes
the photoresist is usually kept on the Si wafer to be used as a topographic master
template for the stamp. However, the unprotected silicon regions can be etched, and
the photoresist stripped, which would leave behind a patterned wafer for creating the

stamp. This method is more complex but creates a more stable template.
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FIGURE 6.2: Schematic showing the micro-contact printing technique (From [155]).

After fabrication, the master is placed in a walled container, typically a petri dish, and
the PDMS mixture is poured over the master. The PDMS mixture, in most applications,
is a 10:1 ratio of silicone elastomer and a curing agent. This mixture consists of a short
hydrosilane crosslinker that contains a catalyst made from a platinum complex. After
pouring, the PDMS is cured at elevated temperatures to create a solid polymer with
elastomeric properties. The stamp is then peeled off and cut to the proper size. The
stamp replicates the complementary features of the master: elevated regions of the stamp

correspond to indented regions of the master and vice versa.

Inking of the stamp occurs through the application of a solution to it, either by immersion
or by coating of the stamp. The highly hydrophobic PDMS allows the ink to be diffused
into the bulk of the stamp, which means the solution stays not only on the surface,
but also inside the stamp material. This diffusion into the bulk creates an ink reservoir

which allows the stamp to be used for multiple prints before having to re-ink it. The
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FIGURE 6.3: Schematic showing the traditional fabrication technique of the master
and mould for micro-contact printing (From [155]).

stamp is left to dry until no liquid is visible on the surface and an ink reservoir is thereby

created. The stamp is then ready for contact printing.

The application of the stamp to the substrate is easy and straightforward which is one
of the main advantages of this process. The stamp is brought into physical contact
with the substrate and the solution is thus transferred to the substrate. The solution is
therefore area-selectively transferred to the surface based on the features of the stamp.
Printing can also take place on a planar surface by using a rolling stamp and can even

happen on curved surfaces, as the stamp is flexible.

Microcontact printing has several advantages which makes it a good candidate for pat-
terning surfaces. It is very simple and easy to create patterns with micron-scaled fea-

tures, stamping can be done in a normal laboratory instead of a cleanroom, the same
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master can be used to create multiple stamps and individual stamps can be used many

times with minimal degradation.

6.2.1 PDMS

PDMS finds widespread use as the platform for the fabrication of microfluidics-based
LOC devices [146, 156]. It is also a material of choice in micro-contact printing for the
creation of a mould that is then repeatedly used for stamping an array of specifically
desired biological molecules [147, 157]. The popularity of PDMS in such biological appli-
cations stems from some of its distinctive characteristics which include biocompatibility,
elasticity (which allows it to be flexibly moulded into the desired shape and be released
from a rigid and complex 3D master mould), optical transparency down to ~230 nm,
chemical and thermal stability, isotropic nature, homogeneity, durability and low-cost
[146, 147, 156]. These characteristics lead to its selection as a material of choice for
microfluidics-based LOC devices and applications in micro-contact printing. However,
its ability to be moulded or structured is the key advantage, as this allows the formation
of embedded structures, such as fluidic channels, and surface relief structures, such as

upstanding blocks or pillars.

There are, though, several limitations in using PDMS as a yCP stamp. It is highly
hydrophobic which does not allow polar inks to be used, while proteins tend to denature
on such hydrophobic surfaces [158]. Hydrophobic surfaces also require longer inking
times to create homogenous films on the substrate. Another drawback is its mechanical
stability, which leads to stamp deformation during removal from the master and during
the printing on the surface, thus limiting the resolution of the features. The aspect
ratio of the features influences the deformation of the features: if the aspect ratio is
high, buckling and lateral collapse is possible (Fig. 6.4a), and if the aspect ratio is
low, roof collapse may occur causing contact between the stamp and the substrate in
regions where it is not desirable (Fig. 6.4b). Moreover, diffusion along the surface and
through the gaps between the features reduces the resolution significantly and produces
background noise (Fig. 6.4c) [159]. Finally, although many chemicals do not react with
PDMS as it is relatively inert, most organic solvents induce swelling, making it unusable

as the dimensions of the features are changed.

6.2.2 Applications of micro-contact printing

The micro-contact printing technique has many different applications including in mi-
croelectronics, surface chemistry and cell biology, depending on the type of ink and

substrate used [160].
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FIGURE 6.4: Pattern resolution on a PDMS stamp can be limited by (a) buckling, (b)
roof collapse and (c¢) diffusion phenomena.

Microcontact printing has also applications in micromachining [161] with inking solutions
commonly consisting of a solution of alkanethiol. This method uses metal substrates with
the most common metal being gold. However, silver, copper, and palladium have been
proven to work as well. Once the ink has been applied to the substrate the printed
layer acts as a resist to common wet etching techniques allowing for the creation of
high resolution patterns. Because of the microcontact printing technique, no traditional

photolithography is needed to accomplish these steps.

The patterning of proteins has helped the advancement of biosensors [162], cell biology
research [163], and tissue engineering [164]. Various proteins have been proven to be
suitable inks and are applied to different substrates using the microcontact printing
technique. Polylysine, immunoglobulin antibodies, and different enzymes have been
successfully placed onto surfaces including glass, polystyrene, and hydrophobic silicon.
Microcontact printing has also been used to advance the understanding of how cells
interact with substrates. This technique has helped improve the study of cell patterning
that was not possible with traditional cell culture techniques. Successful patterning of
DNA has also been done using this technique [165]. The reduction in time and DNA
material, as well as the reusability of the stamp, are the critical advantages provided by

this technique.

6.3 Experimental setup and methods

Figure 6.5 shows a schematic of the laser-based patterning set-up used for this work.
The laser used was a Ti:sapphire ultrafast amplifier (Coherent Legend-F, seeded by a
Coherent Mira-900 oscillator), with a central wavelength of 800 nm, pulse length of
150 fs, repetition rate of 1 kHz, and a pulse energy of ~2 mJ. Patterning was effected
by reflecting the laser light from a digital micro-mirror device, which is a pixelated
programmable mirror array. DMDs are widely used in video projectors, and can operate
in the visible and near-infrared spectrum, have fast switching speed of up to 32 kHz,
and they are quite inexpensive (a few 100 GBP). The DMD used in these experiments
was from Texas Instruments (DLP3000), had an array of 608 x 684 mirrors, each of
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width ~7.6 ym and horizontal and vertical centre-to-centre distances of ~10.8 ym.Each
mirror in the array was individually programmed to either turn on or off (by loading a
static black and white bitmap onto the DMD), corresponding to a change in the angular
deviation of the mirrors on their supporting-hinge by an angle of either +12° or -12°
with respect to the surface of the device. This pattern was then used for subsequent

laser machining of the sample, at a typical fluence of ~1.7 J/cm?.
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FIGURE 6.5: Schematic of the DMD-based laser patterning set-up.

In order to ensure illumination of the DMD by a uniform light intensity pattern, the
Gaussian spatial beam profile of the laser was homogenised and transformed into a
top-hat intensity profile using a refractive element (m-shaper, model 66, from www.
pishaper.com). As shown in Fig. 6.5, using appropriate relay optics (mirrors M, flip
mirrors FM, lenses L, dielectric mirror D) and imaging optics (a 50x objective, NA=0.55,
Nikon) the intensity pattern immediately after the DMD was de-magnified onto the
sample. A co-axial imaging setup that used a white light (WL) source and a CCD
camera allowed real-time observation of the DMD-assisted laser-machining of the work-
piece. The sample was mounted on a computer-controlled three-axis translation stage to

allow precise positioning of the sample within the image-plane, and for stitching together
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an array of individually created patterns. Using this DMD-based laser-machining set-up
it was possible to pattern an area of ~30 pm x 30 pum via a single laser pulse. However,
when combined with step-and-repeat techniques, at laser repetition rates of 1 kHz and
single pulse energies of ~1 mJ, it is possible to achieve a final patterned area of around

1 cm? (with micron-scale feature sizes) within reasonable (less than 1 hour) time scales.

In standard UV-photolithography, in addition to the time required for the fabrication
of a custom-designed mask, the subsequent steps of spinning, patterning, developing,
deposition or evaporation and wet-etching can be time-consuming, and will then produce
only pre-specified patterns. As a direct comparison with regards to cost and time, the
approach presented here is a mask-less procedure, with complete freedom over feature
design, and hence the cost, availability and fabrication of designer or one-off structures

compares very favourably.

In order to create a master-mould with the desired set of patterns, experiments using two
distinct approaches (Fig. 6.6) namely laser-based ablation and laser-based multiphoton

polymerisation have been performed.

d Bi>Te b Resist

Glass Glass

Glass @

Glass

FIGURE 6.6: Schematic of the two DMD-based routes used to pattern a master via
(a) ablation, and (b) multiphoton-polymerisation of the DMD-based laser patterning
set-up.
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6.4 Results and discussion

6.4.1 Laser-based ablative patterning

For the first case we chose to fabricate the master via ablation of a ~1 um thick bismuth
telluride (BigTes) film that had been sputter-coated onto a glass substrate, although any
material that can be ablated could have been used. The first set of experiments included
ablation of a two-dimensional array of 10 x 10 square trenches, with each square having a
dimension of 30 ym x 30 um and a centre-to-centre separation of ~50 ym. Each square
trench was ablated in the BisTes film using 10 sequential laser pulses with a fluence
of 1.7 J/em?. We chose to create an array of simple square patterns so that, following
PDMS casting, the secondary-mould would have the complementary square pillars which
are best suited for the subsequent contact printing experiments. Also, these initial set
of experiments allowed us to identify the laser conditions required for the creation of
well-defined features. It was found that 10 pulses was the minimum number required
to produce structures with shapes having good fidelity with the DMD-projected image
pattern, good verticality and extended throughout the entire thickness of the BisTeg
film. The size of the features ablated were on the order of microns, however, using the

same set-up, features with sizes of <400 nm were demonstrated [56].

To demonstrate the advantage offered by this direct-write procedure in the production of
an array constituted of features with varied shapes and sizes, the second set of ablative-
patterning experiments involved the ablation of different shapes (a square, a triangle and
a circle) in a single step, via a different DMD pattern. The incident fluence was kept at
1.7 J/em? however 100 pulses were used to ablate the pattern-set. It should be noted here
that 10 pulses were actually sufficient to ablate the pattern-set but additional pulses were
employed as a means to clean up any debris that might have remained on the underlying
glass substrate. Multiple step-and-repeat ablations resulted in the formation of an array
within ten minutes, with lateral dimensions of a few hundred microns. Fig. 6.7a shows
an image of DMD-ablated BiTe film acquired using an interference-based surface profiler
(ZeScope from Zemetrics). The inset in Fig. 6.7a shows the black/white bitmap pattern
that was loaded onto the DMD. In this work, white regions of the bitmap correspond to
the presence of laser light on the target sample, whilst black regions correspond to no

laser light.

These ablated patterns were then used to form a secondary-mould in PDMS. A 10:1
mixture of a PDMS base and a curing agent was mixed thoroughly, de-gassed to remove
trapped air-bubbles, and poured onto the patterned BisTes film. The mixture was
allowed to set at 90°C for one hour. As shown in Fig. 6.7b, this led to the creation
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FIGURE 6.7: Image (a) shows a 2D array of 10 x 30 shapes formed in a ~1 pm thick
BiyTes film via DMD-ablation. The black/white inset shows the bitmap loaded onto the
DMD for ablation of the BisTes film; (b) shows a complementary 2D array of 10 x 30
shapes (circles, triangles and squares) formed in PDMS using the BisTe3 mould in figure
6.7a. Images have been taken using an interference-based surface profiler. The depths
of the ablated features, and hence the corresponding heights of the upstanding PDMS
structures was measured to be ~1 ym. They however appear to be >1 um because the
images have been adapted through the profiler software for better visualisation.

of a complementary micron-scale two-dimensional pattern of upstanding structures in
PDMS.

In order to show that this technique can be used for different and more complex shapes,
a different image that included a star and a polygon was used as the input of the DMD.
The same ablation was done on a BisTes film, keeping the same fluence and number of
pulses as before. The results on the ablated BisTes film can be seen in Fig. 6.8a, along
with the profile measurement of the ablated regions showing that the ablation was done
through the whole film and therefore the features were ~1 pm deep (Fig. 6.8b). This
pattern was then used to create a PDMS mould which can be seen in Fig. 6.8c, along
with its profile measurement that shows that the features have been clearly transferred

on the mould and have the same height as in the master (Fig. 6.8d).

As the thickness of the BisTes film that was patterned through ablation via the DMD
was of the order of ~1 pm, the features formed in the PDMS mould also had heights
of ~1 pum, but features with greater heights can readily be formed from higher aspect

ratio ablated master-moulds.

6.4.2 Laser-based photo-polymerisation

In this section, we demonstrate an additional approach that relies on DMD-based
multiphoton-polymerisation for the creation of the master-mould. This approach al-

lowed us to produce patterns with feature depths (in the master) and heights (in the
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FIGURE 6.8: Image (a) shows a 2D array of shapes formed in a BizTes film via DMD-
ablation, which acts as the master in this experiment, (b) shows the profile measure-
ments of the master, showing ~1 pum deep features, (c) shows the complementary 2D
array formed in PDMS using the BiyTes master in figure 6.8a, and (d) shows the profile
measurements of the PDMS mould. Images have been taken using an interference-based
surface profiler. The depths of the ablated features, and hence the corresponding heights
of the upstanding PDMS structures was measured to be ~1 um. They however appear
to be >1 pum because the images have been adapted through the profiler software for
better visualisation.

PDMS mould) of ~10 pm. To validate this route we first spin coated a ~10 pm thick
film of a photo-sensitive polymer (a silicon/zirconium hybrid negative resist) onto a
glass substrate [166]. In order to produce a primary mould that had square holes, and
hence a secondary PDMS mould that had upstanding square pillars, a DMD pattern
that consisted of a square-ring/frame (as shown in the inset of Fig. 6.9c) was used,
and stitched together to form an overlapping 2D array of structures. This is because
unlike simple ablation wherein an imaged square would ablate and hence remove mate-
rial to form a corresponding square hole, for the case of photo-polymerisation (with a

negative resist), a square image pattern would result in the photo-polymerisation of the
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corresponding square-area which then remains insoluble during subsequent development
of the photo-polymer. This would then result in the formation of upstanding square
pillars in the master, contrary to what is desired. Instead, if a square frame is projected
using the DMD, since light is present only in the outer square-frame, (the white area
in Fig. 6.9c inset), it is only this exposed area that undergoes photo-polymerisation,
and is rendered insoluble during subsequent development. This will hence result in the
formation of an array of wells in the master. Fig. 6.9a shows a 2D array of wells created
in the negative resist via DMD-photo-polymerisation using a square-frame pattern and
Fig. 6.9b shows the 2D array of the complementary pattern formed in the secondary
PDMS mould using this master. Fig. 6.9c¢ shows the black/white bitmap image of the
square frame that was projected via the DMD onto the resist for photo-polymerisation.
Fig. 6.9c also shows the array of square frames that have been stitched together in the
resist through a step-and-repeat illumination by the square frame pattern. The green
square in the image is the fluorescence captured in real-time by the CCD camera used
for the visualisation of the patterning procedure. As earlier, images shown in Fig. 6.9a

and Fig. 6.9b have been acquired using an interference-based surface profiler.

(m]

FIGURE 6.9: Images showing (a) a 2D array of wells formed via DMD-photo-
polymerisation of a resist; (b) a 2D array of the complementary pattern formed in
PDMS using the mould in (a), where both images have been taken using an interference-
based surface profiler. Part (¢) shows a CCD image of the step-and-repeat procedure in
action, where the observed green fluorescence arises from illumination of a dye mixed
in with the resist, for the purpose of alignment. The inset shows the DMD pattern that
was used (white = laser light, black = no laser light). The heights of the upstanding
PDMS structures in Fig. 6.9b were measured to be ~10 pm. As in Fig. 6.9b, they ap-
pear to be >10 pm because the images have been adapted through the profiler software
for better visualisation.

6.5 Micro-contact printing of ink and proteins

Finally, to demonstrate the usefulness of this PDMS structuring approach for micro-
contact printing, this PDMS-mould, which was composed of an array of surface-relief
pillars was used to contact-print a pattern onto a glass substrate. Fig. 6.10a shows the

secondary PDMS mould structured with an array of surface relief square patterns that
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were produced using the BisTes master mould formed via the DMD-based ablative route.
The PDMS mask was first inked by dipping it for a few seconds in a black ink solution
prepared by simple dilution in water. The inked PDMS mask was then contacted for
a few tens of seconds with a glass slide by applying gentle pressure. The PDMS mask
was detached and the ink pattern transferred onto the glass slide was imaged under an
optical microscope. Fig. 6.10b shows the optical microscope image of the array of square

ink patterns produced on the glass-slide.
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FIGURE 6.10: Images showing (a) PDMS-mask fabricated via DMD-ablation, (b) com-
plementary ink-pattern.

Prior to the inking of the PDMS mould, to allow for adhesion of the water-based ink,
it was necessary to render the PDMS surface hydrophilic, which required its treatment
with oxygen (at 200 mTorr with a flow-rate of 90 sccm/min) in a plasma etcher for
20 s at 20 W. Figure 6.11 shows the contact angles of water droplets on PDMS that
was treated with plasma and PDMS that was untreated. As shown here, the untreated
hydrophobic PDMS had contact angles between 93° - 97°, whereas PDMS that had been
treated with plasma was highly hydrophilic with contact angles between 20° - 22°, thus
ensuring that the solution will diffuse faster and will cover the whole area of the stamp

more easily.

In a further experiment a similar PDMS stamp was then used to contact-print an array
of fluorescently-tagged biological molecules. Using a similar routine we were able to
form an array of tetramethylrhodamine isothiocyanate (TRITC)-labelled Bovine Serum
Albumin (BSA) on a pre-cleaned glass slide. 30 ul of a TRITC-labelled BSA solution (0.1
mg/ml) was pipetted onto the PDMS stamp. The stamp was then kept in the dark for 30
minutes for the BSA to be adsorbed onto the PDMS stamp, as the fluorescent proteins
are photo-bleached after some time under normal light. Finally, the stamp was blow-

dried with No and pressed onto a clean glass slide for ~30 s to transfer the biomaterial.
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FIGURE 6.11: Contact angles of PDMS after plasma treatment and of untreated PDMS.

The contact-printed array was subsequently imaged using a fluorescent microscope. The
tagged biomolecules were excited at a wavelength of 547 nm and the fluorescence at
572 nm was observed and imaged. Figure 6.12 shows an image captured using the
fluorescence microscope. The white squares in Fig. 6.12 are the TRITC-labelled BSA
molecules that fluoresce and hence appear white in this black and white image captured
via the fluorescence microscope. This shows that it was indeed possible to successfully
contact-print the fluorescently tagged biomolecules without damaging them using the
PDMS-stamp (shown in Fig. 6.10a). Since the inked PDMS-stamp was pressed onto the
glass slide using very slight finger-pressure, the pressure imparted through this manual
procedure was non-uniform, which meant that some of the upstanding squares in the
PDMS-stamp were unable to contact the glass slide and hence transfer the biomolecules.
This is a common problem of uCP and there are several ways to overcome it, such as

by applying pressure on the stamp using an automated actuator.

A different pattern that was prepared on a PDMS mould and looks similar to a square
wave line can be seen in Fig. 6.13a. TRITC-labelled BSA proteins were added on the
mould as previously described and then the mould was used as a stamp to produce the
results seen in Fig. 6.13b. Again, non-uniformity was observed as the stamped pattern is
brighter in certain areas, and this could be attributed partially to the stamping method.
Nevertheless, the design that was patterned on the PDMS mould can be clearly seen on

the glass slide.
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FIGURE 6.12: Image showing fluorescent TRITC-labelled BSA contact printed on a
glass-slide using PDMS mould shown in Fig. 6.10a.
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FIGURE 6.13: (a) Microscope image showing the surface of the PDMS mould, and (b)
fluorescence microscope image showing the stamped pattern of TRITC-labelled BSA
proteins on a glass slide.
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6.6 Conclusions

In conclusion, in this chapter we have presented a rapid laser-based patterning proce-
dure that employs a DMD in conjunction with a femtosecond laser. The laser-based
patterning route was used for the fabrication of the master mould using two different
processes. The first one was a laser-based ablative procedure and the second one was
a laser-based photo-polymerisation procedure. The application for utilising these tech-
niques was micro-contact printing for transferring biomolecules. The laser-structured
master was used to cast a mould that had the inverse pattern of the features of the
master. PDMS was used for the mould as it is the material of choice for pCP appli-
cations and has inherent properties that make it attractive for this type of application.
The patterned PDMS mould was then used to contact print an array of a fluorescently
tagged biomolecule, and microscope photos were obtained to confirm that the proteins

have been correctly transferred.

We believe this laser-based approach can be extended to form complex micron-scale
structures that are not only useful in contact printing applications but also in the fab-
rication of millimetre scale LOC fluidic devices. The flexibility that the use of the
DMD provides, combined with the ease of changing the laser parameters for ablation
or photopolymerisation, allow for rapid fabrication of different designs and patterns in
a range of materials. It is therefore a technique that could compete with traditional

photolithography processes for the fabrication of prototype devices.






Chapter 7

Conclusions and future work

7.1 Conclusions

In conclusion, the several objectives that were set have been achieved during the course
of this work. Several laser-based techniques for the fabrication of POC paper-based
diagnostic sensors have been researched, and the capability for the complete construction

of such a device was reached.

The first target that was achieved was to show the feasibility of laser-transferring un-
damaged antibodies and other reagents on paper in order to manufacture paper-based
medical diagnostic devices. This was demonstrated by the transfer of untagged and
enzyme-linked antibodies on paper substrates that was performed using Laser Induced
Forward Transfer with ns laser pulses. Several different materials were trialled as the
donors that can contain and protect the antibodies during LIFT, and glycerol proved to
be the most suitable option. In order to ensure the stability of the reagents that were
LIFT-printed but also because the donor films used were transparent at the wavelength
of the laser used, there was a need to use a thin gold Dynamic Release Layer. After
the LIFT-printing process, the functionality and immunological reactivity of the LIFT-
printed antibodies was confirmed by developing and demonstrating an ELISA protocol

and establishing the standard calibration curves for the LIFT-printed pixels.

Additionally, it was shown that the localisation of the LIFT-printed pixels and immo-
bilisation of the antibodies, which is a pre-requisite for paper-based diagnostic devices,
was maintained throughout the wet-bench process which further justifies our use of the
spatial patterning ability of LIF'T. This immobilisation of the antibodies through the
LIFT-printing process on the paper surface, also allowed the use of plain cellulose paper

instead of the more expensive nitrocellulose membranes which should help reduce the
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final cost and more importantly allows for the fabrication of devices that do not need
to be confined by hydrophobic barriers in fluidic channels, but can instead work in free-
flow conditions. LIFT was proven to be equivalent to commercial dispensing machines
(BioDot) in regards to the printed volumes of the reagents which is in the range of
nl and the flexibility of the printed designs, although the current setup would not be
able to compete in terms of speed. This work demonstrates that LIFT is a technique
capable of transferring antibodies onto a paper substrate accurately and reproducibly,
and that LIFT is a promising technology for manufacturing immunologic paper-based

point-of-care diagnostic sensors.

Following the LIFT-printing experiments, we demonstrated laser-based patterning of
cellulose paper for the creation of fluidic structures via photo-polymerisation. This LDW
procedure is non-contact, thus it offers the advantage of minimizing cross-contamination
that could arise during fabrication, it is non-lithographic and mask-less and we have
shown its utility in the fabrication 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
pm, the smallest that have been reported so far in the literature, which will allow
for miniaturisation of the diagnostic sensors, and therefore a corresponding minimal
use of reagents. The process is ideal for rapid prototyping at preliminary trial-device
fabrication stages and also for final device optimisation. Since the laser powers used are
relatively low, the laser required for the process is relatively inexpensive. This means
that the infrastructure required for this technique is not expensive and even several
lasers could be used in parallel to speed up the process considerably and increase the
production volumes. We believe that this technique is therefore ideal for use in mass-

manufacturing of paper-based medical diagnostics.

Additionaly, we demonstrated that this 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. 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 ~100 ym and ~60
pm respectively, the smallest values that have been reported so far in the literature.
We believe that this technique could be an ideal choice for rapid fabrication and mass-
production of nitrocellulose-based microfluidic devices that can be used for a variety of

applications such as clinical diagnostics and analytical chemistry.

Furthermore, to strengthen the case that these devices can be actually used for medical
diagnostics, we showed that they can be used for different detection tests, either single-

step in the case of BSA, glucose and nitrite detection, or multi-step in the case of CRP
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detection. More importantly, we have demonstrated that these devices can be used for
the detection of CRP in human bodily fluid samples, whether these were spiked, healthy
or with elevated levels due to a condition of the subjects. There are also several advan-
tages of using a laser-patterned paper-based device for these assays. Most important is
the fact that the reagents and sample volumes used are only 2 ul per square well which
is much lower than the usual 100-200 pl used in a standard ELISA test. This cuts down
on the cost of the assay considerably, as reagents are typically very expensive. 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 presented here
require about 3 hours in total to complete, compared to 6 or more hours required for
a standard ELISA test. Additionaly, the cost of the paper device is incremental com-
pared to the cost of the plastic multi-well plate commonly used in ELISA tests. Finally,
the whole footprint of the device is greatly reduced, allowing for easier and cheaper

transportation.

As a continuation of the paper-patterning experiments, we reported on 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 writing speed. Both
types of barriers yield similar results for control over the fluid flow. 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 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 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 realizing single or multistep analytical tests.

Finally, we have also presented a rapid laser-based patterning procedure that employs
a DMD in conjunction with a femtosecond laser. The laser-based patterning route was
used for the fabrication of the master mould using two different processes. The first
one was a laser-based ablative procedure and the second one was a laser-based photo-
polymerisation procedure. The application for utilising these techniques was micro-

contact printing for transferring biomolecules. The laser-structured master was used to
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cast a mould that had the inverse pattern of the features of the master. PDMS was
used for the mould as it is the material of choice for uCP applications and has inherent
properties that make it attractive for this type of applications. The patterned PDMS
mould was then used to contact print an array of fluorescently tagged biomolecules,
and microscope photos were obtained to confirm that the proteins have been correctly

transferred.

We believe this laser-based approach can be extended to form complex micron-scale
structures that are not only useful in contact printing applications but also in the fabri-
cation of millimetre scale LOC fluidic devices. The flexibility that the use of the DMD
provides, combined with the ease of changing the laser parameters for ablation or pho-
topolymerisation, allow for rapid fabrication of different designs and patterns in a wide
range of materials. It is therefore a technique that could compete with the traditional

photolithography processes for the fabrication of prototype devices.

Overall, it was demonstrated that laser direct-write techniques are excellent in the fab-
rication of medical diagnostic devices. They can be especially useful in creating novel
POC paper-based diagnostics. It is believed that by employing these techniques, the
field can benefit substantially. As a consequence, healthcare could be revolutionalised,
both in developed and developing areas of the world. Affordable, robust and abundantly
available, paper-based medical diagnostics have a huge impact on society, and the aim

of this work had been to move the field a small step forward.

7.2 Future work

We believe the technology described in the previous chapters has great potential in
the manufacturing of POC medical diagnostics. Although a great amount of work has
been invested in optimising and testing the laser-based techniques, there is still room for
improvements and innovations in this field. Therefore, we have already identified several

key points that we believe could unlock the potential of our manufacturing techniques.

First of all, there is a huge range of materials and lasers that could be used with our
technique. For example, several different polymers have already been tested, but we
believe that by using specialised polymers would allow for easier, faster and more cost-

effective manufacturing.

Second, we have shown that our devices have great capabilities in multiplexed diag-
nostics and that they could also improve the sensitivity of detection. So far we have
targeted specific analytes to show the proof of principle, but our techniques could be im-

plemented for the detection of real-world conditions and diseases, many of which require
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multi-analyte diagnosis. An example of such a device that can perform multiplexed
diagnosis can be seen in Fig. 7.1. There are already collaborations in place for research-
ing, manufacturing and trialling these paper-based devices for diagnosis of tuberculosis
among other diseases. Another area that urgently requires rapid multi-analyte testing is
bacteriology, especially since the growing resistance of bacteria to antibiotics is a major
health problem. We believe that our laser-based techniques could produce devices that
will help doctors quickly provide their patients with the correct treatment and reduce

the unnecessary antimicrobial prescriptions.
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FIGURE 7.1: Schematic of a lateral flow device that can perform multi-analyte diag-
nosis.

Third, our technique’s inherent versatility allows for the fabrication of advanced fea-
tures on paper-based devices. So, another aspect of future work on this subject would
be to further investigate channel multiplexing, controllable flow, time-gated mixing and
forward-biased flow concepts. All of these advanced features would give greater func-
tionalities to paper-based devices, enabling novel techniques to be introduced to POC

diagnostics.

Finally, there are several innovative ideas that have been introduced during the course
of this work, and further exploration is required. Laser structuring of fabrics could
lead to ’smart plasters’ or wearable continuous monitoring and diagnostics. Guiding
or routing light through laser-polymerised tracks on paper or fabrics could open new
ways of high-sensitivity diagnostics. ’Smart’ polymers can be sensitive to a number
of different stimuli, such as temperature, intensity of light, pH, electrical or magnetic
fields, and they can respond in different ways. Introducing such materials to paper-based
devices could allow for novel ways of analyte detection and manipulation of solutions in

the device. One prime example is the ability of an azopolymer to act as a photoswitch,
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an ability that could be exploited to create light-sensitive switch-barriers that will allow

or prevent the flow of fluids on demand.



Appendix A

Assay protocols

A.1 Assay for the detection of BSA

1. Add 250 mM citrate buffer at 1.8 pH and allow paper to dry for at least 1 hour.

2. Add 3.3 mM TBPB in 95% ethanol solution and allow paper to dry for at least 1

hour.
3. Add solutions of various BSA concentrations and incubate for 10 minutes.

4. Capture photographs of the test to determine the concentration of BSA.

A.2 Assay for glucose detection

1. Add the glucose oxidase / peroxidase solution (5:1 ratio and 15 units of protein per

ml of solution) on the paper and allow to dry for at least 1 hour.
2. Add solutions of D-glucose in de-ionised water in various concentrations.

3. Capture photographs of the test to determine the concentration of glucose.

A.3 Assay for the detection of CRP

1. Add capture antibodies on paper. Leave overnight to dry in room temperature.

2. Block any areas of the paper that do not have bound capture antibodies by submerging
the paper in a blocking solution. Blocking solution is 2%-5% BSA and 0.05% Tween20

in PBS. Incubate for at least 1 hour in room temperature.
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3. Add the standard (9 ng/ml - 0.5 mg/ml) or sample on the paper at the required

concentrations. Incubate for 0.5-2 hours.

4. Wash 3 times for 5 minutes each in a petri dish with wash buffer, 0.05% Tween20 in
PBS.

5. Add biotinylated detection antibodies on the paper. Incubate for 0.5-1 hour.
6. Wash again as step 4.

7. Add streptavindin-HRP and incubate for 30 minutes in the dark.

8. Wash again as step 4.

9. Add TMB to induce colour change.

10. Capture photographs of the test to determine the concentration of CRP.

A.4 Assay for the detection of IL-6

1. Prepare dilutions of capture antibody (2 pg/ml). Add capture antibodies on paper.

Leave overnight to dry in room temperature.

2. Block any areas of the paper that do not have bound capture antibodies by submerging
the paper in a blocking solution. Blocking solution is 1%-5% BSA and 0.05% Tween20

in PBS. Incubate for at least 1 hour in room temperature.

3. Add the standard (75 pg/ml - 1.17 pg/ml) or sample on the paper at the required

concentrations. Incubate for 0.5-2 hours.

4. Wash 3 times for 5 minutes each in a petri dish with wash buffer, 0.05% Tween20 in
PBS.

5. Add biotinylated detection antibodies on the paper at their working concentration
(0.1 - 0.4 pg/ml). Incubate for 0.5-1 hour.

6. Wash again as step 4.

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

8. Wash again as step 4.
9. Add TMB to induce colour change.

10. Capture photographs of the test to determine the concentration of IL-6.
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A.5 Assay for nitrite detection

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

2. Add the Griess reagent on the paper and allow it to dry for at least 1 hour.

2. Prepare stock solution of 10 mM sodium nitrite and dilutions of it and add on the

paper.

3. Capture photographs of the test to determine the concentration of nitrite.

A.6 Assay for the detection of hCG

1. Prepare dilutions of capture antibody (0.5 mg/ml, 2 mg/ml, 4 ug/ml). Add capture

antibodies on paper. Leave overnight to dry in room temperature.

2. Block any areas of the paper that do not have bound capture antibodies by submerging
the paper in a blocking solution. Blocking solution is 2%-5% BSA and 0.05% Tween20

in PBS. Incubate for at least 1 hour in room temperature.

3. Add the standard (100 ng/ml) or sample on the paper at the required concentrations.
Incubate for 0.5-2 hours.

4. Wash 3 times for 5 minutes each in a petri dish with wash buffer, 0.05% Tween20 in
PBS.

5. Add biotinylated detection antibodies on the paper at their working concentration.

Incubate for 0.5-1 hour.
6. Wash again as step 4.

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

8. Wash again as step 4.
9. Add TMB to induce colour change.

10. Capture photographs of the test to determine the concentration of hCG.
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A.7 Assay for the detection of TNF-«

1. Prepare dilutions of capture antibody (4 pg/ml). Add capture antibodies on paper.

Leave overnight to dry in room temperature.

2. Block any areas of the paper that do not have bound capture antibodies by submerging
the paper in a blocking solution. Blocking solution is 2%-5% BSA and 0.05% Tween20

in PBS. Incubate for at least 1 hour in room temperature.

3. Add the standard (1000 pg/ml - 370 ng/ml) or sample on the paper at the required

concentrations. Incubate for 0.5-2 hours.

4. Wash 3 times for 5 minutes each in a petri dish with wash buffer, 0.05% Tween20 in
PBS.

5. Add biotinylated detection antibodies on the paper at their working concentration.

Incubate for 0.5-1 hour.
6. Wash again as step 4.

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

8. Wash again as step 4.
9. Add TMB to induce colour change.

10. Capture photographs of the test to determine the concentration of TNFa.

A.8 Assay for the detection of PIIINP

1. Prepare dilutions of capture antibody (100 pug/ml). Add capture antibodies on paper.

Leave overnight to dry in room temperature.

2. Block any areas of the paper that do not have bound capture antibodies by submerging
the paper in a blocking solution. Blocking solution is 2%-5% BSA and 0.05% Tween20

in PBS. Incubate for at least 1 hour in room temperature.

3. Add the standard (stock concentration: 50 pg/ml) or sample on the paper at the

required concentrations. Incubate for 0.5-2 hours.

4. Wash 3 times for 5 minutes each in a petri dish with wash buffer, 0.05% Tween20 in
PBS.
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5. Add biotinylated detection antibodies on the paper at their working concentration

(stock concentration: 630 pg/ml). Incubate for 0.5-1 hour.
6. Wash again as step 4.

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

8. Wash again as step 4.
9. Add TMB to induce colour change.

10. Capture photographs of the test to determine the concentration of PIIINP.

A.9 Assay for the detection of IL-153

1. Prepare dilutions of capture antibody (2 pg/ml). Add capture antibodies on paper.

Leave overnight to dry in room temperature.

2. Block any areas of the paper that do not have bound capture antibodies by submerging
the paper in a blocking solution. Blocking solution is 2%-5% BSA and 0.05% Tween20

in PBS. Incubate for at least 1 hour in room temperature.

3. Add the standard (3.9 pg/ml - 250 pg/ml) or sample on the paper at the required

concentrations. Incubate for 0.5-2 hours.

4. Wash 3 times for 5 minutes each in a petri dish with wash buffer, 0.05% Tween20 in
PBS.

5. Add IL-1f conjugate antibodies on the paper at their working concentration (stock
concentration: 630 pg/ml). Incubate for 0.5-1 hour.

6. Wash again as step 4.

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

8. Wash again as step 4.
9. Add TMB to induce colour change.

10. Capture photographs of the test to determine the concentration of PIIINP.






Appendix B

Calculations for biochemistry

experiments

B.1 Preparation of solutions
1. Concentration by weight percentage (w/w)

X g of solute

X% x 100

~ 100 g of solvent

2. Concentration by volume percentage (v/v)

X ml of solute

X% = 100
% 100 ml of total solution %
3. Concentration by weight per volume percentage (w/v)
X g of solut
X9 g of solute 100

- 100 ml of total volume

4. Concentration in molarity

_grams of solute_
Moles _ molecular weight

- liter of solution  liter of solution

Molarity (M)

131



Appendix A. Calculations for biochemistry experiments 132

B.2 Dilutions

1. Dilution calculation starting from a concentrated solution.

CixV;=Cy xVy (B.5)
where C; and Cy are the initial and final concentrations and V; and V; are the initial
and final volumes respectively
2. Serial dilutions

Serial dilutions ivolve the systematic dilutions of an original solution in fixed steps, such
as 1:2, 1:4, 1:8 and so on. An example would be to start with an original solution and

carry out the following dilutions as seen in Fig. B.1.

Iml 1ml 1ml

ole
o =

) O

9ml

(

N>

Stock 1:10 1:100 1:1000
solution

FicUure B.1: Example diagram of the serial dilution procedure.
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