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The demand for low-cost diagnostic devices that are user-friendly and deliver results
rapidly to the patients is a universally accepted goal that has led to extensive devel-
opment of paper-based microfuidic devices (µPADs). Despite the progress in the field
of µPADs, there are still some important requirements yet to be addressed to improve
their performance and enable their widespread use as a commercial product.

In this thesis, we focus on the use of a laser-based direct-write (LDW) technique for
enabling newer functionalities in paper-based devices for improved sensitivity of dia-
gnostic tests as well as the quantitative detection of either a single or multiple analytes.
The LDW method we are using for paper patterning is based on the local deposition
of a photo-polymer on top of a porous substrate followed by the exposure with a laser
light source to create solid polymeric structures.

In our first demonstration, we are using the LDW method to create in-line filters on
a porous nitrocellulose membrane that are capable of separating particles based on
their size. These in-line filters act as barriers to delay the flow of samples and increase
the sensitivity for the detection of an analyte. The LDW method is later used to cre-
ate porous flow-through filters on cellulose paper that again have the ability for the
size-exclusive separation of particles. When these flow-through filters are combined
with a lateral flow assay they can act as a diagnostic tool for the detection of a single
analyte over a wide concentration range. Additionally, the LDW can be extended for
the fabrication of platforms that are able to detect multiple analytes within the same
device. For that, we report the fabrication of multilayer 3D-µPADs used for the sim-
ultaneous detection of three analytes spiked in artificial urine as well as the pH of the
tested sample. Finally, we report the use of light-activated materials (hydrogels) on
paper-based devices to create optically triggered gates that are able to control the flow
of samples, and therefore provide an alternative pathway to increase the sensitivity for
the detection of analytes.

Adding these newer functionalities to paper-based devices is highly desirable, as this
will allow their extensive use as a diagnostic sensor at the point-of-care.

http://www.southampton.ac.uk
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Chapter 1

Introduction

Public health is of universal importance and to that end, there is a constant research
effort to create novel diagnostic tools world-wide. This need led to the development
of point-of-care (POC) diagnostic sensors that have been widely used for more than
a decade and are intended for near patient diagnostic testing for detection of various
conditions and diseases [1]. These diagnostic tests, which can be of vital importance
especially in resource-limited settings, are simple to use and can be easily performed
by untrained personnel giving results within 30 minutes [2, 3]. Any POC diagnostic
sensor designed for use in resource-limited settings would need to comply with the
ASSURED criteria set by the World Health Organization (WHO) which addresses the
need to be Affordable, Sensitive, Specific for analyte detection, User friendly, Robust
while providing the results rapidly to the patients, Equipment-free and Deliverable to
those who need it [4].

Paper has been shown to be an attractive platform for the development of POC sensors
that would comply with all the WHO-specified requirements. Among the different
substrates, such as silicon, polymer or glass which have been used to manufacture
diagnostic sensors, paper is a promising alternative due to its inherent characteristics.
Paper is a cost-effective material composed of a network of hydrophilic cellulose fibres,
and has a porous structure that allows the passive transport of liquids through capil-
lary action. The concept of paper-based devices was first proposed by the Whiteside’s
group in 2007 and has been used extensively for the detection of pathogens [5, 6]. Such
devices have the ability to obtain, control and process small volumes of complex fluids
with efficiency and speed. Furthermore, the miniaturization of the devices reduces the
detection time and the volumes of the reagents that are used. Paper and porous nitro-
cellulose (NC) membranes are the flow media that are at the heart of every flow-based
diagnostic device. Commercially available porous NC membranes are routinely used
in the fabrication of paper-based devices as these offer distinct advantages such as their
smooth surface, uniform pore size and high protein-binding capability which has led to
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their almost universal adoption as the substrate of choice within a typical POC lateral
flow assay (LFA).

1.1 Motivation

Despite of the advantages of paper-based devices previously mentioned, some import-
ant requirements yet to be addressed for their commercial deployment have also been
identified. These include improvement in the sensitivity of these device, quantitative
measurements of either a single or multiple analytes, detection of multiple analytes
within a single device and finally, simplification of the sample preparation step. If ad-
dressed, this would allow for paper to become a platform for diagnostic devices on a
wider scale. It is therefore of immediate benefit to add these functionalities to such a
platform-medium for improved performance and to enable its use as stand-alone in-
field testing tools.

The need to address these requirements is the inspiration of this research project which
focuses on the use of a laser-based direct-write (LDW) technique for the creation of
novel paper-based devices with newer functionalities. The proprietary technique in-
volves the local deposition of a photo-polymer onto a porous substrate at pre-defined
locations, and its subsequent polymerization by exposure to a laser source to form
polymeric structures that define and demarcate the flow path and, therefore, the flu-
idic device in the porous substrate. The focus of this project is to further explore the
potential of this LDW technique in improving the performance of laser-patterned mi-
crofluidic devices through the incorporation of additional functionalities that can allow
the use of such devices in real world POC scenarios. This includes the use of filtra-
tion which is a highly desirable feature as it will enable the segregation and analysis
of complex liquid samples through the separation of different particles based on their
size. This functionality provides a promising route to minimise or even eliminate com-
plicated instrumental-based sample preparation steps, which are currently a critical
impediment to the use of such low-cost devices by unskilled patients at the POC. Ad-
ditionally, the filtration can also be used as a tool to develop novel assays that would
improve the performance of existing paper-based devices used for the detection of ana-
lytes over a broad concentration range. Furthermore, we have explored the use of the
LDW technique to develop three dimensional (3D) paper-based platforms that enable
the simultaneous detection of multiple analytes within the same device.

Finally in this thesis we address the next steps towards the fluid control in paper-
based devices. While paper-based fluidic devices that rely on their current passive
self-wicking process can address some basic functionalities, enabling triggerable on-
demand fluid flow using photo-responsive polymers will provide a hugely significant
step towards the improvement of their performance. This will allow the incubation
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of fluidic samples with a desired biochemical reagent within a channel to maximize
the sensitivity and the limit of detection (LOD) of the diagnostic assays. Also a timed
on/off gating will allow dispensing of pre-determined sample volumes to a specific
site of the paper-based device for semi-quantitative detection of analytes. Our aim is to
use our LDW technique to develop a paper platform where liquid flow can be control-
lably switched on and off via non-contact illumination of photo-responsive polymers
using low power optical addressing. Such a capability will massively transform the
current passive paper-based devices into true lab-on-chip type multi-functional test-
beds bringing immediate and quantifiable impact within the medical diagnostic and
healthcare sectors.

1.2 Outline of this thesis

Chapter 7.3 of this thesis presents an introduction to microfluidic paper-based analyt-
ical devices (µPADs) and highlights the advantages of using paper as a material for the
development of POC sensors. After explaining the principle of operation of a stand-
ard LFA, we describe the techniques used to pattern paper to make µPADs and we
focus on the LDW method. Next, we present the method of the light-induced photo-
polymerization, which is the main principle applied during LDW modification and
then we describe our developed local photo-polymer deposition method that we use
for paper patterning. Lastly, we introduce hydrogels and we emphasize the way that
photo-responsive hydrogels interact with light that induces change in their mechanical
properties, specifically their volume.

Chapter 7.3 presents the use of the local photo-polymer deposition method to fabricate
in-line filters on an NC membrane for the separation of particles based on their size.
First, this chapter presents the testing using different types of particles namely gold
nanoparticles (Au NPs) and latex microbeads to define the parameters in which in-line
filters transition from being impermeable to porous to the flow of these particles of
varying sizes. Afterwards, we demonstrate the simultaneous filtering of two different
sized particles when flowing within the same fluidic device and the application of the
same method for the separation of plasma from red blood cells (RBCs). Lastly, the
in-line filters were used as delay barriers in an LFA to increase the sensitivity of the
detection of the common inflammatory marker C-reactive protein (CRP).

In chapter 7.3 we report the use of the same paper patterning approach to make flow-
through filters that when combined with an LFA provide an alternative pathway for the
detection of analytes over a wide concentration range. Similar to the work in chapter
7.3, we define again the parameters to create flow-through filters that are able to block
or enable the flow of different sized latex microbeads into an LFA. Next, we use the
flow-through filters as a tool for analyte detection and there after describe the principle
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of operation of our developed filter-based assay that we use it for the quantitative detec-
tion of CRP. Finally, a flow-through filtration method is reported for two applications
namely the separation of plasma from RBCs as well as the purification of a water-based
sample containing the bacteria Escherichia coli (E. coli).

The local photo-polymer deposition method is further explored in chapter 7.3 to stack
several layers of porous materials and create 3D-µPADs. We demonstrate the useful-
ness of the developed multilayer 3D-µPADs for the simultaneous and quantitative de-
tection of three analytes spiked in artificial urine as well as the power of hydrogen (pH)
of the tested urine sample.

Chapter 7.3 reports the use of our developed LDW technique to deposit light-activated
hydrogels on paper-based devices, and the use of their light-induced volume change
to control the flow of samples. We demonstrate the use of different hydrogels that are
exposed to light of different wavelengths namely 365 nm and 470 nm in order to either
shrink or swell respectively. We also present the results of patterning various types of
paper in different designs and structures for use to optically control the flow of samples
and increase the sensitivity for the detection of both CRP and the COVID-19 virus.

Finally in chapter 7.3 we summarize the work presented in this research thesis which
is focused on the use of a LDW technique to enable newer functionalities in paper-
based devices. We also present our ideas for future work on how to further explore this
method in order to use paper-based devices as POC sensors on a wider scale.
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Chapter 2

Background

2.1 Microfluidic paper-based analytical devices

The demand for low-cost diagnostic devices that are user-friendly and deliver the res-
ults rapidly to the patients, is a universally accepted goal that has led to extensive
development of paper-based devices as POC sensors. Paper is an attractive medium
for use, for the fabrication of POC diagnostic devices due to its attributes. Paper is a
hydrophilic porous medium, which is abundant and can be found in different forms
with different properties such as pore size, porosity and thickness. The most common
types of paper which are used for the development of POC paper-based devices are
cellulose paper, NC membrane and microglass fibre and figure 2.1 shows their internal
structure. Paper is a low cost material so a simple paper-based device can be fabricated
for less than $ 0.01 which is a factor that contributes to their mass production [1]. One
of the most important characteristics of paper is the ability to wick fluids through capil-
lary action and its use in diagnostic devices negates the need to use pumps and valves
in order to guide the flow of samples. Additional attributes of paper include its flexib-
ility, the ease of transportation, the biocompatibility and disposability via incineration
if needed. Finally, paper can be chemically modified and has been used for decades in
clinical diagnostics for colorimetric assays as its white colour provides a strong contrast
against a coloured substrate.

The field of paper-based devices was first proposed by the Whiteside’s group who de-
veloped and reported a range of analytical assays for the detection of glucose and pro-
tein [2, 3]. These devices are called µPADs because they can be designed to obtain,
control and process small volumes (microliters) of complex fluids with efficiency and
speed [4]. These characteristics can lead to the use of lower sample or reagent volumes
required, compared with using other diagnostic platform substrates including poly-
mer, silica and glass, which in many cases are expensive and they have the possibility
to reduce the detection times due to the robust structure and the miniaturization of the
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FIGURE 2.1: Scanning electron microscope images showing the internal structure of
(A) cellulose paper, (B) NC membrane and (C) microglass fibre.

devices [5]. For the aforementioned reasons, µPADs are a promising alternative to con-
ventional devices, made of silicon and glass, and many research groups have focused
their attention towards their study.

LFAs are a specific category of µPADs that have been used for the detection and quan-
tification of analytes within biological fluids such as urine [7], blood [8] and saliva [9].
LFAs are made up of four different constituents namely the sample pad, the conjugate
pad, the membrane (detection pad) and the adsorbent pad, with each overlapping and
are stacked on a backing card as shown in the schematic of figure 2.2. The principle of
operation of an LFA is based on the interaction and binding of the target analyte with
antibodies. The sample, which contains the analyte, is introduced via the sample pad
and after travelling laterally in the porous paper, it first encounters the conjugate pad
where immobilized antibodies (detection antibodies) tagged with a coloured label such
as Au NPs bind with the analyte to form a complex. The sample and this complex then
flow to the membrane (used as a detection pad) where capture antibodies specific to the
analyte and the conjugate (detection antibodies tagged with Au NPs) are immobilized
at the test and the control line respectively producing a visual signal. These lines are
important for the operation of an assay as the appearance of a test lines indicates the
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FIGURE 2.2: Schematic of a typical configuration of porous materials in an LFA [6].

presence of the analyte in the sample, whereas the appearance of a control line, which
is not related to the presence of the analyte in the sample, shows the correct operation
of the assay, i.e. a proper flow of the sample along the membrane. In this thesis, we use
a BioDot dispensing system to dispense the test and the control lines and details for its
operation can be seen in appendix A. The excess amount of sample is finally absorbed
in a pad located at the end of the LFA [6].

Each of the components previously mentioned has a different role in the operation of
the assay, and for that reason the choice of the appropriate material is essential for the
correct operation of a test. The sample pad is responsible for evenly distributing the
sample and guiding it to the conjugate pad. It is normally treated with blocking agents
(e.g. Bovine serum albumin (BSA)) to reduce the non-specific binding of the conjug-
ate which otherwise would result in a reduced signal intensity on the test line. The
most commonly used material is cellulose paper due to the fact that it can be loaded
with the blocking agents. The role of the conjugate pad is to preserve the dry conjug-
ate and upon rehydration from the sample allow its travel to the membrane, therefore
as a material of choice microglass fibre pads known to effectively release liquids are
used. Next, for the membrane (detection pad) the material of choice is NC due to its
high antibody binding capability, whereas for the adsorbent pad cellulose filter paper
is used again because it can hold large volumes of liquids. In the latter case, special
consideration must be given to parameters such as the paper thickness and porosity in
order for the adsorbent pad to be able to hold volumes larger than the volume of the
liquid flowing in the strip of the LFA.

To date, there are several approaches used to pattern paper and make µPADs and the
most popular ones include the use of photolithography [10], wax printing [11] and
inkjet printing [12]. All the existing paper patterning methods rely on the formation
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of hydrophobic patterns on paper substrates in order to define the regions that allow
the transport of fluids. Despite the fact that the aforementioned methods are widely
used, there are certain disadvantages during their operation. The photolithography
technique although cost-effective, requires multiple steps for the fabrication of µPADs,
which might be a critical parameter when using this method for mass production. Fur-
thermore, the wax printing method is environmentally sensitive as the ambient condi-
tions such as the temperature and the humidity affect the viscosity, and hence possible
melting of wax, and this adds an additional constraint for the more general adoption
of this method. Lastly, the inkjet printing method requires the use of solvents as well
as multiple printing steps.

Finally, as previously mentioned µPADs are used for the detection of analytes and com-
mon methods include electrochemical [13], chemiluminescent [14], fluorescent [15] and
colorimetric detection [16]. Additionally, the detection of analytes is accomplished via
the use of different labels such as colloidal particles like Au NPs and latex beads, en-
zymes such as horseradish peroxidase [17] and fluorescent particles (e.g. quantum
dots) [18]. As will be described in the following subsections and throughout this thesis,
we are using a LDW technique to pattern paper which is based on the local depos-
ition of a photo-polymer on top of porous substrates. We are also using a colorimetric
method for the detection of analytes using Au NPs as coloured labels.

2.2 Laser direct-write techniques

Direct-writing is a technique that is used to pattern substrates such as polymers by
altering the chemistry or by depositing, removing and dispensing various materials
in a pre-determined pattern [19]. Compared with other patterning methods, in direct-
writing the structures are built directly on the substrate without any physical contact
between the system and the substrate and with no use of masks and this allows for
rapid prototyping. The resolution of the lines patterned with direct-writing can be as
low as a few micrometers with speeds greater than 200 mm/s [20].

LDW is a specific category of the direct-writing technique, in which materials are be-
ing processed using a laser beam. A LDW system consists of three main parts namely
the laser source, the beam delivery system and the substrate. Common examples of
laser sources that are used in LDW are ultrafast lasers, femtosecond-pulsed lasers and
continuous wave (CW) lasers that use laser media such as solid-state, gas, fibre or semi-
conductors [21]. The laser source that is used depends on the application, where laser
parameters should be considered such as the wavelength, the pulse duration, the beam
divergence and the laser power which define the energy absorption and the mater-
ial response. The beam delivery can be adjusted using mirrors, lenses, optical fibres
and galvo scanners, and the choice depends again on the application where critical
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parameters include the working distance, the spot size and the energy required which
should be properly selected during the fabrication work [22].

The wide range of existing LDW techniques has led to their classification into three
main groups namely: LDW subtraction, addition and modification. In the first cat-
egory, methods are reported using lasers such as excimer [23] and CO2 to remove ma-
terial and create channels on paper substrates with minimum widths of 128 µm [24]
and 150 µm [25]. As for the second category of LDW addition, this is based on the
deposition of material from a thin film directly to the substrate, and a method is repor-
ted [26] that this approach is able to achieve line resolution below 10 µm. Our repor-
ted method belongs to the third category of LDW modification, in which we deposit
a photo-polymer on a porous substrate and after its exposure to light, it changes its
physical properties due to light-induced photo-polymerization.

2.2.1 Light-induced photo-polymerization

By the term light-induced photo-polymerization we describe the process in which light
initiates a chain reaction leading to a cross-linked network and the formation of a poly-
mer [27]. The most commonly used light-curable materials are acrylate-based resins,
due to the high reactivity of the acrylate monomers [28]. Such a pre-polymer system
consists of various components namely monomers, oligomers and photo-initiators and
the polymerization reaction takes place after light irradiation as shown in figure 2.3.
Most of the light-curable materials are exposed to the ultraviolet (UV) light to initiate
the photo-polymerization process, however it is reported that exposure to visible light
can also lead to a cross-linked network [29].

FIGURE 2.3: Schematic showing the process of light-induced photo-polymerization.
The liquid pre-polymer which consists of a monomer, an oligomer and a photo-

initiator transforms into a solid photo-polymer after being exposed to UV light.
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The photo-polymerization process is divided into three major groups: anionic, cationic
and free-radical, and based on the type, different photo-initiators are used. In the an-
ionic photo-polymerization, the chain reaction is initiated by photo-generated anions
such as ferrocenes [30], whereas in cationic photo-polymerization the cross-linking is
accomplished with a photolysis reaction which produces acids [31]. The photo-polymer
that we use in our experimental work undergoes a polymerization process which be-
longs to the third group of free-radical. This reaction begins with the fragmentation of
the photo-initiator, upon exposure to light, producing radicals. Next, the radicals com-
bine with the molecules of monomers and oligomers which they link together to form
a long chain. This causes a chain reaction which propagates as every time a monomer
and/or an oligomer link together, an additional radical will be generated and will help
with the bonding of further molecules resulting in the formation of a cross-linked net-
work [32]. The chain reaction finally terminates and the reason for that could be the
formation of a highly dense cross-linked network where free-radicals are trapped in-
side and are unable to combine with other molecules. Another reason for the termin-
ation of the reaction is the radical-radical recombination which leads to the formation
of non-reactive products or chain transfer, a reaction that increases the mobility of the
radicals, reducing their lifetime, hence the rate of polymerization [33]. The result of the
photo-polymerization process is depicted in figure 2.3 where the liquid photo-polymer
which contains monomers, oligomers and the photo-initiator, becomes solid after the
exposure to light.

It is worth mentioning here that apart from light, the polymerization process can be ini-
tiated by other stimuli such as voltage [34] and mechanical force [35]. However, using
lasers to polymerize materials has some unique advantages over the other methods,
such as the high energy output of the lasers and the fast curing speed; two factors that
both contribute to significantly reduce the time to cross-link a material to only a few
seconds.

2.2.2 Local photo-polymer deposition method

In order to pattern porous substrates such as cellulose paper and NC membrane to
create paper-based devices, we used the LDW technique of the local photo-polymer
deposition. The key components of this patterning approach are the dispensing system
which delivers the photo-polymer on top of the porous substrate and the laser source
which is used to polymerize the photo-polymer. We used a PICO® PµlseTM dispensing
system from Nordson EFD, UK which is designed to deposit micro-droplets of 0.5 nL
through an orifice with 100 µm diameter at a frequency of 100 Hz. The laser source
which is used to polymerize the photo-polymer is a fibre-coupled CW diode laser (Co-
bolt MLD, Cobolt AB, Sweeden) operating at a wavelength at 405 nm with an output
power of 70 mW. Additionally, the numerical aperture of the laser has a value of 0.075,
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the beam divergence (full angle, mrad) is <1.1 and the beam quality (M2) is <1.2. Also,
the beam has circular symmetry (>0.9:1) and is non-collimated as we do not use any
focusing lens or mirror, therefore the laser beam propagates in free space.

Lastly, as a light-curable material we used an acrylate-based negative photo-polymer
namely Desolite® 3471-3-14 from DSM Desotech, Inc., USA. The Desolite photo-
polymer is a liquid material with viscosity of 10.000 mPa · s (at 25 °C) and composed
of 10-25% multifunctional acrylate, 10-25% glycol ether acrylate, 1-5% photo-initiators,
<1% additive and <1% monomer. Additionally, the photo-polymer has a density
of 1110 kg · m−3, refractive index of 1.5 and surface tension of 25 dynes · cm−1 when
measured at a temperature of 23 °C. The Desolite is stored in an opaque (black colour)
tube to avoid exposure to ambient light and kept in room temperature and under these
conditions has self life of 18 months from the date of manufacture.

Figure 2.4 illustrates a schematic of the local photo-polymer deposition method. First
the photo-polymer is locally deposited on top of the porous substrate at locations pre-
defined by a computer design. Next, and after leaving sufficient time for the photo-
polymer to spread throughout the entire thickness of the porous substrate, the tip of
the fibre-coupled laser follows the same pattern over which the photo-polymer has

FIGURE 2.4: Schematic of the local photo-polymer deposition setup. The photo-
polymer is locally deposited on top of a porous substrate and subsequently exposed
to a CW laser source operating at 405 nm to create solid polymeric structures. In the
dashed line box, we represent a cross-sectional image of the porous substrate in which

the polymerized photo-polymer has extended throughout its thickness.
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FIGURE 2.5: Schematic showing the volume of the photo-polymer per volume of the
paper substrate as a function of the photo-polymer deposition speed. For different
photo-polymer deposition speeds (e.g. 40 mm/s, 60 mm/s, 80 mm/s) we present a
drawing of the cross-section of the paper impregnated with the photo-polymer fol-

lowing the exposure to the laser source.

been previously deposited. By exposing the photo-polymer to light we induce photo-
polymerization leading to the creation of solid polymeric structures. The flexibility of
this paper patterning approach allows us to change and adjust accordingly parameters
such as the speed in which the dispenser is moving, or similarly the speed in which
the photo-polymer is deposited, the speed in which the tip of the laser is moving (laser
scanning speed) and also the distance between the laser tip and the substrate. It is
important to mention here that the speed in which the dispenser is moving and delivers
the photo-polymer on top of the porous substrate dictates the volume of the photo-
polymer that is deposited. Figure 2.5 illustrates a schematic of the volume of the photo-
polymer per volume of the paper substrate for the different deposition speeds in the
range between 30–90 mm/s. In the same figure we also present a drawing of the cross-
section of the paper that is impregnated with the photo-polymer when deposited with
different speeds following by exposure to the laser source. Details for the calculation
of the volume of the photo-polymer per volume of the paper substrate as a function of
the deposition speed can be seen in the appendix B.

For the fabrication of paper-based devices, it is very important for the photo-polymer
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to penetrate throughout the entire thickness of the porous substrate before its full poly-
merization (leaving no unpolymerized material) after the laser exposure. This will lead
to the creation of solid polymeric structures that extend throughout the paper and are
able to guide the flow of liquids. A critical parameter for that is the time required for
the photo-polymer to penetrate throughout the thickness of the porous substrate. For
that we defined as a time delay the difference in time between the photo-polymer de-
position and the laser exposure. It is important to note here that the use of another
photo-polymer with a different viscosity and chemical properties or the use of a por-
ous substrate with different thickness, inner structure and fluid flow properties would
require a different amount of time to penetrate throughout the porous substrate and
consequently a different time delay for its laser exposure.

The spatial resolution of the fabricated devices is defined by the spreading of the photo-
polymer. The viscosity of the photo-polymer, the pore size, as well as the porosity of
the porous substrate are factors that determine the spreading of the photo-polymer and
therefore the minimum producible feature size. Furthermore, the achievable feature
size of the devices is also determined by the time delay and most importantly the laser
fluence.

Another important parameter for the fabrication of the devices is the laser fluence that
we use to expose the photo-polymer in order to fully polymerize it (for its calculation
see appendix C). For the calculation of the threshold value of the laser fluence, we
created square patterns on an NC membrane. Later and for each square pattern, we
polymerized the polymeric lines using different fluences before we deposit 10 µL of a
red dye. Although we do not present the results in this thesis, we visually assessed the
ability of the square patterns to contain the flow of the sample. It worth mentioning
here, that in the case there was unpolymerized material left inside the polymeric lines,
we would see a leakage of the sample outside of the square pattern. With this method
we determined the least amount of laser fluence required for the photo-polymer to
fully polymerize and this has a value of 63 mJ/cm2. Based on that, we defined a value
of the laser fluence of 0.3 J/cm2, which is higher than the threshold value, in order to
ensure fully polymerization of the photo-polymer. Once we defined this value, the
laser fluence remained unaltered during the device fabrication work and hence the
laser power, the laser scanning speed and the distance between the laser tip and the
substrate. Any change in the values of these parameters would lead to an alteration of
the incident fluence that defines the photo-polymerization process.

In order to ensure that the fabrication parameters of the photo-polymer deposition
speed, the laser scanning speed and the time delay are sufficient to produce solid poly-
meric structures, we patterned cellulose paper and NC membrane and we assessed the
performance of the structures based on their ability to contain the flow of sample. In
figure 2.6 we present the results after patterning cellulose paper and NC membrane.
We created six square polymeric structures on a single sheet of cellulose paper using
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FIGURE 2.6: (A) Six square polymeric structures all fabricated with the same pattern-
ing conditions and each with a dimension of 25 mm2 are created on a single sheet of
cellulose paper. (B) Channel fabricated on an NC membrane. Each of the square struc-

tures and the channel were tested with 10 µL of a red chemical dye.

the same fabrication parameters for each of them and with dimensions of 25 mm2 (fig-
ure 2.6A). Additionally, we created a channel on an NC membrane (figure 2.6B). The
fabrication parameters used for both the patterning of cellulose paper and NC mem-
brane are presented in table 2.1. We used these values to produce lines in both cellulose
paper and NC membrane with the same width which was measured at 1 mm. For that
the parameters of the photo-polymer deposition speed, the laser scanning speed and
the laser fluence have the same value, and we only changed the time delay. As previ-
ously mentioned, this is due to the different porosity, thickness and inner structure of
the NC membrane compared with those of the cellulose paper.

We tested each of the square structures and the channel with 10 µL of a red chemical
dye and we visually evaluated whether there is any leakage of the sample outside of
the polymeric structures. As we can clearly see in figure 2.6, the chosen values of the
photo-polymer deposition speed, the laser scanning speed, the laser fluence and the
time delay are sufficient to fully polymerize the photo-polymer, therefore leaving no
unpolymerized material. It is important to mention here that the values presented in
table 2.1 are not the minimum values required for the creation of solid polymeric struc-
tures on cellulose paper and NC membrane. We did not conduct a detailed study to
define those minimum values as this would be out of the scope of this thesis. How-
ever, we know that using the presented values, we are able to create solid polymeric
structures able to guide the flow of liquids and these fabrication parameters remained
unaltered throughout the experimental work presented here.
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TABLE 2.1: Parameters used for patterning cellulose paper and NC membrane.

Photo-polymer Laser Laser Time delay
Substrate deposition scanning fluence (s)

speed (mm/s) speed (mm/s) (J/cm2)
Cellulose paper 20 20 0.3 180
NC membrane 20 20 0.3 30

The method of the local photo-polymer deposition is used in our group and reported
for applications such as the detection of a single analyte (e.g. Leishmaniasis) [36], but
also in multiplexed detection of analytes [37] as well as for bacterial infection testing
[38].

2.3 Hydrogels

Hydrogels are water-soluble polymeric materials, which have a 3D structure and an
elastic nature (gel-like form) [39]. Due to the presence of hydrophilic groups in their
structure, such as hydroxyl OH–, hydrogels have the ability to absorb large amounts of
water or body fluids and this makes them attractive for use in biomedical applications
(e.g. tissue engineering and release of proteins and drugs) [40].

Hydrogels can be synthesized by two different methods namely, physical and chem-
ical cross-linking [41]. In physical cross-linking, the formation of a hydrogel does not
require the use of a cross-linker, instead the polymer network is formed by using H-
bonding [42], by crystallization [43], by ionic interactions [44] and by protein interac-
tion such as the interaction between an antibody (used as the cross-linking agent) and
an antigen [45]. On the other hand, the synthesis of chemically cross-linked hydro-
gels involves methods such as the use of chemical reactions to create linkages between
polymer chains that have complementary groups [46], the irradiation with high energy
sources such as gamma rays [47] and electron beams [48], the use of enzymes [49] and
finally by free radical polymerization.

Compared with other types of biomaterials, hydrogels have some unique mechanical
properties such as strength and stability as well as biological properties such as biocom-
patibility and biodegradability [50]. However, the most important characteristic of hy-
drogels is the ability to change their volume (swelling) as a response to an external
stimulation [51]. There are many factors that affect the swelling of hydrogels and one
of them is the cross-linking ratio. In that case, an increased amount of cross-linker
added in the hydrogel results in an increase in the cross-linking ratio, thus the struc-
ture of the hydrogel becomes tighter and the swelling ratio decreases. Another factor
that influences the swelling of hydrogels is the chemical structure of the polymer and
specifically the presence of hydrophilic groups in their structures which leads to an
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increase in the swelling ratio as compared with hydrogels that contain hydrophobic
groups. Lastly, hydrogels can swell as a response to an environmental stimulation such
as a change in the temperature or the pH [52].

Among the different stimuli, light is particularly interesting, due to the fact that it can
activate and change the properties of the hydrogels in a controllable way as light can
be guided and delivered at the location of choice at a desired time. For that reason,
photo-responsive hydrogels are used extensively, especially in the biomedical field
[53] for applications such as the release of proteins [54]. The light-induced reaction
of photo-responsive hydrogels is divided into three categories namely: photocleavage,
photodimerization and photoisomerization. The method of photocleavage is based on
the break of the polymer network and the change in the chemical properties of inter-
acting molecules [55], whereas the method of photodimerization includes dimers (oli-
gomers consisting of two monomers) such as coumarin which are used as cross-linkers
[56]. The photo reaction of the hydrogels that we report in chapter 7.3 is based on the
third category of photoisomerization, where polymers can be synthesized with differ-
ent functional groups such as azo-benzene [57], stilbene [58] and spiropyran [59]. The
most important characteristic of this type of reaction, is that upon exposure to UV light,
these functional groups undergo a chemical process in which they change into a differ-
ent form with the same composition but different structure. The photoisomerization
process is both reversible, which means that after exposing these functional groups to
visible light they transform back to their initial form and also repeatable as this process
can happen multiple times.

2.3.1 Photo-responsive hydrogels

In order to synthesize polymeric materials (hydrogels) with photo-responsive moieties
which show a reversible volume change when exposed to light of a specific wavelength,
we used azo-benzene and spiropyran functional polymers. These polymers show iso-
merization [60] when they are exposed to light and this results in a change in their
physical properties such as their hydrophobicity. The spiropyran [61] is an organic
compound known for its photochromic properties since 1952 [62], and this is associated
with its reversible transformation between two different forms namely an opened-ring
isomer and a closed-ring isomer after irradiation by light. In figure 2.7A the structural
formula of the closed-ring isomer of spiropyran is represented as SP. After irradiation of
the spiropyran to the UV light (365 nm), the closed-ring isomer transforms into the open
ring isomer merocyanine, which is labelled as MC in the schematic of figure 2.7A. The
merocyanine to spiropyran reverse isomerization usually occurs spontaneously, but it
can be accelerated after visible light illumination, which in our case is a light-emitting
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diode (LED) blue light source operating at 470 nm. Spiropyran and merocyanine iso-
mers have very different physiochemical properties with the most important one being
that merocyanine is hydrophilic, whereas spiropyran is hydrophobic.

The reversible isomerization of spiropyran can also be triggered by several other inde-
pendent stimuli such as temperature, pH, solvent polarity, metal ions and even mech-
anical force [63]. For example, treating spiropyran with acids (e.g. acrylic acid) can
induce ring opening (represented as MCH+ in figure 2.7B) even in the absence of any
UV irradiation because of the high affinity of the open-ring form to H+. Under acidic
conditions, spiropyran represents the metastable state, which can exist only if the sys-
tem is exposed to visible light. This property is referred to as negative photochromism
and is very important for the hydrogel-based materials, which exhibit volume shrink-
age under the exposure to the blue light source (470 nm) as shown in figure 2.7C).

This property of spiropyran has been extensively studied [64, 65, 66] with the use of
cross-linked spiropyran incorporated N-isopropylacrylamide (NIPAM) hydrogels as
materials of light actuated microvalves for microfluidic devices. For example, a method

FIGURE 2.7: Schematics showing (A) the photo-isomerization and (B) the acid-
isomerization of spiropyran. (C) Schematic representation of the volume shrinkage

of spiropyran-based hydrogels after exposure to the blue light source (470 nm).
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is reported [67] for the fabrication of nanogels by photo-polymerization at the desired
positions in a microchannel. The illumination of the hydorgels with blue light (440 nm)
induced their shrinkage and resulted in the opening of the microvalves. In this sys-
tem, they needed to expose the hydrogels to an acidic aqueous solution to generate the
swollen gel (i.e. conversion of the SP to MCH+ form). Blue light irradiation triggered
the closure of the ring and caused dehydration of the gels (shrinkage) because of the
change of the properties of the hydrogel from hydrophilic to hydrophobic. However,
the need for an acidic environment is a drawback since neutral pH is frequently re-
quired in biological applications.

A pioneering work was later reported [68] that solved the previously mentioned prob-
lem by incorporating acrylic acid into the structure of a hydrogel, to provide an in-
ternal source of protons (H+). In order to synthesize the hydrogel, they used NIPAM (a
water soluble monomer) which was mixed with N,N’-methylenebisacrylamide (MBIS)
(cross-linker), spiropyran and acrylic acid. In this study it is reported that the acidity
constant (pKa) values of MCH+ is between 6-7, of spiropyran at 2.3 and that of acrylic
acid at 4.2. When NIPAM hydrogel incorporates spiropyran in the polymer backbone
and considering these values and the fact that the lower the pKa value, the stronger
the acid therefore the greater its ability to donate protons, we conclude that, in the ab-
sence of light, acrylic acid will spontaneously protonate merocyanine to MCH+. Hence
the hydrogel will increase its hydrophilicity and begin to swell due to water intake.
Conversely, when the hydrogel is exposed to a white light source the MCH+ is depro-
tonated and the protons travel back to the acrylic acid, thus the spiropyran transforms
to its closed-ring form. As a result, the hydrogel becomes hydrophobic and the wa-
ter is expelled leading to its shrinkage. The significance of this work stems from the
fact that the protonation and deprotonation occurs internally within the hydrogel and
there is no need for an external source of protons. Furthermore, the shrinkage-swelling
cycles of this hydrogel in distilled (DI) water is repeatable, as protonation throughout
the gel does not rely on movement of protons from an external acidic solution into the
hydrogel.

The previously described work has been adopted by many research groups which used
acrylic acid incorporated spiropyran contained NIPAM hydrogels as photo-responsive
valves in microfluidic devices [69, 70, 71, 72]. When these hydrogels are used as valves
in microfuidic devices, they observed that there is no flow when there is no light,
whereas when the valve was locally illuminated using a blue LED light source, flow
was observed in the channel within a few seconds. When the light was turned off, the
flow of the sample was reduced and then stopped. The promising results of the previ-
ously reported methods that used hydorgels as photo-responsive valves in microfluidic
devices, inspired us to adapt acrylic acid and spiropyran incorporated NIPAM hydro-
gel systems in our paper-based devices to control the flow of samples. The synthesis of
this hydrogel system has a number of advantages such as the fact that all the materials
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(except the spiropyran) are commercially available, just 1% of the spiropyran moiety in
the hydrogel is enough to obtain light responsive behaviour and also there is no need
to use any toxic organic solvent during the process of synthesis.
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Chapter 3

In-line filtration process in
paper-based devices

3.1 Introduction

To date, there have been many reported techniques for the filtration of nanoparticles [1].
These methods take advantage of the intrinsic properties of the particles such as their
size, density [2], their electric [3] as well as magnetic properties [4]. Common filtration
approaches are centrifugation, where particles are separated based on their size [5], and
gel electrophoresis where particles are separated based on their size, shape and charge
[6]. However, these methods are expensive and require special equipment and multiple
steps to operate which is an impediment for the implementation of these techniques for
sample preparation. For that reason, the research community widely uses microfluidics
for nanoparticle separation. The size of these devices offers the capability to reduce the
sample volume and provide real-time control of the separation by changing parameters
such as buffer solution and external field. Most importantly, it is a low cost approach
that allows the segregation of nanoparticles where it can be used in clinical diagnostics.

In the field of microfluidics, the methods for the separation of particles are divided into
two major groups, namely active and passive separation. In the first group, the separ-
ation of particles depends on an external field and typical examples are optical manip-
ulation [7], magnetophoresis [8] and acoustophoresis [9]. On the other hand, passive
separation of particles does not require any external forces and the mechanism of separ-
ation relies solely on the properties of the microfluidic device such as the hydrodynamic
and the surface forces. An indicative example of this method includes deterministic lat-
eral displacement where structures of pillars and arrays filter particles creating a flow
streamline with application in the separation of blood cells [10] and bacteria [11]. An-
other method is the filtration technique using nanosized porous membranes to separate
particles based on their size. In this approach [12], they have developed a method for
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the separation of polystyrene beads using a porous polymer monolith membrane with
pressure driven flow. The fabrication of a sized-based three-dimensional filter is an-
other suggested method, where micrometre-sized pores are used for the separation of
3 µm beads from rhodamine in a commercial microfluidic chip [13].

Our proposed filtration method belongs to the second group of passive separation and
is based on the local deposition of a photo-polymer on top of a porous paper substrate
before its exposure to a laser source. By changing the speed at which the photo-polymer
is delivered on the porous substrate, we are able to create porous in-line barriers able
to either block or enable the flow of particles based on their size. This size-exclusive
filtration method was tested for the separation of the various constituents of a complex
sample within a flow-path and also for the separation of plasma from whole human
blood. The role of plasma is very important and is used in clinical tests for the detection
of diseases such as cancer [14], Alzheimer [15] and sepsis [16]. However it needs to be
separated from the red blood cells (RBCs) due to the fact that cell inclusion and lysis
interfere with readouts for colorimetric assays disrupting the detection of biomarkers
[17]. Common filtration methods used for the separation of plasma from whole blood
include the use of a centrifuge, electrochemical paper-based devices [18] or even the
use of a pipette [19]. However these methods can be either expensive or require the
use of external equipment to operate, which are factors that prohibit the use of such
devices for mass manufacture and use in point-of-care (POC).

Last, but not least, our reported fabrication method can be used to increase the sens-
itivity of lateral flow assays (LFAs). Enhancing the signal of LFAs is a highly desired
feature which improves their performance and enables their extensive use as diagnostic
tools. There are many reported methods used to increase the sensitivity in LFAs such
as the use of a silver enhancement technique [20], magnetic nanoparticles [21] or the
modification in the structure of the LFAs. In the last category there are methods to
increase the sensitivity of assays either by changing the size of the sample and the con-
jugate pads [22], by applying constrictions in the channel of an LFA [23] or by using
a wax printing technique [24]. In the latter case, hydrophobic pillars, which are used
as barriers, are located in the channel of a nitrocellulose (NC) membrane and delay the
flow of the sample, therefore increase the incubation time between the analyte and the
conjugate resulting in an increase in the intensity of the signal on the test line. Sim-
ilar to that method we are using in-line barriers as porous filters to delay the flow of
the sample at the area of the test line and increase the sensitivity in the detection of a
common inflammation marker namely C-reactive protein (CRP).
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3.2 Experimental section

3.2.1 Experimental setup and materials

The material used to make in-line filters was a Unisart CN 95 NC membrane acquired
from Sartorius Stedim Biotech GmbH, Germany with thickness 140–170 µm, pore size
of 15 µm and capillary flow speed of 90–135 s/40mm. An absorbent pad (WhatmanTM

CF4) acquired from GE Healthcare with thickness of 480 µm was placed at the end of
the LFAs to absorb the excess sample that reaches the end of the flow channel.

For the characterization of the in-line filters we used three different samples namely, a
water-based solution of different coloured dyes as well as water-based suspensions of
different sized gold nanoparticles (Au NPs) and latex microbeads. In order to study
the flow properties of the in-line barriers, we used three dyes, each one with a dif-
ferent colour, namely allura red AC (red colour), tartrazine (yellow colour) and fast
green FCF (green colour). The dyes were acquired from Sigma-Aldrich and each one
was diluted in distilled (DI) water to have a concentration of 0.5 mg/mL. We later
used different sized Au NPs and latex microbeads to study the filtration properties of
the variable-porosity in-line barriers. The Au NPs were obtained from BBI Solutions,
UK and have sizes of 40 nm (density 9.0 × 1010 particles/mL), 100 nm (density 5.6 ×
109 particles/mL) and 200 nm (density 7.0 × 108 particles/mL). Two different sized
latex microbeads, acquired from Polysciences, Inc., USA, were tested and have sizes of
200 nm (density 5.7× 1011 particles/mL) and 1000 nm (density 4.5× 109 particles/mL).

To highlight the applicability of the in-line filters we tested them for two different ap-
plications: the separation of plasma from whole blood and the increase in the sensitiv-
ity of an assay designed for the detection of the common inflammation marker CRP. In
our first demonstration we used human blood as a sample which was acquired from a
healthy patient at the Southampton General Hospital and belongs to the blood group
A with RhD positive (A+). The donated blood was stored in a green-top tube which
contains sodium heparin as an anticoagulant to prevent the blood from clotting. The
tube was inverted several times immediately after the collection of the blood, and all
the experiments were conducted within 2 hours after the time of collection to prevent
blood coagulation.

In our next experiment, we tested the in-line filters with human CRP (used as the ana-
lyte) acquired from Sigma-Aldrich with stock concentration of 1 mg/mL and diluted
in PBS to have a concentration of 50 ng/mL. For the preparation of the conjugate
we mixed in 1:2 ratio mouse CRP biotinylated antibodies (with stock concentration of
50 µg/mL) diluted in 1:10 ratio in PBS and 40 nm streptavidin Au NPs (optical density
10) diluted in 1:15 ratio in PBS. Last but not least, in the channels of the LFAs we dis-
pensed and immobilized at the test line CRP capture antibodies with stock concentra-
tion of 1 mg/mL and at the control line a mouse IgG antibody with stock concentration
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of 500 µg/mL. After the printing of the test and the control lines, the LFAs were left
overnight to dry before testing of the sample.

3.2.2 Fabrication method and procedure

For the fabrication of the fluidic devices within the porous NC membrane we formed
solid polymeric structures (walls) that extend through the entire thickness of the por-
ous substrate and demarcate the boundaries of the fluidic device. The values of the
photo-polymer deposition speed, the laser scanning speed, the laser fluence as well as
the time delay used for the fabrication of the solid walls are shown in table 2.1. The
same patterning method was used for the fabrication of the variable porosity in-line
barriers used for the filtration of different size particles which are positioned at 90° to
the direction of the sample flow. Figure 3.1 shows a schematic of a flow channel on
an NC membrane with an incorporated porous in-line barrier. The time delay for the
fabrication of solid walls was set at 30 s. This waiting time is sufficient for the photo-
polymer to spread throughout the entire thickness of the NC membrane and this is
evident by the fact that the polymer has spread laterally to have a width of 1 mm. This
value is larger than the thickness of the NC membrane and because of that we are cer-
tain that the photo-polymer has completely penetrated throughout the entire thickness
of the substrate. Additionally, in all the performed experiments, we did not observe
any side leakage of the sample outside of the solid walls which would have been the
case if the photo-polymer had not extended throughout the entire thickness of the NC
membrane.

FIGURE 3.1: Schematic of a flow channel with solid walls fabricated on a porous NC
membrane with an in-line porous barrier positioned 90° to the direction of the fluid

flow.
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For the fabrication of the porous in-line barriers we set the value for the time delay
again at 30 s to ensure that the photo-polymer has extended throughout the entire
thickness of the NC membrane. If that was not the case and the photo-polymer had
not extended entirely throughout the substrate, then the sample would have flowed
under the barrier and this would negate the functionality of the in-line barrier for the
purpose of this experiment.

In order to create in-line barriers in an NC membrane, we used our LDW method
where by controlling the local deposition speed of the photo-polymer we are able to
fabricate polymeric structures with variable levels of porosity. Any change in the de-
position speed of the photo-polymer translates into a change in the volume of the
photo-polymer that is deposited per unit volume of the paper, hence by controlling
the volume we are able to create in-line barriers with different levels of permeability.
With this method we are able to create both solid walls and barriers porous to any fluid
flow by simply changing the photo-polymer deposition speed. For a porous in-line
barrier the volume of the photo-polymer is not sufficient to completely block the pores
of the NC membrane. Instead, it partially fills the pores of the substrate and acts as a
porous mesh reducing the pore size of the NC membrane and therefore acts as a filter
for the fluids passing through it. On the other hand, for the denser walls of the chan-
nel, the volume of the photo-polymer is sufficient to completely block the pores of the
substrate which become impermeable to the flow of liquids, therefore preventing any
leakage outside of the boundary walls of the fluidic device.

We patterned the variable porosity in-line barrier by changing the deposition speed of
the photo-polymer within the range between 30 mm/s and 60 mm/s. As mentioned
earlier, a change in the deposition speed of the photo-polymer is associated with a
change in the volume of the photo-polymer that is being deposited. For the deposition
speeds that we use to pattern the in-line barrier, the volume of the dispensed photo-
polymer per volume of paper ranges between 2.7–3.3 µL/mm3 (see appendix B). In
both the fabrication of the solid walls of the channel and the variable porosity in-line
barrier, the laser fluence was always sufficient to completely polymerize all the depos-
ited photo-polymer.

3.3 Results and discussion

3.3.1 Characteristic study of in-line barriers in NC membrane

In our first demonstration, we studied the effect that the in-line barriers have in the flow
of a water-based sample. For the purpose of this experiment, we tested fluidic devices
with an incorporated in-line barrier, with three different coloured dyes in order to find
the exact photo-polymer deposition conditions that would allow the in-line barrier to



26 Chapter 3. In-line filtration process in paper-based devices

FIGURE 3.2: Image of a laser-patterned fluidic device used to study the filtering cap-
abilities of a porous in-line polymer barrier. The blue arrow in the image indicates
the direction of the sample flow from the inlet point and towards the position of the
in-line barrier. The part of the sample that moves past the porous barrier accumulates

in the absorbent pad located at the end of the fluidic channel.

transfer from being completely impermeable to being porous to the flow of the sample.
We therefore fabricated a set of five devices each of which with a single in-line barrier
located at the same position. The solid polymer walls of the fluidic channels were
fabricated under the same patterning conditions whereas, for the in-line barriers we
used different deposition line-speeds. Figure 3.2 shows an image of a fluidic device
designed to have a width of 4 mm, which is the size commonly used in standard LFAs.
The length of the fluidic channel was set at 23 mm and the in-line barrier is positioned at
a distance of 10 mm from the inlet (bottom end) of the fluidic channel, where the sample
is introduced. An absorbent pad is placed at the end of the fluidic channel to remove
the excess liquid that moves past the in-line barrier. During the experimental process,
we dipped each of the devices in the sample and only removed them after the end of
the test to take photos of the devices. Our choice to use a coloured dye stems from the
fact that it not only provides an aid to visualize the progression of the aqueous solution
along the fluidic channel, but also assists to identify whether the barrier is porous or
not to the flow of the sample.

Figure 3.3 illustrates the results after testing 20 µL of sample on fluidic devices with
an in-line barrier fabricated with volumes of photo-polymer per volumes of paper in
the range between 3.26–2.83 µL/mm3. As we can clearly see, for volumes of photo-
polymer per volumes of paper of 3.18 µL/mm3 and below the in-line barrier is imper-
meable to the flow of the green dye solution, hence there is no flow of the sample bey-
ond the position of the barrier. However, for volumes of photo-polymer per volumes
of paper greater than 3.18 µL/mm3 the barrier becomes porous and therefore permits
the flow of the sample through it and towards the absorbent pad. Apart from using the
green dye, we also tested two more aqueous solutions namely a yellow and a red dye,
to study the porosity of the in-line barriers with different samples. For this experiment
we used again the same volume of sample (20 µL) and the results are depicted in figure
3.4. We observe that for the flow of different samples the in-line barrier becomes porous
at different volumes of photo-polymer per volumes of paper due to the different size of
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particles that constitute the dyes. Specifically, an in-line barrier printed with volume of
photo-polymer per volume of paper at 3.00 µL/mm3 is only porous to the flow of a red
dye, whereas the yellow dye can flow through in-line barriers fabricated with volume
of photo-polymer per volume of paper at 2.88 µL/mm3 and above.

In table 3.1, we present all the results after fabricating a set of five fluidic devices with

FIGURE 3.3: Images of fluidic devices showing the flow of a green dye through a
fluidic channel with an incorporated in-line barrier created with various volumes of
photo-polymer per volumes of paper in the range between 3.26–2.83 µL/mm3. The
in-line barrier can be designed to either completely block or enable the flow of the

sample through it.

TABLE 3.1: Table of results after fabricating a set of five fluidic devices with an in-
corporated in-line barrier and testing with three different coloured dyes. The in-line
barriers were fabricated with volumes of photo-polymer per volumes of paper in the
range between 3.34–2.88 µL/mm3. We have marked with red the range for the volume
of photo-polymer per volume of paper in which the in-line barriers transition from be-

ing completely impermeable to being porous to the flow of samples.

Volume photo-polymer Green dye Yellow dye Red dye
per volume paper (uL/mm3)

3.34 1/5 0/5 0/5
3.33 0/5 0/5 0/5
3.26 0/5 0/5 0/5
3.19 1/5 0/5 0/5
3.18 2/5 0/5 0/5
3.11 5/5 0/5 0/5
3.07 5/5 1/5 0/5
3.03 5/5 0/5 0/5
3.00 5/5 0/5 5/5
2.94 5/5 1/5 5/5
2.88 5/5 5/5 5/5
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an incorporated in-line barrier printed with volume of photo-polymer per volume of
paper in the range between 2.88–3.34 µL/mm3 and tested with different coloured dyes.
Looking at these results we observe that there is a range marked in red in which the
in-line barriers transition from being completely impermeable to being porous to the
flow of the different samples. This transitional range could be the result of minor vari-
abilities in the pore size in different regions of the NC membrane and between batches,
variations in the composition of the membrane (e.g. surfactant coverage) or the levels
of humidity which affect the penetration and the wetting of the photo-polymer. Ad-
ditionally, the variability in the photo-polymer deposition and most importantly the
size of the particles constituting the chemical dyes are two factors that contribute to the
transition range.

FIGURE 3.4: Images of fluidic devices tested with (A) a yellow and (B) a red chemical
dye. Numbers indicate the volumes of the photo-polymer per volumes of the NC

membrane to form in-line barriers with variable porosities.
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This experimental work was successful in finding that the in-line barriers can be por-
ous to the flow of different samples and that the porosity of the in-line barriers can
change according to the deposition speed of the photo-polymer. However, the un-
defined particle size of the water-based solutions of the chemical dyes that we tested,
prevent us from the characterization of the porosity of the in-line barriers. For that
reason, in the following subsection we tested the fluidic devices with two different
samples namely Au NPs and latex microbeads, both with well defined particle sizes
with minimal variations.

3.3.2 Filtering of different sized Au NPs

In this subsection we tested fluidic devices with in-line barriers of different porosities
using a water-based suspension of Au NPs with sizes of 40 nm, 100 nm and 200 nm.
Our choice to use Au NPs is based on their extensive use as coloured labels that tag
detection antibodies to the test line of a lateral flow test. Au NPs have the potential for
biomolecule adsorption on surfaces, and due to the strong absorbance of light and the
presence of a plasmon absorption band, they provide a bright coloured contrast (when
collected on the test line) against the white paper substrate, which makes them ideal for
use in diagnostic assays for the colorimetric detection of biomarkers. Apart from the
significance of using Au NPs to the operation of diagnostic assays, these particles have
well defined size with 8% coefficient of variance (CV). This value corresponds to the
variation in the size of particles and is given by equation 3.1, where (SD) corresponds
to the standard deviation and (d) corresponds to the diameter of the particles. The small
variation in the size of Au NPs provides a pathway for the precise characterization of
the different porosity in-line barriers.

CV (%) =
(

SD
d

)
× 100 (3.1)

After studying the photo-polymer deposition speed that allows for the creation of por-
ous barriers, we then used these as a starting point for exploring the deposition para-
meters that would produce in-line barriers able to completely block or allow the flow
of different size Au NPs. In this experimental work we fabricated a set of five fluidic
devices, with the same geometry as previously presented in figure 3.2 and an incorpor-
ated in-line barrier deposited with volumes of photo-polymer per volumes of paper
in the range between 3.34–2.77 µL/mm3. Each of the devices was dipped in 20 µL of
the Au NPs solution (stock density) and was only removed after the end of the experi-
ment to take photos as presented in figure 3.5. For each of the different photo-polymer
deposition speeds that we used to fabricate the in-line barriers, we calculated the para-
meters of the volume of the photo-polymer, the area over which the photo-polymer is
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FIGURE 3.5: Images showing the flow of 40 nm Au NPs through fluidic devices each of
which had an in-line barrier fabricated with volume of photo-polymer per volume of
paper in the range between 3.34–2.83 µL/mm3. The different porosity in-line barriers

are able to either complete block or enable the flow of particles of a specific size.

deposited as well as the volume of the photo-polymer per volume of the paper (D) and
the results are presented in table 3.2.

From the results of figure 3.5 we can see that the in-line barrier becomes porous to
the flow of 40 nm Au NPs only at volumes of photo-polymer per volumes of paper

TABLE 3.2: Table of results presenting the volume of the photo-polymer, the area over
which the photo-polymer is deposited as well as the volume of the photo-polymer
per volume of the paper (D) for the different photo-polymer deposition speeds in the

range between 30–60 mm/s.

Deposition Photo-polymer Area D
line-speed (mm/s) volume (uL) (mm2) (uL/mm3)

30 24.4 70.0 3.34
32 23.0 65.7 3.33
34 21.6 62.8 3.26
36 20.4 60.9 3.19
38 19.4 58.1 3.18
40 18.4 56.2 3.11
42 17.5 54.3 3.07
44 16.7 52.4 3.03
46 15.9 50.4 3.00
48 15.3 49.5 2.94
50 14.7 48.5 2.88
52 14.1 46.6 2.87
54 13.6 45.7 2.83
56 13.1 43.8 2.80
60 12.2 41.9 2.77
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greater than 3.26 µL/mm3. For volumes lower than the value of 3.26 µL/mm3 the
in-line barrier is impermeable and therefore blocks the flow of particles of that size.
This can be easily understood by looking the results in table 3.2 in which a decrease
in the deposition speed of the photo-polymer results to an increase in the volume of
the photo-polymer that is being deposited per volume of the paper. As a result, for
deposition speeds lower than 34 mm/s the volume of the photo-polymer is sufficient
to completely block the pores of the paper, therefore create an in-line barrier capable
of preventing the flow of particles with size of 40 nm. For a comparative analysis of
the collected data, we have defined a threshold volume of photo-polymer per volume
of paper that permits the flow of a particle of a specific size. In table 3.3 we present
the results when devices with an incorporated in-line barrier fabricated with volume
of photo-polymer per volume of paper in the range between 3.34–2.77 µL/mm3 were
repeated five times and tested with Au NPs of size at 40 nm, 100 nm and 200 nm.

Similar to the devices tested with the chemical dyes, there is a volume per volume
range, marked with red in table 3.3, for which the in-line barriers transition from being
impermeable to being partially permeable and then completely porous to the flow of
the different sized Au NPs. For each of the different Au NPs we defined a threshold
volume per volume as presented in table 3.4, at which more than 60% (3/5) of the in-
line barriers are porous to the flow of particles of that size. Taking both table 3.3 and 3.4

TABLE 3.3: Table of results of the different size Au NPs tested in fluidic devices with
in-line barriers fabricated with volumes of photo-polymer per volumes of paper in the
range between 3.34–2.77 µL/mm3. For each of the different porosity barriers, a set of
five devices were tested and numbers indicate the devices in which the in-line barriers
are porous to the flow of sample. In red we have marked the volume per volume range
at which a barrier transitions from being impermeable to being partially permeable

and then porous to the flow of sample.

Volume photo-polymer 40 nm 100 nm 200 nm
per volume paper (uL/mm3)

3.34 0/5 0/5 0/5
3.33 0/5 0/5 0/5
3.26 3/5 2/5 0/5
3.19 5/5 5/5 0/5
3.18 5/5 5/5 2/5
3.11 5/5 5/5 0/5
3.07 5/5 5/5 5/5
3.03 5/5 5/5 5/5
3.00 5/5 5/5 5/5
2.94 5/5 5/5 5/5
2.88 5/5 5/5 5/5
2.87 5/5 5/5 5/5
2.83 5/5 5/5 4/5
2.80 5/5 5/5 5/5
2.77 5/5 5/5 5/5
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TABLE 3.4: Threshold volume of photo-polymer per volume of paper for the creation
of in-line barriers that allow the flow of different size Au NPs.

Au NPs size (nm) Threshold volume photo-polymer per volume paper (uL/mm3)
40 3.26
100 3.19
200 3.07

into consideration, we observe that despite the overlap in the volume per volume range
there is a decreasing trend in terms of the threshold volume per volume that allows the
flow of particles increasing in size. This trend is easily understood by the fact that a
lower volume of photo-polymer per volume of paper results in a more porous in-line
barrier as the deposited photo-polymer, per unit of length, will leave larger unfilled
voids in the porous mesh, hence allowing the flow of larger size particles.

There are numerous factors affecting the threshold volume per volume such as the pore
size, the porosity of the NC membrane and its uniformity. Those parameters as well as
the nature of the porous materials are critical and affect the way that the photo-polymer
penetrates the substrate and creates the porous in-line barriers. Additionally, the inner
structure of the porous material and variations from batch to batch are two important
factors influencing the threshold speed either to higher or lower values.

Despite the fact that the in-line barriers can be designed to become porous to the flow
of different size particles, for volumes of photo-polymer per volumes of paper in the
range between 3.26–2.87 µL/mm3 only a certain percentage of the sample is able to
flow through the barrier whereas the rest accumulates just before it. This is the result
of the finite porosity of the in-line barriers which delay the penetration of the sample
through it and consequently the DI water evaporates over time and prevent any further
flow of the sample through the in-line barrier. In order to assess the performance of the
different porosity in-line barriers, we measured the particle filtration efficiency (PFE)
which is a measure of the amount (%) of the Au NPs that move past the barrier. In
graph 3.6 we present the results after testing different size Au NPs (40 nm, 100 nm and
200 nm). We observe that for the in-line barriers a decrease in the volume of the photo-
polymer that is being deposited per unit volume of the paper translates into an increase
in the amount of the sample that flows through it, and this is explained by the fact that
the porosity of the barrier has increased.

In order to analyse the collected data and extract the values for the particle filtration
efficiency, we used the RGB channel in the histogram function of Adobe Photoshop.
Using this program we measured the mean intensity value of the pixels of the area into
which the sample has spread, both above and below the position of the in-line barriers.
These values were subtracted from 255, which corresponds to the pixel intensity of the
background (white), in order to obtain the actual colour intensity values. Additionally,
we measured the total number of pixels, of the area covered by the sample, both below
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FIGURE 3.6: Particle filtration efficiency of the in-line barriers fabricated after deposit-
ing different volumes of the photo-polymer per unit volume of the paper. The in-line

filters were tested with Au NPs of sizes: 40 nm, 100 nm and 200 nm.

(dbelow) and above (dabove) the position of the in-line barrier and using equation 3.2 we
were able to measure the sample quantity that flows through the in-line barriers.

PFE (%) =
(

255 − Colour intensity above the barrier
255 − Colour intensity below the barrier

)
×

(
dabove

dbelow

)
× 100 (3.2)

3.3.3 Filtering of different sized latex microbeads

In order to further explore the capability of the in-line barriers to either block or allow
the flow of particles of a specific size, this time we tested a water-based suspension
of latex microbeads with sizes of 200 nm and 1000 nm. We tested 20 µL of sample on
fluidic devices with the same geometry as the one presented in figure 3.2 and an incor-
porated in-line barrier fabricated at volumes of photo-polymer per volumes of paper
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FIGURE 3.7: Images showing the results after testing a water-based suspension of latex
microbeads with size of 1000 nm. The sample flowed through devices each of which
with an in-line barrier fabricated with volume of photo-polymer per volume of paper

in the range between 3.11–2.77 µL/mm3.

in the range between 3.34–2.77 µL/mm3. The devices were only removed after the test-
ing process to capture photos as presented in figure 3.7 where we depict devices after
testing latex microbeads with size of 1000 nm.

As we can clearly see, an in-line barrier fabricated with volumes of photo-polymer per
volumes of paper greater than the threshold of 2.87 µL/mm3 is porous to the flow of
1000 nm latex microbeads which are collected from the absorbent pad located at the
end of the fluidic devices. On the other hand, an in-line barrier fabricated with volume
of photo-polymer per volume of paper at 2.94 µL/mm3 and below is impermeable to
the flow of particles of that size hence accumulates at the bottom of the barrier.

In table 3.5, we present the results after testing a set of five devices each one with an
in-line barrier fabricated at volume of photo-polymer per volume of paper in the range
between 3.34–2.77 µL/mm3. Each of the fluidic devices was tested with 20 µL of sample
containing different size latex microbeads and table 3.6 shows the respective threshold
line-speed values. Similar to the results for the case of testing the Au NPs, there is
again a decreasing trend in terms of the volume of the photo-polymer per volume of
paper and the ability of the barriers to allow the flow of particles increasing in size.
It is worth mentioning here that the Au NPs and the latex microbeads with the same
particle size (200 nm) have different volume per volume thresholds and specifically
these are higher in the case of the latex microbeads. We believe that this is the result
of the different nature and the surface properties of the latex microbeads (chemically
modified for stability) compared with the Au NPs. It is reported in literature [25, 26]
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TABLE 3.5: Table of results of the different size latex microbeads tested with devices
with a variable porosity in-line barrier fabricated with volumes of photo-polymer per
volumes of paper in the range between 3.34–2.77 µL/mm3. For each volume per
volume, we fabricated a set of five devices and tested with 20 µL of sample. Num-
bers indicate the devices in which the barriers are porous to the flow of sample and
in red we have marked the volume per volume range at which a barrier transitions
from being impermeable to being partially permeable and then porous to the flow of

sample.

Volume of photo-polymer 200 nm 1000 nm
per volume of paper (uL/mm3)

3.34 0/5 0/5
3.33 0/5 0/5
3.26 0/5 0/5
3.19 0/5 0/5
3.18 0/5 0/5
3.11 0/5 0/5
3.07 0/5 0/5
3.03 0/5 0/5
3.00 0/5 0/5
2.94 3/5 0/5
2.88 5/5 0/5
2.87 5/5 5/5
2.83 5/5 5/5
2.80 5/5 5/5
2.77 5/5 5/5

that in the case of flow of the latex microbeads with a size of hundred nanometers, the
shear rate created in the fluid flow has a significant impact in the aggregation process
of these particles. In the case where the sample flows through the pores of the in-
line barriers, the shear stress on the latex particles is increasing and this leads to their
aggregation and the formation of clusters. For that reason a higher porosity in-line
barrier (a volume per volume of 2.94 µL/mm3) is needed for the latex microbeads to
flow through, as opposed to that of the Au NPs of the same particle size (volume per
volume of 3.07 µL/mm3).

TABLE 3.6: Threshold volume of photo-polymer per volume of paper for the creation
of in-line barriers that allow the flow of different size latex microbeads.

Latex microbeads size Threshold volume of photo-polymer per volume of paper
(nm) (uL/mm3)
200 2.94
1000 2.87

Finally, we measured the particle filtration efficiency using the same method that we
previously reported and equation 3.2 and the results are depicted in figure 3.8. It is also
important to note here that during the testing process, in none of the cases from using
the Au NPs and the latex microbeads did we observe any separation of the particles
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FIGURE 3.8: Particle filtration efficiency of the in-line barriers fabricated after depos-
iting different volumes of the photo-polymer per unit volume of the paper. The in-
line barriers were tested with latex microbeads of different sizes namely 200 nm and

1000 nm.

from the water-based solution in which they are suspended. We believe that this is due
to the fact that in both cases and for certain volume per volume (below 3.26 µL/mm3

for Au NPs and below 2.94 µL/mm3 for latex microbeads) the pores of the barriers
are getting blocked from the particles therefore the water-based solution can not flow
through.

3.3.4 Simultaneous filtering of different sized Au NPs and latex microbeads
within the same fluidic device

In our next experiment we studied the ability of the in-line barriers to separate two
particles of different sizes namely 40 nm Au NPs and 1000 nm latex microbeads flow-
ing in the same channel. For this measurement we mixed in 1:1 ratio 40 nm Au NPs
(stock density) and 1000 nm latex microbeads (diluted in ratio 1:50 in DI water) and we
used 20 µL of that sample. In our first approach we used a fluidic device with an incor-
porated in-line barrier fabricated with a volume of photo-polymer per volume of paper
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of 2.88 µL/mm3, which we know (see table 3.3 and table 3.5) to be porous enough to
allow the flow of particles with size of 40 nm and at the same time is able to block the
flow of particles with a size of 1000 nm. Our choice to test the sample with a fluidic
device with an in-line barrier fabricated at a volume per volume of 2.88 µL/mm3 stems
from the fact that this value is just below the threshold value for the flow of latex mi-
crobeads with size of 1000 nm. We believe that under this condition we can achieve the
maximum quantity of Au NPs to flow through the barrier and at the same time prevent
the flow of the latex particles.

In figure 3.9A we present the results after testing the sample where photos of the same
fluidic device have been taken at different times spanning from 5 minutes to 16 minutes
starting from the time that the sample was introduced in the channel. As we can see,
the Au NPs flow along the channel and penetrate the in-line barrier after a period of 7
minutes. However, the latex microbeads which have a larger size remain at the bottom-
end of the device and are unable to flow in the channel and we believe that this is the
result of the hydrophobic nature of that particles. Although the Au NPs were able to
flow through the barrier, we cannot consider this experiment successful due to the fact
that the latex microbeads did not flow towards the position of the barrier and in such
a case we cannot highlight the usefulness of our filtration method. In order to solve

FIGURE 3.9: Sequential images showing the testing of a sample (A) without and
(B) after mixing with 1% of Tween20 in PBS. The sample consists of 40 nm Au NPs
and 1000 nm latex microbeads mixed in ratio a 1:1 and 20 µL of that sample was
tested within the same fluidic device with an incorporated in-line barrier fabricated
at volume of photo-polymer per volume of paper of 2.88 µL/mm3. Photos of the flu-
idic devices were taken at different periods between 5 and 16 minutes after flowing

the sample.
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this problem and enable the flow of the latex microbeads along the fluidic channel,
we added in the sample 1% of Tween20 (diluted in a 1:10 ratio in PBS). Tween20 is
a nonionic detergent with an amphiphilic nature due to the ethylene oxide subunits
which are responsible for the hydrophilic nature of this surfactant and the hydrocarbon
chains which provide the hydrophobic environment. This surfactant is adsorbed on the
hydrophobic surface of the latex microbeads and acts as a cover around these particles
resulting in a change to their morphology [27] to make them hydrophilic. Adding
Tween20 in our sample will result in a good mixing of the latex microbeads in water
and this will enable their flow in the fluidic channel along with the Au NPs.

Figure 3.9B depicts the results after adding 1% of Tween20 into our sample and tak-
ing photos of the same fluidic device over a period of time. We observe that this time
both the Au NPs and the latex microbeads can flow along the fluidic channel and to-
wards the position of the in-line barrier which is fabricated under the same volume per
volume as before i.e. 2.88 µL/mm3. Despite the fact that the in-line barrier has been
designed to retain particles with a size of 1000 nm, the latex microbeads of that size are
able to flow through the barrier after a period of 13 minutes. We believe that this is due
to the fact that we chose to test an in-line barrier fabricated with a volume per volume
close to the threshold value for the flow of particles with a size of 1000 nm. Addition-
ally, any inconsistency in either the deposition of the photo-polymer, the size of the
particles or the paper inner structure might result in a small change of that threshold
volume per volume either to higher or lower values and this we believe could be the
reason that some of the latex microbeads penetrate through the barrier.

In our next experiment, we prepared the same sample (in a 1:1 ratio of 40 nm Au NPs
and 1000 nm latex microbeads) and we mixed with 1% of Tween20 (diluted in a ra-
tio 1:10 in PBS), however, this time we tested with in-line barriers of lower porosity.
Specifically, we fabricated a barrier with a volume of photo-polymer per volume of pa-
per of 3.03 µL/mm3 which is close to the mean volume per volume value between the
thresholds for the flow of 40 nm Au NPs (3.26 µL/mm3) and the flow of 1000 nm latex
microbeads (2.87 µL/mm3). We tested 20 µL of sample and photos of the tested device
are taken at different times (between 5 and 20 minutes after the start of the experiment)
and depicted in 3.10A. Unlike what we expected to see, we observe that the in-line
barrier not only prevents the flow of the larger size latex microbeads but also retains
the smaller Au NPs from flowing through, although the barrier’s volume per volume
value is above the threshold value for the flow of 40 nm Au NPs. This is due to the low
porosity of the in-line barrier and the fact that some of the latex microbeads might have
reached the position of the barrier and consequently blocked the pores, preventing the
flow through of the Au NPs.

Lastly, we tested 20 µL of the same sample that we previously used but this time
on a fluidic device with an in-line barrier fabricated with a volume per volume of
3.00 µL/mm3. Similar to our previous experiment, photos of the same fluidic device
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FIGURE 3.10: Sequential images showing the testing of a sample containing a 1:1 ratio
of 40 nm Au NPs and 1000 nm latex microbeads. The sample is mixed with 1% of
tween20 diluted in PBS in a 1:10 ratio and 20 µL of that sample was tested within the
same fluidic device. The sample was tested on a fluidic device with an in-line barrier
fabricated at a volume of photo-polymer per volume of paper of (A) 3.03 µL/mm3 and

(B) 3.00 µL/mm3 and photos of the same device were taken at different times.

were taken at different times between 5 minutes and 16 minutes after starting of the
testing process and the results are depicted in figure 3.10B. As we can see, after a
period of 10 minutes the Au NPs start to flow through the in-line barrier while the
latex microbeads are unable to flow through and progressively accumulate in the flu-
idic channel just before the position of the barrier. This demonstration is our first
successful attempt using our developed in-line filtration method for the separation of
two different sized constituents of a mixed sample when flowing in the same fluidic
channel. In the next subsections we aim to further explore this filtration method on
real applications to highlight its functionality as a POC sensor.

3.3.5 In-line filtration method for the separation of plasma from whole
blood

Our developed in-line filtration method is not limited to only the separation of Au NPs
from latex microbeads, but it can also be extended for use with samples commonly
used for diagnostics such as blood. In this subsection we demonstrate the use of the
in-line filters for the separation of plasma from the RBCs.

In our first experiment we tested fluidic devices with the same geometry as the ones
presented in the previous subsections and an incorporated in-line barrier fabricated
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with volume of photo-polymer per volume of paper in the range between 2.94–
2.71 µL/mm3. Our choice to fabricate barriers at this line-speed range stems from
the fact that the RBCs have a size of approximately 6–9 µm and are able to squeeze
through capillaries less than half their size [28]. From our previous set of results
presented in table 3.5 we believe that making an in-line barrier capable of retaining (or
delaying) the flow of particles with size at 1 µm will be sufficient for the separation of
plasma from the RBCs.

Each of the fluidic devices was tested with 20 µL of the blood sample and photos were
taken and presented in figure 3.11. As a reference we tested a fluidic device which
does not have an in-line barrier and from the results we see that the blood sample
is able to flow uniformly (equal flow velocity per unit of area) on the NC membrane
and this can be easily visualized by the formation of a convex meniscus in the liquid’s
flow-front. Unlike what we expected to see, an in-line barrier fabricated with volume

FIGURE 3.11: Fluidic devices with an incorporated in-line barrier fabricated
with volume of photo-polymer per volume of paper in the range between 2.94–
2.71 µL/mm3 and each one tested with 20 µL of blood sample. For reference we fabric-
ated and tested with the same volume of sample a fluidic device which does not have

an in-line barrier.
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of photo-polymer per volume of paper of 2.74 µL/mm3 and below is impermeable to
the flow of blood and we do not observe any separation of the plasma from the RBCs.
This is the result of the nature of the blood and its constituents such as white blood
cells (based on the type the size ranges between 7–30 µm) and platelets (size between
2–3 µm) which we believe that they reach the position of the barrier and block the open
pores of the filter preventing the extraction of plasma. An increase in the barrier’s
volume per volume to 2.73 µL/mm3 and 2.71 µL/mm3 results in the extraction of a
small amount of plasma, which is not sufficient to flow along the channel, hence this
method cannot be used to perform a diagnostic assay. Given the fact that for volume
of photo-polymer per volume of paper of 2.71 µL/mm3 a small amount of RBCs flow
through the barrier, we did not test in-line barriers beyond this threshold point as we
believe that in such a case the amount of the RBCs flowing through the barrier will be
increased and this will oppose the purpose of this experiment.

In our next experiment the intention was to increase the plasma extraction efficiency
and for that we treated the sample with Anti-D solution. Our choice is based on the
fact that the blood is RhD positive and that means that the RBCs have on their surface a
protein known as D antigen. The Anti-D is a polyclonal IgG antibody which is prepared
after purification from the plasma of human donors immunized to the D antigen and
is extensively used to prevent hemolytic diseases of newborns [29]. When an Anti-D
solution is mixed with a RhD positive blood, the Anti-D antibodies eliminate the RBCs
[30] after binding to the surface of the RBCs leading to their agglutination [31]. We
believe that the aggregation will lead the RBCs to form a big complex which will get
blocked from the in-line barrier allowing only the plasma to flow through.

FIGURE 3.12: Fluidic devices with in-line barriers fabricated at photo-polymer volume
per volume of the paper in the range between 2.71–2.67 µL/mm3 were tested with
20 µL of sample. The sample (whole blood) was treated with Anti-D solution in a 1:4

ratio and a reference fluidic device was also tested.
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In this experiment we mixed 20 µL of blood with 5 µL of Anti-D solution (in a 1:4 in
ratio) and 20 µL of that sample was tested with fluidic devices with an in-line barrier
fabricated with volume of photo-polymer per volume of paper in the range between
2.71–2.67 µL/mm3. The results are depicted in figure 3.12 from which we can see that
the aggregated RBCs are unable to flow along the fluidic channel, whereas the plasma
is flowing in the channel. Despite the fact that the plasma separates from the RBCs, the
fact that the aggregated red cells are unable to flow in the channel negates the purpose
of having an in-line filter incorporated in our device, therefore the approach of pre-
treating the blood with an Anti-D solution will not be further tested.

In our next demonstration, we aim to prevent the flow of the RBCs through the in-line
barrier by increasing the area of the filter. In order to do that, we fabricated two in-
line barriers in the same fluidic device at a distance of 0.5 mm from each other and at
volume of photo-polymer per volume of paper of 2.88 µL/mm3 and 2.81 µL/mm3. We
then repeated the same process, however we reduced the distance between the in-line
barriers to 0.1 mm followed by an increase of the volume of photo-polymer per volume
of paper from 2.77 µL/mm3 to 2.65 µL/mm3. We believe that by increasing the area
of the filter we will achieve a progressive delay and eventually block the flow of the
RBCs, therefore the plasma will be able to penetrate through the filter before the red
cells block its pores. The results after testing 20 µL of sample are illustrated in figure
3.13. As we can clearly see, in none of the cases did we observe any separation of
plasma from the RBCs. This is due to the fact that printing two polymer lines at a close

FIGURE 3.13: Fluidic devices with two in-line barriers at a distance of 0.5 mm from
each other fabricated with volume per volume of 2.88 µL/mm3 and 2.81 µL/mm3 and
tested with 20 µL of sample. The same volume of sample was also tested with fluidic
devices which have two in-line barriers each one fabricated with volume per volume

in the range between 2.77–2.65 µL/mm3 with a separation of 0.1 mm.
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separation (0.1 mm or 0.5 mm) will result into merging of these lines and consequently
block the pores of the NC, hence preventing the flow of plasma which accumulates just
before the position of the filter.

In our next approach, we fabricated fluidic devices with multiple in-line barriers across
the channel. Our aim is again to progressively delay the flow of the RBCs, while al-
lowing the plasma to flow through the barriers and separate from the blood. In our
first demonstration of this method, we fabricated five in-line barriers with the same
porosity and volume of photo-polymer per volume of paper in the range between 2.72–
2.65 µL/mm3 and each barrier had a distance of 2 mm from the next one. Each of the
devices was tested with 20 µL of sample and the results are depicted in figure 3.14A.
As we can clearly see, in none of the tested devices the in-line barriers were capable
of blocking the RBCs, which manage to squeeze through the pores of the filters and
flow along the channel. Despite the fact that the plasma separates from the blood, this
method can not be studied further for any diagnostic assay as the flow of the red cells
would be detrimental to the performance of the test interfering with the results.

In our last demonstration of testing blood we followed the same approach of fabricat-
ing multiple in-line barriers across the channel to progressively delay the flow of the
RBCs. However, unlike our previous method this time we fabricated 10 in-line barri-
ers across the same fluidic device each one with a different porosity and distance of
0.5 mm between each. In each of the channels the porosity of the in-line barriers does

FIGURE 3.14: Fluidic devices each one tested with 20 µL of sample. (A) The devices
have five incorporated in-line barriers of the same porosity fabricated with volume of
photo-polymer per volume of paper in the range between 2.72–2.65 µL/mm3 and dis-
tance of 2 mm from each other. (B) The devices have ten in-line barriers fabricated with
varying values of volume per volume in the ranges between 3.110–2.647 µL/mm3,
3.010–2.645 µL/mm3 and 2.880–2.640 µL/mm3. The porosity of the in-line barriers
across the same channel varies starting from low porosity for the barriers located at the
bottom-end of the channel to high porosity as we follow the direction of the sample

flow.
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not remain the same but changes progressively starting from very porous barriers at the
bottom-end of the devices to less porous barriers following the direction of the sample
flow along the channel. In order to progressively change the pore size of the in-line
barriers we printed the photo-polymer at low volume of photo-polymer per volume
of paper (e.g. 2.647 µL/mm3, 2.645 µL/mm3 and 2.640 µL/mm3 for the three devices
in figure 3.14B) and for every additional barrier we increased the value of the volume
per volume until we get barriers with low porosity (e.g. 3.110 µL/mm3, 3.010 µL/mm3

and 2.880 µL/mm3 as in figure 3.14B). We tested the fluidic devices again with 20 µL of
sample and by looking the results in figure 3.14B, we do not see any separation of the
plasma from the RBCs. we believe that is due to the fact that other components found
in blood such as the platelets and the leukocytes block the pores of the filter preventing
the flow of plasma.

3.3.6 In-line filtration method for increasing the sensitivity in LFAs

In our last demonstration we used the in-line filtration method on an LFA to increase
its sensitivity for the detection of a pre-determined analyte namely CRP with concen-
tration of 50 ng/mL. Unlike the previously mentioned methods, in this approach we
do not use the in-line filters as a tool to block the flow of the sample but as a means to
delay its flow along the channel. Our aim is, by delaying the flow of the sample, to in-
crease the interaction (incubation) time between the analyte and the capture antibodies
located at the test line of the LFA resulting in an increase in the colour intensity of the
test line.

In our first experiment we fabricated fluidic devices with a channel width at length of
4 mm and an incorporated in-line barrier fabricated with a volume of photo-polymer
per volume of paper of 2.66 µL/mm3. In order to find the position of the in-line barrier
that gives the maximum colour intensity on the test line, we placed the barrier in differ-
ent positions spanning from 6 mm to 19 mm from the bottom-end of the devices. Also,
in the channel of the fluidic devices, we have dispensed and immobilized antibodies in
the test and the control lines at positions of 15 mm and 17 mm respectively. Each one
of the devices was tested with 28 µL of sample which is prepared after mixing 20 µL of
CRP with 8 µL of the conjugate antibody and the results after the testing process are
illustrated in figure 3.15. As a control we have fabricated and tested a fluidic device
with no barrier.

Looking at the results of the figure we observe that fabricating an in-line barrier at a
distance of 6 mm from the bottom-end of the device does not have a significant impact
in the delay of the sample at the position of the test line, therefore the colour intensity of
the test line remains similar to the one of the control device. However, when the in-line
barrier approaches the position of the test line, then there is a delay in the flow of the
sample at the position of the test line and consequently there is an enhancement of its
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FIGURE 3.15: Fluidic devices with an incorporated in-line barrier fabricated at a
volume of photo-polymer per volume of paper of 2.66 µL/mm3. In the channel, we
have dispensed a test (T) and a control (C) line and the position of the barrier (B) var-
ies from 6 mm to 19 mm from the bottom-end of the device. Each of the devices was
tested with 28 µL of sample and a control device which does not contain an in-line

barrier was also tested as a reference.

signal intensity. We observe that the peak value for the colour intensity of the test line
derives after printing the in-line barrier at a distance of 13.5 mm from the bottom-end
of the device, whereas a further increase in the distance, beyond the position of the test
line, results in a decrease in the signal intensity. Figure 3.16 shows a graph of the colour
intensity on the test line for the various positions of the in-line barrier and each data
point represents the mean value from the total of three devices.

In order to measure the colour intensity of the test lines of the LFAs we used the RGB
channel in the histogram function of Adobe Photoshop. Then we used equation 3.3
to calculate the average intensity value of the test line of the three devices and we
subtracted this value from the pixel value of the background (which corresponds to a
pixel intensity of 255) to obtain the actual colour intensity.

Colour intensity (a.u.) = 255 − Average intensity value on the test line (3.3)

In the next experiment we studied the effect of different porosity in-line barriers in the
increase of the sensitivity of a CRP assay. For this experiment we chose the parameter
of the position of the in-line barrier that gives the maximum signal enhancement and
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FIGURE 3.16: Colour intensity on the test line of LFAs for the different positions of
an in-line barrier fabricated with a volume of photo-polymer per volume of paper of
2.66 µL/mm3. Each data point represents the mean value of the total of three devices.

The data point at position of 0 mm corresponds to the one of the control device.

based on the previous results this value was set at 13.5 mm. Having fixed the posi-
tion of the in-line barrier throughout the entire experimental process, we changed the
volume per volume of the barriers from 2.69 µL/mm3 to 2.64 µL/mm3 and we tested
each of the devices with 28 µL of sample. The results after the testing process are de-
picted in figure 3.17 and figure 3.18 shows the respective graph in which each data
point is the mean value from the total of three devices. As we can clearly see, there is
a peak value for the colour intensity on the test line and that is for the in-line barrier
printed with deposition speed of 2.66 µL/mm3. For the lower porosity in-line barriers
(e.g. 2.69 µL/mm3) we believe that a small part of the sample is getting blocked from
the filter and does not reach the position of the test line, hence the colour intensity is
decreased. On the other hand, for higher porosity in-line barriers (e.g. 2.65 µL/mm3

or 2.64 µL/mm3) we assume that the filters do not delay the flow of the sample suffi-
ciently, thus the signal intensity on the test line is again decreased as compared with
the signal in the case of the barrier printed at 2.66 µL/mm3.

In order to calculate the colour intensity in the test line of the LFAs we followed the
method that we previously described and equation 3.3. From the previous results we
can see that the maximum signal enhancement on the test line of the LFAs comes when
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FIGURE 3.17: Fluidic devices with an incorporated in-line barrier (B) at a position
of 13.5 mm from the bottom-end of the channel fabricated with different volume of
photo-polymer per volume of paper in the range between 2.69–2.64 µL/mm3. Each
one of the devices was tested with 28 µL of sample containing the CRP. With T and C

we indicate the test and the control lines respectively.

FIGURE 3.18: Colour intensity on the test line of LFAs for the various porosities of the
in-line barriers fabricated with volume of photo-polymer per volume of paper in the
range between 2.69–2.64 µL/mm3. Each data point represents the mean value of the

total of three devices.
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we fabricate an in-line barrier with a volume per volume of 2.66 µL/mm3 at a position
of 13.5 mm. Using equation 3.4 we calculate the respective improvement in the sensit-
ivity and this has increased by 3.8-fold where Im corresponds to the maximum signal
intensity and Ic corresponds to the signal intensity of the control device.

Increase of the sensitivity =

(
Im − Ic

Ic

)
(3.4)

Since there is no further increase in the sensitivity of the CRP assay for the in-line
barriers fabricated above and below value of volume per volume of 2.66 µL/mm3, in
our next experiment, we fabricated two in-line barriers within the same fluidic chan-
nel. Specifically, we chose to print two barriers with the same porosity at distance of
13.5 mm and 16.5 mm from the bottom-end of the device and with volume of photo-
polymer per volume of paper in the range between 2.690–2.640 µL/mm3. We believe
that printing a second barrier just above the test line (15 mm) will further increase the
delay of the sample at the position of the test line, and therefore we will observe a signal
enhancement.

Each of the devices was tested with 28 µL of the sample and the results are illustrated in
figure 3.19A and the respective colour intensity graph in figure 3.19B. From the results
we observe that printing a second in-line barrier just above the position of the test
line with volume per volume in the range between 2.690–2.640 µL/mm3, contributes
significantly to an additional delay in the flow of the sample, thus the signal intensity
is further increased as compared with the case of having a single barrier. This effect is
more evident in the case of the more porous barriers (e.g. 2.647 µL/mm3) where the
signal had increased by 40.8% whereas for the case of the barriers with lower porosity
(e.g. 2.690 µL/mm3) the signal has only enhanced by 24.1%. In terms of the sensitivity
of the assay, we observe a 4.6-fold increase after testing a fluidic device with two in-line
barriers fabricated at a speed of 2.647 µL/mm3.

3.4 Summary

In conclusion, in this chapter we presented a laser-based local photo-polymer depos-
ition method which is used for the fabrication of in-line barriers on an NC membrane,
positioned at 90° to the direction of the sample flow and within the solid walls of a flu-
idic channel. With this technique we are able to control the volume that we deliver the
photo-polymer per volume of the porous substrate, and create porous in-line barriers
able to separate particles based only on their size.

In our first demonstration, we tested the in-line barriers with a water-based suspension
of coloured dyes to study the effect of the different porosity barriers on the flow of the
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FIGURE 3.19: (A) Fluidic devices each with two in-line barriers (B1 and B2) fabric-
ated with the same porosity and volume of photo-polymer per volume of paper in
the range between 2.690–2.640 µL/mm3. In the channel we have dispensed a test (T)
and a control (C) line and each of the devices was tested with 28 µL of sample. (B)
Graph presenting the colour intensity for the different volumes of photo-polymer per
volumes of paper of the two barriers. Each data point is the mean value of the total of

three devices.

sample. From our results we saw that barriers fabricated with higher volumes of photo-
polymer per volumes of paper, are more porous as compared with barriers printed
with lower values of volume per volume, hence allowing the flow of greater volume of
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sample through the barrier. The utility of a controllable change in the porosity of the in-
line barriers was later studied more systematically by testing a water-based solution of
different size Au NPs (40 nm, 100 nm, 200 nm) and latex microbeads (200 nm, 1000 nm).
Our result show that by controlling the volume of the photo-polymer per volume of
paper of the in-line barriers we were able to either completely block or enable the flow
of the different size particles.

The ability of the in-line filters to separate particles based on their size was later tested
with a complex sample containing 40 nm Au NPs and 1000 nm latex microbeads. After
fabricating and testing fluidic devices with in-line barriers printed at different values of
volume per volume, we successfully found the parameters to create a filter capable of
stopping the flow of the larger sized latex microbeads while simultaneously allowing
the flow of the smaller sized Au NPs through the in-line barrier.

We later tested the in-line filtration method with a blood sample for the separation of
plasma from the RBCs. In our first approach we fabricated a single barrier in a fluidic
channel and this approach proved to be unsuccessful as the amount of the extracted
plasma was not sufficient to perform an assay. Next we presented the results after
pre-treating the blood with Anti-D solution, a method that allowed the separation of
plasma from the RBCs but negated the purpose of having a filter as the aggregated
red blood cells were not able to flow along the fluidic channel. Finally, we tried to
incorporate additional in-line barriers within the same fluidic channel in order to delay
the flow of the RBCs and allow the plasma to flow through the filters however, from
our results we observed that the sample is either completely blocked or the RBCs can
flow together with the plasma through the in-line barriers.

In our last application using this method, we used the in-line barriers as a tool to in-
crease the sensitivity in an LFA designed for the detection of CRP. After studying the
effect of the different positions of the in-line barrier as well as the different porosities of
them, we found a signal increase of the test line of 3.8-fold. Furthermore, we tested the
effect of having two in-line barriers within the same fluidic device and the result show
a further signal enhancement of the test line which reached the value of 4.6-fold.
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Chapter 4

Flow-through filtration method in
lateral flow immunoassays

4.1 Introduction

In the last few decades, LFAs have been widely studied for use as POC sensors for the
detection of pathogens [1]. There is a wide range of applications [2] where LFAs can
be used and indicative examples include the use in agriculture for sensing of pesticides
[3], the detection of infectious diseases such as hepatitis and malaria [4, 5] as well as the
detection of food-borne pathogens such as E. coli [6]. The operation of LFAs is based
on processing different types of samples such as water-based samples, biological fluids
such as urine [7], blood [8] and saliva [9] as well as food samples (e.g. diary products)
for the detection and quantification of biomarkers.

Compared with other diagnostic sensors, LFAs possess some unique characteristics
such as the absence of need for maintenance (e.g. refrigeration) following manufacture
which makes them ideal for use in remote settings and developing countries. Addi-
tionally, the testing process is simple, fast and produces results which can then be in-
terpreted visually by the patients within a few minutes [10, 11]. However, there are
certain limitations [12] of LFAs arising primarily from the detection methods that are
used (e.g. assay design, chemistries), and this can limit the range of concentrations in
which the analytes can be detected. In addition, in the case of semi-quantitative ana-
lysis, visual inspection by human eye is sometimes not reliable or definitive, therefore
cameras, readers or even use of multiple lines as capture sites in the detection pad are
used [13].

One of the biggest disadvantages of using LFAs is the hook effect which is the res-
ult of testing samples containing high analyte concentration [14]. In that case, a large
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amount of unlabelled analytes bind to the test line preventing the capture of the la-
belled analytes on the same site. Due to the hook effect, there is a high threshold value
for the analyte concentration which depends on the assay design as well as the detected
biomarker, above which the colour intensity of the test line decreases with increasing
concentration [15]. As a direct consequence, there is a false interpretation of the results
due to the fact that the patients can not distinguish between a very low and a very high
analyte concentration as in both cases there is low or no signal on the test line. In order
to overcome this limitation and increase the dynamic range in which the analyte can be
detected, there are reported methods that either use an additional line formed of the an-
tigen and positioned between the test and the control lines [16] or use of multiple lines
in the detection pad [17]. Despite the fact that using the aforementioned techniques
can successfully increase the dynamic range in which the analyte can be detected, the
methods require the use of a conjugate pad and subsequently the incubation and dry-
ing of the reagents for several minutes which increases the time for the fabrication of
the device.

In this chapter, we report an alternative to the previously mentioned in-line filtration
method for the size-exclusive separation of particles using a porous flow-through filter.
Using the local photo-polymer deposition method we fabricated porous flow-through
filters on cellulose paper with controllable levels of porosity. The flow-through filters
can be designed to retain particles larger than a specific size and simultaneously allow
smaller particles to flow through the filter. Following the fabrication process, we used
the porous filters as a tool for different applications such as the detection of analytes
over a broad concentration range, the separation of plasma from the RBCs as well as
the purification of a water-based sample containing the bacteria E. coli.

In our first demonstration, we used the porous flow-through filters to counter the hook
effect and detect the common inflammation marker CRP [18] over a broad concentra-
tion ranging from 10 ng/mL to 50.000 ng/mL. The detection of CRP is clinically sig-
nificant [19] and although this protein is present in our body, elevated levels of it are
associated with diseases such as chronic inflammation as well as type 2 diabetes mel-
litus [20]. It is important to measure CRP over a wide concentration range as the levels
of this protein are associated with different risk levels for cardiovascular disease [21]
and specifically concentrations <1000 ng/mL and >3000 ng/mL are an indication of
low and high risk respectively.

For the detection of CRP, we positioned the flow-through filter on top of the front end
of an LFA where capture antibodies are immobilized at the test line. The novelty of this
method is based on the fact that we used the same materials that are commonly used in
standard LFAs, however we did not make use of the sample pad and the conjugate pad
simplifying the device design and the fabrication protocol. The detection mechanism
is based on the interaction and binding between the target analyte with two antibodies,
each tagged with a different sized label, namely 40 nm Au NPs and 3 µm latex beads.
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Similar to a competitive type assay, the presence of the analyte in the sample leads to
the binding of the analyte with the two antibodies leading to the formation of a complex
with size bigger than the effective pore size of the filter, hence the complex is blocked
and the Au NPs cannot be captured at the test line (no signal). However, if the analyte
is not present in the sample, then the complex is not formed then the unbound Au NPs
can flow through the filter and get captured in the test line of the device producing
a red-coloured line. In the case that the analyte is present in the sample in different
concentrations, some of the Au NPs will be captured to form the complex and only the
unbound ones will flow through the filter and get captured in the test line. In that case
a coloured signal of variable intensity will be produced in the test line, indicating the
presence of the analyte in the sample.

In our next demonstration, we used the porous flow-through filters for the same applic-
ation that we previously reported in subsection 3.3.5 which is the separation of plasma
from whole blood. In this subsection, we report different designs using the porous fil-
ters which again are located on the top of the front end of an LFA in order to achieve a
maximum yield in the extraction of plasma.

Lastly, the porous flow-through filters were tested on a water-based sample containig
E. coli bacteria. E. coli is a rod-shaped bacteria with length of 2000 nm and diameter of
250–1000 nm and its monitoring and analysis is of utmost importance due to the fact
that it can easily contaminate food as well as drinking water [22]. Human infection
with E. coli can result in diseases such as hemorrhagic diarrhoea, hemolytic uremic
syndrome [23] and thrombocytopenic thrombotic purpura [24]. There are reported
methods that make use of colorimetric [25] and bioluminescence [26] techniques for
the detection of E. coli and although we do not report a novel detection method herein,
we use the porous flow-through filters as a tool for the purification of a water-based
sample containing E. coli.

4.2 Experimental section

4.2.1 Experimental setup and materials

The substrate of choice to make the porous flow-through filters is cellulose paper
(WhatmanTM grade 1 qualitative filter paper) from GE Healthcare, with a thickness
of 180 µm and pore size of 11 µm. In order to make the LFAs, which are used for the
immunoassays, the material we used was Unisart CN 95 NC membrane acquired from
Sartorius Stedim Biotech GmbH, Germany, with thickness of 140–170 µm and pore size
of 15 µm. An absorbent pad (WhatmanTM CF4) acquired from GE Healthcare with
thickness of 480 µm was placed at the end of the LFAs to absorb the excess sample that
flows over the test line.
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For the fabrication of the porous flow-through filters, we dissolved the photo-polymer
in isopropyl alcohol (IPA) (Sigma Aldrich) following different concentrations and later
we added 5% of Tween®20 (Sigma Aldrich) in DI water to make the filter hydrophilic.
For the characterization of the different porosity flow-through filters we tested black-
dyed polystyrene microspheres of different diameters, namely 200 nm with density
5.68 × 1012 particles/mL, 500 nm with density 3.64 × 1011 particles/mL, 1000 nm with
density 4.55 × 1010 particles/mL and 3000 nm with density 1.68 × 109 particles/mL.
The polystyrene microspheres were all suspended in DI water at a concentration of
25 mg/mL.

In order to demonstrate the mechanism of the flow-through filters for the detection of
analytes, we used an assay with anti-mouse antibodies (acquired from BBI solutions
with stock concentration of 500 µm/mL) labelled with 40 nm Au NPs (BBI solutions,
optical density 20) used as a detection antibody, 3 µm latex beads (white-dyed acquired
from Spherotech) labelled with streptavidin with stock concentration of 500 µm/mL
used as a filtration antibody and a mouse biotinylated IgG antibody (acquired from
BBI solutions) with stock concentration of 500 µm/mL used as the analyte. All these
constituents were mixed in a 1:1:1 ratio to form the sample for testing. A mouse IgG
antibody (BBI solutions with stock concentration of 500 µm/mL) was dispensed and
immobilized on the test line of the LFA and used as a capture antibody. The perform-
ance of the flow-through filtration method was tested on an assay for the detection of
a common inflammation marker namely CRP. In this assay we tested a sample which
contained in a 1:1:1 ratio of a human CRP (acquired from BBI solutions) used as the
analyte with stock concentration of 1 mg/mL, a mouse anti-human CRP (BBI solutions)
with stock concentration of 500 µm/mL labelled with 40 nm Au NPs used as the detec-
tion antibody and a mouse anti-human CRP biotinylated IgG antibody (BBI solutions
with stock concentration of 50 µm/mL) tagged with 3 µm latex beads (white-dyed ac-
quired from Spherotech) labelled with streptavidin used as the filtration antibody. A
goat anti-mouse IgG antibody (BBI solutions) with stock concentration of 500 µm/mL
was dispensed on the LFA and used as a test line to capture the detection antibody.

Lastly, the flow-through filtration method was tested with a water-based solution con-
taining E. coli. The E. coli strain is stored in a vial using a porous bead under −20 °C in
the freezer. To make the bacteria solution, the vial was removed from the freezer and
moved to an aseptic environment. Under aseptic conditions, the bead was removed
using a sterile loop. This was followed by inoculation of the bead into a broth medium
(Tryptic Soy Broth). To help mixing the microorganisms into the medium, the tube was
inverted a few times. The bead was removed from the broth medium and the tube was
incubated at 37 °C for 24 hours. The bacteria suspension was then ready to use. In
order to determine the bacteria concentration we diluted E. coli in PBS with a dilution
factor of 105 on the agar plate and the concentration was determined using the colony
counting method.
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4.2.2 Fabrication method and procedure

For the creation of the solid polymer walls of the flow-through filters on cellulose paper
and the LFAs on an NC membrane, we used the patterning method of the local photo-
polymer deposition and the fabrication parameters are listed in table 2.1.

In figure 4.1 we have an illustration of the different stages involved in the fabrication
of a porous flow-through filter as well as the position of the filter at the front end of an
LFA. After the creation of the solid boundary walls on cellulose paper (stage 1), we used
the same photo-polymer again (Desolite) but this time we diluted it in IPA in different
concentrations to create filters with controllable levels of porosity. The porosity of the
flow-through filters is defined by the volume concentration of the deposited photo-
polymer solution in IPA and by changing the v/v% concentration, we were able to
create filters with different porosities. The use of IPA is essential for the creation of the
porous filters as the photo-polymer is a viscous liquid with density 1110 kg/m3 at 23 °C
and viscosity 10.000 mPa · s at 25 °C which makes the spreading of the photo-polymer
difficult in the entire volume of the paper. However, the solubility and compatibility
of the photo-polymer in IPA assists with its dilution and helps with the homogeneous
spreading of the photo-polymer, which after penetrating throughout the cellulose pa-
per, acts as a coating around its fibrous structure.

FIGURE 4.1: Schematics showing the various steps involved in the fabrication and use
of a porous flow-through filter with an LFA. Stage 1 represents the creation of a solid
polymeric wall on cellulose paper, in stage 2 we deposit 10 µL of the diluted in IPA
photo-polymer inside the solid polymeric wall. Stage 3 involves the laser exposure of
the diluted photo-polymer to create the porous flow-through filter and stage 4 illus-

trates the position of the same filter at the front end of an LFA.



56 Chapter 4. Flow-through filtration method in lateral flow immunoassays

From the results presented in figure 2.6A we know that a sample volume of 10 µL is suf-
ficient to penetrate throughout the whole thickness of a square filter with dimensions of
25 mm2 and for that we are using the same volume of the photo-polymer and we pipette
it inside the solid polymeric wall (stage 2). A time delay of 60 s between the photo-
polymer deposition and the laser curing was used and the entire area of the square
filter was exposed to light with a fluence of 0.3 J/cm2 to induce photo-polymerization
and create the porous flow-through filter (stage 3). As we can clearly see, the time
delay we used during the process of making the porous filter was different compared
to the time delay that we used for making the solid square polymeric wall of the filter
(180 s). This stems from the fact that diluting the photo-polymer in IPA would result
in a reduced viscosity allowing the faster penetration of the photo-polymer through-
out the cellulose paper (within 60 s). As for the fluence, we chose the same value of
0.3 J/cm2 that we used to make the solid boundary walls in order to ensure that we do
not leave any unpolymerized material which otherwise would be detrimental for the
performance of the flow-through filters.

Adding the photo-polymer in different concentrations on cellulose paper and exposing
to laser light will result in the creation of porous filters with correspondingly different
levels of permeability. Flow-through filters made with higher photo-polymer concen-
tration will be less porous compared with flow-through filters made with lower photo-
polymer concentrations as the concentration of the photo-polymer in each case dictates
the resultant porosity of the filters. After the formation of the porous filters, we added
10 µL of Tween®20. This surfactant has a hydrophilic nature and provides an aid to the
spreading of the sample across the whole area of the filter.

After the fabrication, the flow-through filter is cut around its solid boundary walls and
then positioned at the front end of an LFA (stage 4) before the sample is deposited onto
the flow-through filter. The flow-through filters with controllable levels of porosity
can be designed to retain particles larger than a specific size on top of it and allow
smaller particles to flow through and into the LFA and this capability of the filters will
be further studied in the following section.

4.3 Results and discussion

4.3.1 Characteristic study of the filtration properties of the flow-through fil-
ters

Using the LDW method we were able to create porous flow-through filters and lateral
flow devices and images of both are depicted in figure 4.2. The flow-through filters
are designed to have a square shape with an area of 25 mm2 whereas the front end of
the LFA has also a square shape with an area of 49 mm2 and a channel designed to
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FIGURE 4.2: Images of (A) a porous flow-through filter and (B) an LFA with their
respective dimensions. The flow-through filter can be designed to retain particles of a

specific size and allow smaller particles to flow through and into the LFA

have a length of 20 mm and width of 3 mm. The area of the flow-through filter was
deliberately designed to be smaller than the area of the front end of the LFA so that
the porous filter will totally fit inside, allowing the contact between the two substrates.
Any gap between the two substrates would have resulted in interrupted flow of the
sample from the filter to the device and consequently in poor performance of the assay.

The filtration properties of the flow-through filters were later studied and for that we
fabricated identical LFAs and filters with different porosities. In figure 4.3, we present

FIGURE 4.3: Flow-through filters tested with 10 µL of sample containing 1000 nm
black-dyed polystyrene microspheres suspended in DI water. The LFAs are all
identical but the flow-through filters are made with different photo-polymer concen-
trations ranging from 0% to 11.1%. Images in (A) show the porous filters and the LFAs
immediately after the testing process and images in (B) show the same LFAs after the

evaporation of the DI water.
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the results after testing the flow-through filters with 10 µL of a sample containing black-
dyed polystyrene microspheres with a size of 1000 nm. The flow-through filters are all
made with different levels of porosity starting from a very porous filter (5.8% photo-
polymer in IPA) to a less porous filter (11.1% photo-polymer in IPA). Each of the filters
was replicated and tested three times and we also tested a blank filter (0% of photo-
polymer in IPA) as a reference in order to show that the cellulose paper itself is incap-
able of retaining the 1000 nm polystyrene microspheres. The flow-through filters were
all positioned at the front end of the LFAs during the testing process as shown in stage
4 of figure 4.1 and were only removed after the completion of the assay to capture pho-
tos as presented in figure 4.3. As we can clearly see in figure 4.3A a flow-through filter
made with photo-polymer concentration of 11.1% is able to fully retain the 1000 nm
polystyrene microspheres preventing their flow into the LFA. However, a more por-
ous flow-through filter made with photo-polymer concentration in the range between
7.7% and 9.1%, is impermeable to the flow of the microspheres but at the same time
allows the DI water in which the microspheres are suspended to flow from the filter
to the LFA. An even more porous flow-through filter made with photo-polymer con-
centration below 7.7% is porous to the 1000 nm polystyrene microspheres, enabling the
flow of this particle size through the filter and into the channel of the LFA. Looking at
the image of figure 4.3A, we observe the formation of a dark region on the surface of
the filters after the end of the testing process. This is the result of the porous filters,
which delay the flow of the sample and due to electrostatic attractive forces between
the polystyrene particles (van der Waals forces), the microspheres aggregate and form
a complex bigger than the porosity of the filters, thus are unable to flow through. For
the porous filters made with photo-polymer concentration below 9.1%, it is difficult to
visually assess, immediately after the testing process, whether the 1000 nm polystyrene
microspheres have flowed into the channel of the LFA (figure 4.3A). For that reason,
we took photos of the LFAs after the completion of the experiment and when the water
had evaporated and these are presented in figure 4.3B in order to assess the ability of
the porous filters to block particles larger than a specific size.

Apart from the 1000 nm we also tested polystyrene microspheres of different sizes
namely 200 nm, 500 nm and 3000 nm all dispersed in DI water and pictures of them
are presented in figure 4.4. We used again the same sample volume of (10 µL) and
for each of the different particle sizes and filter porosities we fabricated and tested
three identical devices. The results after testing porous flow-through filters made with
photo-polymer concentrations in the range between 3.3% and 33.3% with polystyrene
microspheres of different sizes are presented in table 4.1. We have defined a transitional
range for the photo-polymer concentration (indicated with red in table 4.1) based on the
ability of the porous flow-through filters to block particles of different sizes, for which
the porous filters transition from being completely impermeable to being porous to
particles of a specific size. This transitional range reveals an increasing trend in terms
of the v/v% of the photo-polymer concentration and the ability of the filters to block
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FIGURE 4.4: Flow-through filters made with different photo-polymer concentrations
in the range between 3.3% and 33.3%, each one tested with 10 µL of black-dyed poly-
styrene microspheres of different sizes: 200 nm, 500 nm and 3000 nm. Photos of the

flow-through filters and the LFAs are taken immediately after the testing process.

particles decreasing in size. In other words, the smaller the particle size is, the less por-
ous the filter has to be (higher v/v% photo-polymer concentration) in order to be able
to prevent the flow through the filter and into the LFA.

The last step in the analysis of the filtration properties of the different porosity flow-
through filters is to measure their filtration efficiency when tested with particles vary-
ing in size and the results are illustrated in figure 4.5. The particle filtration efficiency
is defined as a measure of the performance of the porous flow-through filters when
filtering out (retaining on their surface) particles larger than a specific size. The colour
analysis of the tested devices to calculate the values for the particle filtration efficiency
of the porous flow-through filters was accomplished using Adobe Photoshop. We used
the RGB channel in the histogram function of this software and we measured the mean
intensity value of the pixels in both the flow-through filters (figure 4.3A) and the LFAs
(figure 4.3B). Then we used equation 4.1 to measure the particle’s filtration efficiency
(%) for the different filter porosities.
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TABLE 4.1: Number of flow-through filters with different porosities in which poly-
styrene microspheres of different sizes will pass through. For each polystyrene mi-
crosphere size, we have defined, and marked with red, a transitional range of photo-
polymer concentration in which the filters transition from being completely imper-

meable to being porous.

Photo-polymer
concentration 200 nm 500 nm 1000 nm 3000 nm

(v/v%)
33.3 0/3 - - -
20.0 0/3 0/3 - -
14.3 3/3 0/3 - -
11.1 3/3 0/3 0/3 -
9.1 3/3 0/3 0/3 -
7.7 3/3 3/3 0/3 -
6.6 - 3/3 3/3 -
5.8 - - 3/3 0/3
5.3 - - - 1/3
4.8 - - - 3/3
3.8 - - - 3/3
3.3 - - - 3/3

FIGURE 4.5: Particle filtration efficiency of the flow-through filters made with varying
photo-polymer concentrations in the range between 3.3% and 33.3% and tested with

polystyrene microspheres of different sizes: 200 nm, 500 nm, 1000 nm and 3000 nm.
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Particle filtration efficiency (%) = 1 −
(

255 − Colour intensity on device
255 − Colour intensity on filter

)
× 100

(4.1)

The value of 255 corresponds to the pixel intensity of white, which is the background of
both the flow-through filter and the LFA before testing of the sample. We calculated the
average colour values of the total of three devices for both the flow-through filters and
the LFAs and we subtracted these values from 255 to obtain the actual signal intensities.

4.3.2 Flow-through filtration method for analyte detection

The porous flow-through filters that we discussed and analyzed in subsection 4.3.1
can be used in standard LFAs for the detection of analytes using an assay which is
based on particle size selection. In this filter-based assay we made the devices using
materials that are commonly used in standard LFAs such as cellulose paper (sample
pad), nitrocellulose membrane (detection pad) and absorption pad. However, unlike
the standard configuration of these materials in an LFA, in our devices we do not make
use of a conjugate pad or a sample pad. Instead, these materials were replaced by a
porous flow-through filter, which is located at the front end of an LFA as presented in
stage 4 of figure 4.1 and can be designed with different porosities.

The detection method is based on the interaction and binding of different-sized Au NPs
(40 nm) and latex beads (3 µm) with the same target analyte via antibodies. The flow-
through filters were deliberately designed to have a pore size bigger than the size of the
Au NPs hence these particles are able to flow through the filter and reach the position
of the test line, whereas the latex beads with size bigger than the pore size of the filter
are blocked from the filter and are not able to flow into the channel of the LFA. Both the
Au NPs and the latex beads capture the analyte and therefore if the analyte is present
in the sample (positive test) it will bind to both and form a complex with size of 3 µm
and therefore it will be unable to flow through the filter and reach the test line. Only the
Au NPs unbound to the analyte which are left in the sample are able to flow through
the filter and become captured in the test line of the LFA producing a red coloured
line indicating the presence of the analyte in the sample. The principle of operation of
this filter-based assay is similar to a competitive-type assay where the absence of the
analyte from the sample translates to a strong signal intensity on the test line. On the
other hand, when the analyte is present in the sample in different concentrations the
signal intensity on the test line varies and the colour ranges from darker for low analyte
concentrations to fainter for high analyte concentrations. In the schematic of figure 4.6
we depict the principle of operation of this filter-based assay for the cases of no analyte,
low and high analyte concentrations.
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FIGURE 4.6: Schematic showing the detection method in the case of no analyte as well
as low and high analyte concentrations. For the case that the analyte is absent from
the sample, all the detection antibodies flow through the filter and get captured in the
test line producing a strong signal. However, as we increase the concentration of the
analyte in the sample, the number of the unbound detection antibodies remaining in
the sample decrease and this therefore will result in a decreased signal on the test line.

We tested the performance of this filter-based assay using a porous flow-through filter
for the detection of analytes, and for that we prepared a sample containing a 1:1:1 ratio
of the following constituents: anti-mouse antibodies labelled with 40 nm Au NPs (used
as a detection antibody and diluted in PBS to have a concentration at 100 µg/mL), 3 µm
latex beads labelled with streptavidin (stock concentration and used as a filtration anti-
body) and mouse biotinylated IgG antibody used as the target analyte in concentrations
within the range 0–500 µg/mL. In the test line of the LFAs we dispensed and immobil-
ized mouse IgG antibodies (stock concentration) that capture the detection antibodies
(figure 4.6).

We tested 20 µL of the sample with flow-through filters made with different photo-
polymer concentrations namely 0% (blank filter), 3.8%, 5.3% and 7.7%. In our first
demonstration we used a blank filter with 0% photo-polymer concentration and as we
can see from the results of figure 4.7 there is no test line appearing on the channel of
the LFAs. Instead the detection antibodies accumulated in the bottleneck of the LFAs
and are unable to move further along the channel and get captured in the test line. As
previously shown in figure 4.4 the cellulose paper itself (0% photo-polymer concentra-
tion) is unable to block particles of 3 µm size, hence the latex particles of that size and
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consequently the formed complex (detection antibody, filtration antibody and analyte)
with similar size, flow through the filter and into the channel of the LFAs. Due to the
large amount of latex beads and the formed complex that flow through the filter, the
channel is blocked and that prevents the flow of the unbound detection antibodies to-
wards the position of the test line, therefore the test line does not appear. On the other
hand, a filter made with 3.8% photo-polymer concentration is porous to the flow of
particles with a size of 3 µm and according to the graph presented in figure 4.5 it al-
lows roughly 5% of the particles of that size to flow through. This means that in the

FIGURE 4.7: Flow-through filters made with different photo-polymer concentrations
of (A) 0% (B) 3.8% (C) 5.3% and (D) 7.7%. Each of the devices was tested with 20 µL of
a sample containing a 1:1:1 ratio of anti-mouse antibodies labelled with 40 nm Au NPs
(detection antibody), 3 µm latex beads labelled with streptavidin (filtration antibody)
and mouse biotinylated IgG antibody (analyte). The devices were tested for different
analyte concentrations in the range between 0 and 500 µg/mL. In the test line of the
LFAs we have dispensed and immobilized mouse IgG antibodies which capture the

detection antibody.
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case that the analyte is present on the sample in high concentrations (above 10 µg/mL)
the amount of the formed complex that flows through the filter is sufficient to block
the channel and prevent the unbound detection antibodies from getting captured in
the test line. In that case we can only visualize a signal within the concentration range
0–10 µg/mL. Lastly, using a porous filter made with photo-polymer concentrations of
5.3% and 7.7% we are able to detect the analyte in the concentration range between 0–
500 µg/mL. However, we observe that, using a filter made with 7.7% photo-polymer
concentration, we get a stronger signal on the test line as compared with the signal that
we visualize when using a filter made with 5.3% photo-polymer concentration. We be-
lieve that this happens because a filter made with 5.3% photo-polymer concentration
falls within the transitional range in which the filter transitions from being completely
impermeable to being porous to particles with size at 3 µm (see table 4.1).

In figure 4.8 we present a graph showing the signal intensity on the test line of the LFAs
relative to the concentration of the analyte in the cases that the sample was tested with
filters of different levels of porosity. Each data point on this graph represents the mean
colour intensity value from the total of three devices. The method that we followed

FIGURE 4.8: Colour intensity on the test line of the LFAs relative to the concentration
of the mouse biotinylated IgG (analyte) presented in the sample. The analyte was
tested in a concentration range between 0 and 500 µg/mL and the flow through filters
used for this assay are made with photo-polymer concentrations at 0%, 3.8%, 5.3% and

7.7%.
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to calculate the signal intensity on the test line is the same to the one presented in
subsection 3.3.6.

4.3.3 Filter-based immunoassay for CRP detection

The performance of the porous flow-through filters was tested on an immunoassay for
the detection of the CRP. In this immunoassay we tested a sample containing the fol-
lowing constituents in a 1:1:1 ratio: human CRP (analyte) with concentration in the
range between 10 and 100.000 ng/mL, mouse anti-human CRP antibody labelled with
40 nm Au NPs (stock concentration) used as a detection antibody and mouse anti-
human CRP biotinylated IgG antibody tagged with 3 µm latex beads labelled with
streptavidin (stock concentration) used as a filtration antibody. In the test line of the
LFAs we dispensed and immobilized goat anti-mouse IgG antibodies (stock concentra-
tion) that capture the unbound detection antibodies. The excess of the sample which
flows over the test line, accumulates on an absorbent pad located at the end of the LFAs.

We tested 20 µL of the sample on devices with porous filters made with 7.7% photo-
polymer concentration. A filter made with that concentration is not only capable of
completely blocking particles with size of 3 µm (see table 4.1) but also able to detect
an analyte (e.g. CRP) within 3 minutes in a broad dynamic concentration range as
shown in figure 4.7D. Using a less porous filter made with photo-polymer concentra-
tion higher than 7.7% will delay (or even block) the flow of the sample through the
filter, therefore increase the analyte detection time to several minutes. On the other
hand, a filter made with photo-polymer concentration lower than 7.7% and within or
above the transitional range for the flow of particles with size at 3 µm will result in a
decrease in the concentration range (figure 4.7B) or the intensity of the signal (figure
4.7C) in which the analyte can be detected.

The principle of operation of this assay is the same to the one previously described and
figure 4.9 shows a schematic of the assay designed to detect CRP. In the case that the
analyte is not present in the sample, the detection antibodies flow through the filter and
get captured at the test line producing a strong coloured signal. However, if the analyte
is present in the sample, it binds with both the detection antibody and the filtration
antibody forming a complex with a size of 3 µm which is unable to flow through the
filter. In that case, only the unbound detection antibodies left in the sample are able
to flow through the filter and get captured at the test line producing a coloured signal
proportional to the concentration of the analyte in the sample.

Figure 4.10 depicts the results when 20 µL of the sample containing the CRP in differ-
ent concentration between 0–100.000 ng/mL was tested on porous flow-through filters
made with 7.7% photo-polymer concentration. The respective colour intensity of the
test line for the different analyte concentrations is presented in figure 4.11 and each
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FIGURE 4.9: Schematic showing the method for the detection of the CRP. The tar-
get analyte, CRP, binds to two antibodies (detection and filtration antibody) each one
tagged with different-sized coloured labels forming a complex which is unable to flow
through the filter. Only the unbound detection antibodies flow through the filter and
get captured at the test line producing a coloured signal which varies according to the

concentration of the CRP in the sample.

data point is the mean value from the total of three tested devices. The mean colour
intensity of the control device 0 ng/mL) corresponds to a value of 46.18 a.u. From the
previous results, we can see that the colour intensity on the test line is changing rel-
ative to the concentration of the analyte in the tested sample. Similar to the previous
experiment, an increase in the concentration of the CRP will result in an increase in
the number of the complexes (analyte-detection antibody-filtration antibody) that are
being formed and therefore, the number of the unbound detection antibodies left in the
sample which flow through the filter and get captured on the test line is decreasing.
As a result, an increase in the concentration of the analyte will result in a decrease in
the intensity of the signal on the test line and in the extreme case of very high analyte
concentration (e.g. 100.000 ng/mL) the CRP captures the filtration antibody and all the
detection antibodies and as a result there is no test line appearing in the channel of the
LFA. Using this filter-based method we are able to detect the CRP in the concentration
range between 0–50.000 ng/mL with a LOD found at 13 ng/mL.

The method that we used to measure the colour intensity in the test line of the LFAs
is the same as the one that we used in the subsection 4.3.2 where the equation 3.3 was
used in order to extract the actual intensity values. In order to calculate the LOD we
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FIGURE 4.10: Flow-through filters made with photo-polymer concentrations of 7.7%.
Each one of the filters was tested with 20 µL of a sample containing the CRP (analyte),
mouse anti-CRP antibody labelled with 40 nm Au NPs and mouse biotinylated IgG
antibody labelled with 3 µm latex beads. Numbers indicate the concentration of the
analyte in the tested sample ranged from 0 to 1000 µg/mL. In the test line of the LFA

we have dispensed and immobilized anti-mouse IgG antibodies.

used equation 4.2 where σ refers to the standard deviation of the regression line and
s refers to the slope of the calibration curve. Both of these parameters were calculated
from the graph of figure 4.11 and have values of 4.3 for σ and 1.1 for s.

LOD = 3.3 ×
(

σ

s

)
(4.2)

To summarize, we can successfully apply the flow-through filtration method in an as-
say for the detection of CRP over a broad concentration range which is beyond the
threshold value of 500 ng/mL that the hook effect is observed in LFAs [16, 27, 28, 29].
In this study we did not measure the threshold value above which the hook effect is
observed as we cannot use the same detection and capture antibodies for a direct com-
parison. However, since the three repeats (for each of the different analyte concentra-
tions) produce the same answer, we know that our proposed method is able to operate
accurately and detect CRP in the range between 10–50.000 ng/mL.
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FIGURE 4.11: Colour intensity in the test line of the LFA for various CRP concentra-
tions in the range between 1 ng/mL and 100.000 ng/mL.

4.3.4 Flow-through filters for the separation of plasma from whole blood

The flow-through filtration method was further tested for the separation of plasma
from human blood. In this experiment we tested human blood acquired from the same
donor that was previously reported in chapter 7.3. The blood sample comes from a
healthy patient and belongs to the group A with RhD positive (A+). For the purpose of
this experiment, we fabricated flow-through filters with photo-polymer concentration
in the range between 3.3% and 6.2% and each one was tested with 10 µL of sample.
Our choice to fabricate flow-through filters with photo-polymer concentrations close to
the transitional range for the flow of particles with size of 3 µm (see table 4.1), stems
from the fact that the RBCs have size approximately 6–9 µm and are able to squeeze
through capillaries less than half their size [30]. We believe that a porous filter capable
of retaining (or delaying) the flow of particles with a size of 3 µm will be able to separate
the plasma from the RBCs. We did not make less porous filters with photo-polymer
concentrations higher than 6.2% as this would result in a delay in the flow of the sample
through the porous filters and consequently in a condition of low rate of blood flow. We
know [31] that under this condition the shear stress of the RBCs is increasing and this
leads to their aggregation and formation of clusters which can block the pores of the
filter preventing the plasma from flowing into the channel of the LFA.
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In figure 4.12 we present the results after testing 10 µL of sample with flow-through
filters made with varying photo-polymer concentrations. As we can see, a filter made
with 0% photo-polymer concentration (blank filter) is incapable of preventing the flow
of the sample into the LFA. However, when the sample is tested with porous flow-
through filters made with photo-polymer concentrations in the range between 3.3–
6.2 %, we observe that the amount of the blood sample which flows through the filters
and into the LFAs is decreasing with a decrease in the filter’s porosity and is blocked
when tested with a filter made with 6.2% photo-polymer concentration. Unlike what
we expected to see, in none of the cases did we observe any separation of the plasma
from the RBCs which is the result of the filtration method that we used and the re-
spective porosity of the flow-through filters. A filter made with 6.2% photo-polymer
concentration is porous enough to delay the flow of the sample through its pores and
as previously mentioned this might result into the aggregation of the RBCs which con-
sequently block the pores of the flow-through filter. Another reason could be that the
other components found in blood such as the leukocytes and the platelets blocked the
pores of the filter thus preventing the plasma extraction. More porous filters made with
photo-polymer concentrations between 3.3% and 5.5% have effective pore sizes bigger
than the size of the RBCs which eventually squeeze through the pores of the filters and
end up into the channel of the LFAs.

Following on from our previous experiment, this time we fabricated flow-through fil-
ters with photo-polymer concentrations in the range between 0% and 5.5% which we
know are porous to the flow of the RBCs. We tested each one of the filters with the
same blood sample that we previously used but this time pre-treated with Anti-D solu-
tion. We believe that the agglutination of the RBCs will lead to the formation of a big
complex which will get blocked from the porous filters, allowing only the plasma to
flow through and into the LFA. For the purpose of this experiment, we mixed 20 µL of

FIGURE 4.12: Flow-through filters fabricated with photo-polymer concentration in
the range between 3.3% and 6.2% and tested with 10 µL of human blood. The filters of
varying porosities as well as a blank filter made with 0% photo-polymer concentration

are incapable of separating the plasma from the RBCs.
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blood with 4 µL of Anti-D solution (1:5 v/v in ratio) and after leaving the sample for 5
minutes to rest and allow the agglutination of the RBCs we tested 10 µL.

In figure 4.13A we see images of the flow-through filters and the LFAs after the test-
ing process. As we can see, for the filters made with photo-polymer concentrations
at 4.5% and higher the aggregated RBCs are getting blocked from the filters and only
the plasma flows trough and ends up in the LFA. However, filters made with 4.1%
photo-polymer concentrations and below, have pore sizes bigger than the size of the
aggregated RBCs and consequently the red cells end up into the LFA and can be seen
as red spots located in the front end of the device. Only for the porous flow-through fil-
ters which were successful for blocking the RBCs, we calculated the plasma extraction
efficiency and the results are shown in table 4.2.

In order to measure the plasma extraction efficiency, we followed a method in which
we compared the area to which the extracted plasma has spread on an LFA against the
area that a known volume of plasma has spread over an LFA with the same geometry.
For that we deposited 5 µL of plasma at the front end of an LFA and then using the
RGB channel in the histogram function of Adobe Photoshop, we calculated the num-
ber of pixels corresponding to the area that the 5 µL of plasma has spread. Next, we

FIGURE 4.13: Flow-through filters fabricated with photo-polymer concentration in the
range between 0% and 5.5% are tested with human blood which is pre-treated with
Anti-D solution. Images show the results after testing (A) 10 µL of blood sample pre-
treated with Anti-D solution in a ratio 1:5 v/v and (B) 20 µL of blood pre-treated with

Anti-D solution in a ratio 1:4 v/v.
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repeated the same process this time for the filters tested with human blood in order to
calculate the number of pixels corresponding to the area that the unknown volume of
the extracted plasma has spread to in the front end of the LFAs. With this method, and
by comparing the number of pixels in both cases, we were able to calculate the extrac-
ted volume of plasma for filters of different porosities. Given the fact that the plasma
constitutes 55% of human blood, we know that in 10 µL of blood sample there is 5.5 µL
of plasma and by comparing this value with the volumes of the extracted plasma that
we previously calculated, we are able to measure the plasma extraction efficiency (%).

In table 4.2 we present the results of the extracted volume of the plasma and the relative
extraction efficiency calculated for the different filter porosities when tested with 10 µL
of blood. We observe that the extraction efficiency is low and roughly reaches the 50%
level despite the fact that the blood was pre-treated with an Anti-D solution to allow
the aggregation of the RBCs. We believe that the low levels of the plasma extraction
could be the results of the small volume of the Anti-D solution that we treated the
blood sample with. Using a small volume of Anti-D leaves unbound (free) RBCs that
block the pores of the porous filters would prevent further plasma extraction.

In the next experiment we increased the volume of the Anti-D solution that we pre-
treated the blood sample with in order to increase the amount of aggregation of the
RBCs. Furthermore, we increased the volume of the tested sample to 20 µL to increase
the plasma extraction efficiency. The protocol that we used for the sample treatment re-
mained the same as before and 20 µL of blood were mixed with 5 µL of Anti-D solution
(in ratio 1:4 v/v). The sample was left for 5 minutes to rest to allow the aggregation of
the RBCs before 20 µL of that sample were tested with filters of different porosities in
the range between 0–5.5 %. The results after the testing process are presented in figure
4.13B. At first glance we observe that the amount of the agglutination of the RBCs has
increased as compared with the amount of aggregation we had when the blood was
pre-treated with Anti-D solution in ratio 1:4 v/v (figure 4.13A). The previous statement
is evident by the fact that filters made with photo-polymer concentrations in the range
between 3.3–4.1 % are now able to completely block the aggregated RBCs (no red spots

TABLE 4.2: Flow-through filters made with different photo-polymer concentrations in
the range between 4.5–5.5 % and each one tested with 10 µL of human blood. The
blood sample was pre-treated with Anti-D solution in ratio 1:5 v/v. The extracted
volume of plasma as well as the plasma extraction efficiency were calculated for each

one of the different filters.

Photo-Polymer Extracted Plasma extraction
concentration volume efficiency

(v/v%) (µL) (%)
4.5 2.8 50.6
5.0 2.4 44.6
5.5 0.3 5.1
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observed) allowing only the flow of the plasma into the LFAs. It is also worth mention-
ing here that the colour of the extracted plasma for filters tested with blood pre-treated
with Anti-D solution in ratio 1:5 v/v (4.13A) tends to be darker as compared with the
colour of the extracted plasma of the filters tested with blood pre-treated with Anti-D
solution in a ratio 1:4 v/v (4.13B). This could be the result of the increased volume of the
Anti-D solution which in the latter case leaves a smaller amount of unbound red blood
cells which end up in the LFA along with the plasma.

The method that we followed to measure the plasma extraction efficiency is the same as
the one that was previously described. The results after the calculation of the extracted
volume of plasma as well as the extraction efficiency of the different porosity filters are
shown in table 4.3. As we can clearly see, from the total of 20 µL of the tested sample,
the extraction efficiency of plasma ranges between 12.5% and 44.7% which is roughly
at the same levels as the extraction efficiency we achieved in the previous experiment.
The increase in the volume of the Anti-D solution that we used to pre-treat the blood
resulted only in the increase in the amount of aggregation of the RBCs. We proved that
the increase in the amount of aggregation of the RBCs is not associated with an increase
in the extraction efficiency of plasma, as we initially thought it will be, and we believe
that this is the result of the aggregated RBCs which block the pores of the porous filters
preventing any further plasma extraction. Given the fact that the increase in the volume
of the tested sample also did not contribute to an increase in the extraction efficiency of
plasma, we conclude that using our developed filter-based method for the separation
of plasma from Anti-D solution pre-treated human blood has a 50% maximum plasma
yield.

In order to explore different pathways for the increase of the plasma extraction effi-
ciency, in our next demonstration we used a stacking pad method. In this approach
two porous flow-through filters are placed on top of each other to form a stacking pad
design which is located at the front end of an LFA. With this design we aim to increase

TABLE 4.3: Flow-through filters made with different photo-polymer concentrations
and tested with 20 µL of human blood pre-treated with Anti-D solution in a ratio 1:4
v/v. The extracted volume of plasma as well as the extraction efficiency of the different

porosity filters were calculated and presented in the table.

Photo-Polymer Extracted Plasma extraction
concentration volume efficiency

(v/v%) (µL) (%)
3.3 4.1 37.6
3.5 2.7 24.5
3.8 4.9 44.7
4.1 3.4 31.3
4.5 1.4 12.5
5.0 1.9 17.9
5.5 1.4 13.0
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FIGURE 4.14: Stacking pads made with different photo-polymer concentrations in the
range between 0–5.0 %. Each stacking pad consists of two porous flow-through filters
of the same porosity which are placed on top of each other. Each of the stacking pads

was tested with 20 µL of blood pre-treated with Anti-D solution in ratio 1:4 v/v.

the thickness of the porous filter and therefore the area through which the sample
flows. We believe that with this alternative we will be able to delay the flow of the
RBCs through the filter and prevent them from blocking its pores, therefore increasing
the plasma extraction efficiency. For the purpose of this experiment we fabricated and
stacked two porous filters of the same porosity, each one made with a photo-polymer
concentration in the range between 0–5.0 %. Each of the stacking pads was later tested
with 20 µL of blood pre-treated with Anti-D solution in a ratio 1:4 v/v.

The results after the testing process are depicted in figure 4.14. As we can see, the stack-
ing pad method is successful in filtering out the agglutinated RBCs allowing only the
plasma to flow through and into the front end of an LFA. However, looking at the res-
ults in table 4.4 where we calculated the volume of the extracted plasma as well as the
extraction efficiency of the stacking pads (using the same method that we previously

TABLE 4.4: Plasma extraction efficiency and the respective volume of the extracted
plasma using the stacking pad method. The stacking pads are made with different
photo-polymer concentrations in the range between 3.1–5.0 % and each one tested with

20 µL of pre-treated with Anti-D solution blood (1:4 v/v in ratio).

Photo-Polymer Extracted Plasma extraction
concentration volume efficiency

(v/v%) (µL) (%)
3.1 2.6 23.5
3.5 3.2 29.0
4.1 3.3 30.3
5.0 1.4 13.2
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described) we observe that for the different porosities of the stacking pads the max-
imum yield does not exceed the threshold of 30.3%. If we compare this value with the
maximum yield of the previously reported methods, we conclude that this approach
does not offer significant advances in terms of an increase in the extraction of plasma.

In our last demonstration of using the porous flow-through filters to separate the
plasma from the RBCs, we used again the previously described stacking pad method
but this time we stacked filters with different porosities. In this approach we used a
stack of filters each one made with a different photo-polymer concentration and de-
creasing pore size starting from the top layer which is the more porous and moving
to intermediate layer(s) with lower porosity and finally to the bottom layer which is
the least porous as presented in figure 4.15 and table 4.5. By gradually changing the
porosity of the flow-through filters and creating a stack with an asymmetric inner
structure, we aim to delay the flow of the RBCs while allowing the plasma to penet-
rate throughout the whole thickness of the stacking design and end up in an LFA. In
contrast with the previous methods, in this approach we want to gradually delay and
prevent the flow of the RBCs and we can achieve that by increasing the area, when
adding 3, 4 and 5 layers, through which the blood sample flows. A medium with an
asymmetric inner structure, similar to the one presented in this study, already exists as
a commercial product in the market (VividTM Plasma Separation membrane) and it is
used for the separation of plasma from human blood with ≥ 80 % plasma yield in less
than 2 minutes. There are reported methods in the literature [32], [33] that make use
of this plasma separation membrane with a plasma yield of 60% or larger when whole
blood is tested. Our end goal is to fabricate a similar device using our developed flow-
through filtration method and study the effect of having multiple layers of different

FIGURE 4.15: Stacking pad designs with 3, 4 and 5 layers of cellulose paper. Each one
of the porous filters is made with a different photo-polymer concentration and their
porosity is decreasing as we move from the top layer (very porous), to the intermediate

layer(s) (less porous) and then to the bottom layer (least porous).
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TABLE 4.5: Photo-polymer concentration of each layer in a stacking pad design con-
sisting of 3, 4 and 5 layers of cellulose paper respectively.

Photo-polymer Photo-polymer Photo-polymer
Layer concentration concentration concentration

(3 layers) (4 layers) (5 layers)
Layer 5 3.5% 2.9% 2.9%
Layer 4 - 3.3% 3.1%
Layer 3 4.3% - 3.3%
Layer 2 - 3.5% 3.5%
Layer 1 5.5% 4.1% 3.8%

porosities in the extraction of plasma.

In figure 4.16 we present the results after the testing process where stacking pads fab-
ricated with 3, 4 and 5 layers were tested with 20 µL of whole blood (figure 4.16A) as
well as the same volume of sample as before but this time pre-treated with Anti-D solu-
tion in ratio 1:4 (figure 4.16B). From the results we can clearly see that this method is
unsuccessful for the separation of plasma from RBCs. Unlike what we expected to see,
in none of the cases did we observe any plasma in the front end of the LFAs and this

FIGURE 4.16: Stacking pads made with 3, 4 and 5 layers of porous filters each one
made with a different photo-polymer concentration. The stacking pads were tested
with A) 20 µL of whole blood and B) 20 µL of blood pre-treated with Anti-D solution

in ratio 1:4 v/v.
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could be the result of the reported testing method in which the RBCs and/or the leuko-
cytes and the platelets blocked the pores of the stacking pads preventing the extraction
of plasma.

4.3.5 Flow-through filters tested with bacteria

In our last demonstration of using the porous flow-through filters we tested a water-
based solution containing E. coli bacteria. The aim of this experiment is to design por-
ous flow-through filters able to retain E. coli while allowing PBS, in which the bacteria
are suspended, to flow through and collected into a pad (cellulose paper).

The concentration of the bacteria is defined as a colony-forming unit (CFU), a common
method used in microbiology which is based on the number of viable bacteria in a
sample. For that we used 10 µL of the bacteria suspension with a dilution factor of
105 on an agar plate and we counted 433 colonies (figure 4.17). Then using equation
4.3 we calculated the stock concentration of the bacteria which has a value of 4.33 ×
109 CFU/mL.

FIGURE 4.17: Image showing the growth of E. coli on an agar plate when diluted in
PBS with a dilution factor of 105 after an overnight (18 hours) incubation at 37 °C.
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Bacteria concentration (CFU/mL) =
CFU counting × dilution factor
volume of bacterial suspension

(4.3)

During the testing process, 15 µL of the bacteria solution were used with flow-through
filters of different porosities. In figure 4.18 we present the results when three identical
flow-through filters each one made with the same photo-polymer concentration of
5.8 % were tested with the bacteria solution. During the testing process the porous
filters were positioned on top of the collection pads (figure 4.18A) and were only re-
moved after the end of the testing process to capture photos as shown in figure 4.18B.
As we can clearly see the PBS has been collected in all the three pads, however we
are unable to visualize the growth of bacteria on the paper unless we incubate the col-
lection pads at a certain temperature. For the purpose of this experiment, we placed
both the flow-through filters and the collection pads on agar plate and incubated for
18 hours at temperature of 37 °C in order to be able to visualize the bacteria colonies.
We repeated the same process with porous filters made with different photo-polymer
concentrations (each one replicated three times) in the range between 0–25 % and the
results after the incubation are depicted in figure 4.19.

From the results we observe that on top of all the flow-through filters the bacteria has
grown, however only those made with photo-polymer concentration at 5.3% and below
are porous enough to allow the penetration of E. coli which has grown into the collec-
tion pads. Although the porous filters made with photo-polymer concentration at 5.8%
and above, allowed the flow of PBS (similar to figure 4.18B), they are impermeable to
the flow of the bacteria therefore there is no growth in the collection pads.

FIGURE 4.18: (A) Three identical flow-through filters each one made with the same
photo-polymer concentration of 5.8% and tested with 15 µL of a water-based solution
of E. coli. The image is showing the position of the flow-through filters on top of the
collection pads during the testing process. (B) Image showing the pads after the testing

process where the PBS has been collected.
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FIGURE 4.19: Flow-through filters made with photo-polymer concentrations in the
range between 0–25 % were replicated three times and tested with 15 µL of a water-
based solution of E. coli. After the testing process both the porous filters and the col-
lection pads were incubated for 18 hours at temperature of 37 °C to allow the bacterial

growth.

The flow-through filtration method proved to be successful for the retention of E. coli
on the surface of a filter, which simultaneously allows for the penetration of water that
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is collected on a pad. Although we do not present herein an application using the flow-
through filtration method with bacteria, we believe that this approach can be used for
water purification in the case of contamination with bacteria and this can be included
as part of our future work.

4.4 Summary

In this chapter we presented another filtration method using our local photo-polymer
deposition technique. This approach is based on the fabrication of porous flow-through
filters on cellulose paper made with different porosities that are able to retain particles
of a specific size while allowing smaller particles to flow through. During the fabrica-
tion process we deposited the photo-polymer, which is diluted in IPA in different con-
centrations, inside the solid polymeric wall before the exposure to a laser source to form
porous flow-through filters. By changing the v/v% concentration of the photo-polymer
we were able to create filters with controllable levels of permeability which were placed
on the top of the front end of an LFA. We tested the filtration properties of the porous
flow-through filters with polystyrene microspheres of different sizes (200 nm, 500 nm,
1000 nm and 3000 nm) and we successfully found the parameters in order to create por-
ous filters able to completely block or allow the flow of these particles. For the filters
with different porosities we calculated the particle filtration efficiency which is a meas-
ure of their performance when filtering out particles larger than a specific size. The
results show that there is an increasing trend in terms of the photo-polymer concentra-
tion and the ability of the filters to block particles decreasing in size.

The flow-through filtration method was later used in an assay for the detection of CRP.
The detection method is based on the interaction and binding of the target analyte with
two antibodies each one tagged with different sized labels namely Au NPs (40 nm) and
latex beads (3 µm). The porous filter is designed to retain particles with a size of 3 µm
while allowing smaller particles to flow trough the filter and get captured in an LFA
where antibodies are immobilized at the test line. Similar to a competitive type assay
when the analyte is present in the sample it binds with both the Au NPs and the latex
beads forming a complex with size of 3 µm which is unable to flow through the filter.
In that case only the unbound detection antibodies can flow through the filter and get
captured in the test line producing a signal with varying intensity depending on the
concentration of the analyte in the sample. On the other hand, when the analyte is not
present in the sample the Au NPs flow through the filter and get captured in the test
line producing a strong signal. This filtration method was successfully applied for the
detection of CRP over a broader concentration range from 0 ng/mL to 50.000 ng/mL
with a LOD found at 13 ng/mL.
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In our next demonstration we used the flow-through filtration method in a different
application and specifically for the separation of plasma from RBCs. In our first exper-
iment we proved that the porous filters were incapable of extraction of plasma when
tested with whole blood. However, when we treated the blood sample with Anti-D
solution (1:5 v/v in ratio) we achieved the extraction of plasma with a maximum yield
of 50.6%. By treating the blood sample with Anti-D solution with a ratio 1:5 v/v and
increasing the volume of the tested blood to 20 µL we did not see an improvement in
the maximum yield as we achieved 44.7% efficiency in the extraction of plasma. In
our next approach, we used a stacking pad design where porous filters of either the
same or different porosities were placed on top of each other. First we used a two layer
stacking design consisting of two filters designed to have the same porosity, however
there was no improvement in terms of the plasma extraction efficiency as we achieved a
maximum yield of 30.3%. Then we used stacking pads with different number of layers
(3,4 and 5) where each one is designed to have different porosity starting from the top
layer which is highly porous to layers with decreasing porosity as we move from the
intermediate to the bottom layer. This method proved unsuccessful as we did not ob-
serve any plasma in the LFAs. Our results show that using our developed flow-through
filtration method we have a limit in the plasma extraction as other components found
in blood such as the leukocytes and the platelets are blocking the pores of the filters
preventing the extraction of plasma beyond the threshold of 50.6%.

Finally, we explored another application of using the porous flow-through filters for the
purification of a water-based suspension containing the bacteria E. coli. We successfully
developed porous filters able to prevent the flow of the bacteria, allowing only the PBS
to flow through and collect in a pad.
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Chapter 5

Local photo-polymer deposition
method for the fabrication of three
dimensional multilayer paper-based
devices

5.1 Introduction

Despite the wide use of 2D-µPADs in diagnostics, there are certain disadvantages that
prohibit their use as POC sensors. One of the main reasons is the spatial distribution
of the fluidic sample, which in the case of 2D-µPADs can only flow in one direction,
and this limits the detection of a large number of analytes and also increases the detec-
tion time. On the other hand, in 3D-µPADs the sample can flow in both the lateral and
vertical directions through multiple stacked layers of porous materials and this allows
for the multiple detection of analytes and further also reduces the device footprint due
to the fact that additional fluidic channels can be incorporated in the same device [1].
Due to the vertical flow of the sample the analyte detection time as well as the sample
volume are reduced [2] and these features are highly desired for POC devices. Ad-
ditionally, the better distribution of the sample in 3D-µPADs has been reported [3] to
result in a better analytical performance (e.g. LOD, analyte detection range) of these
devices as compared with the 2D-µPADs.

Another characteristic that µPADs should possess is the ability to control the flow of
samples [4, 5] which is important for assays requiring multiple steps during operation
(e.g. washing, pre-mixing etc.) [6]. To achieve that in 2D-µPADs, there are reported
methods that either using switches that can be activated by mechanical pulling [7] or
fabricating multiple flow paths in a single device with varying lengths [8]. Despite
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the efficiency of these methods for the sequential delivery of samples, they are either
time consuming during operation or laborious in terms of their fabrication process. On
the contrary, the use of 3D-µPADs allows performance complex assays, within a few
minutes, where mixing of different compounds is needed (e.g. enzyme-linked immun-
osorbent assay (ELISA)) [9] and we can also avoid any contamination as the sample can
be transported within the intermediate paper layers through multiple fluidic channels.
Additionally, the use of 3D-µPADs helps prevent any cross-contamination between
multiple samples thus enabling simultaneous testing of different assays independently
within the same device. Finally, the use of 3D-µPADs allows the reagents to be stored
within the middle layers of a device and as the fluid travels within these layers the
evaporation of the sample is minimized [10]. This results in a faster wicking rate [11]
and also improves the sensitivity of assays as compared with the 2D-µPADs due to the
fact that the prevention of the evaporation of the sample allows a bigger volume to
reach the detection zone [12].

For the aforementioned reasons, 3D-µPADs are extensively studied and many research
groups are working towards the fabrication and optimization of these platforms for
use in diagnostic assays. The most common fabrication method for the development
of 3D-µPADs includes 3D origami [13, 14], and devices made using this approach are
composed of individual pre-patterned tabs such as conjugate pad, detection pad and
absorbent pad, that are folded on top of each other to form a 3D structure. Another
reported fabrication method is the use of a stack of pre-patterned papers [15, 16] where
each layer is patterned individually and then all the layers are stacked together se-
quentially. Despite the applicability of these methods, there are certain disadvantages
arising primarily from their fabrication procedure. The origami-based method while
ingenious, require sequential steps for assembly and alignment of the layers of paper,
which might be difficult or incorrectly performed by untrained individuals. As for the
method that uses and stacks individual layers of pre-patterned paper, the use of addi-
tional equipments is required such as double-sided tape [17] and spray adhesive [18]
to ensure proper contact between adjoining layers. Alternative methods to stack lay-
ers of paper include the use of clamps [19] or holding the device between the thumb
and index fingers [20]. As previously mentioned, these methods require external/addi-
tional equipment and further fabrication steps, which are two factors that increase the
complexity of the design and fabrication. Additionally, the method of stacking layers of
pre-patterned paper requires an extra aligning step, which is a critical parameter for the
performance of the final device. In addition, an alternative method [21] for the forma-
tion of 3D-µPADs reports the formation of 3D structures directly on the paper layer, a
method that sorts out any contact issues but lacks simplicity as it requires double-sided
wax printing and an extra aligning step during the fabrication process.

In this chapter, we report the use of the local photo-polymer deposition method to
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stack several layers of porous materials and create 3D-µPADs. This method is an al-
ternative to the previous method [22] that our group has developed for the fabrica-
tion of 3D-µPADs which involved additional fabrication steps such as polymer soaking
and solvent-based developing of the paper device. Unlike that method, this technique
is simpler, faster in fabrication and most importantly exceeds the maximum number
(three) layers that our previous method had. The novelty of this method stems from
the fact that it does not require any alignment step between the layers during the fab-
rication process and simply requires putting layers of paper on top of each other.

We demonstrate the use of this technique to create 3D-µPADs for implementation of
single step colorimetric assays for the detection of three analytes, namely BSA, glucose,
nitrite as well as the pH of the tested artificial urine sample. Our choice to test the 3D-
µPADs for the detection of these analytes stems from the fact that these biomarkers are
commonly detected analytes in urine testing assays [23] for monitoring or screening
for kidney function, acid-based balance and urinary tract infections. The detection and
quantification of proteins in urine [24] is really useful for diagnosis of conditions such
as cardiovascular disease and cancer. Herein we test for the detection of BSA which
is used instead as the model protein for the human albumin in urine and it is studied
extensively because it has similar composition (e.g. molecular weight) to the human
protein [25]. Elevated levels of albumin in urine correspond to very low levels in blood
and this can be an indication of kidney damage (hypoalbuminemia) [26]. The detec-
tion and quantification of glucose in urine [27] is equally important for diagnostics, as
elevated levels of it are an indication of underlying health conditions. People having
diabetes [28] can develop chronic complications such as kidney problems, and this can
lead to the excretion of glucose into the urine (glycosuria). Apart from measuring al-
bumin and glucose levels in urine, the measurement of nitrite is also significant and
very common in urinalysis. Nitrates are naturally present in urine and are not harmful.
However, the presence of some gram negative bacteria, such as E. coli, have enzymes
that covert nitrates into nitrites [29] and the detection of nitrites in urine can be an in-
dication of bacterial infection such as in the urinary tract [30]. If left untreated it can
lead to kidney failure or even sepsis and for that colorimetric methods for the detection
of this analyte using µPADs are reported [31, 32]. Last but not least, testing the pH of
a urine sample reveals how acidic or alkaline a person’s urine is. Urine varies from
slightly acidic to slightly alkaline with usual values between 6.0 and 7.5 however, ab-
normal levels are associated with medical conditions such as kidney stones or urinary
tract infections.
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5.2 Experimental section

5.2.1 Experimental setup and materials

The porous material used to make the multilayer 3D-µPADs is WhatmanTM grade
1 qualitative filter paper (cellulose) from GE Healthcare with nominal thickness of
180 µm and pore size of 11 µm. We used glass fibre, from GE Healthcare, with nominal
thickness of 355 µm to pre-deposit the reagents used for the assay. In order to evaluate
the performance of our method to stack multiple layers of cellulose paper as well as
the fabrication of 3D-µPADs, we tested a red chemical dye from Sigma-Aldrich diluted
in DI water to have a concentration of 0.5 mg/mL. Next, we tested the performance
of the 3D-µPADs by performing a single step colorimetric assay for the detection of
BSA, glucose, nitrite and the measurement of the pH. For the BSA assay the reagents
used were citrate buffer and tetrabromophenol blue (TBPB) in 95% ethanol solution.
The BSA protein which was used as the analyte for the BSA assay was prepared at
a concentration of 50 mg/mL. The reagents used for the glucose assay were glucose
oxidase/peroxidase solution diluted in DI water and o-Dianisidine dihydrochloride
with a concentration of 5 mg/mL in DI water. D-(+)-glucose solution was used as the
analyte for the glucose assay with a concentration of 1 mg/mL in 0.1% benzoic acid.
Next, for the detection of nitrite, we prepared Griess reagent and used sodium nitrite
at a concentration of 0.68 mg/mL as the analyte for testing of this assay. For the pH
measurement we used bromothymol blue as an indicator. The protocols for the above
mentioned assays as well as the measurement of the pH are listed in the appendix D.
Finally, a red chemical dye diluted in DI water at a concentration of 0.5 mg/mL was

TABLE 5.1: List of the reagents used to make the artificial urine medium.

Reagent Amount (g/l)
Urea 10

Sodium chloride 5.2
Sodium sulphate.10H2O 3.2

Sodium biocarbonate 2.1
Ammonium chloride 1.3

Di-potassium hydrogen phosphate 1.2
Potassium dihydrogen phosphate 1.2

Bacteriological peptone (L37) 1.0
Creatinine 0.8

Magnesium sulphate.7H2O 0.49
Citric acid 0.4

Calcium chloride.2H2O 0.37
Lactic acid 0.1
Uric acid 0.07

Yeast extract 0.005
Iron (II) sulphate.7H2O 0.0012
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used to visualize the progression of the sample throughout the layers of the multilayer
3D-µPADs.

The above mentioned analytes were all spiked in an artificial urine sample in different
concentrations ranging from 0.3–18.2 mg/mL for BSA, 7.3–363 µg/mL for glucose and
0.6–62.6 µg/mL for nitrite. For the preparation of the artificial urine sample, we used
the reagents listed in table 5.1. The reagents were added to 1 L of DI water which
then placed on a hotplate at temperature of 50 °C and stirred until all the compounds
were completely dissolved. The solution was then sterilised and was filtered through
a stericup disposable filter unit and a vacuum pump into sterile bottles.

5.2.2 Methods and procedure

In order to pattern and stack of multiple layers of cellulose paper to make the 3D-
µPADs we used the local photo-polymer deposition method and we followed a pro-
tocol of sequential fabrication steps. Figure 5.1 shows a schematic of the various steps

FIGURE 5.1: Schematic of the various steps involved during the fabrication of a 2
layer paper device. The photo-polymer is first deposited on top of the cellulose paper
(step 1) and after it has extended throughout the thickness of the paper is exposed to
the laser source (step 2). Then the photo-polymer is deposited over the same pattern
(step 3) and the next layer is placed on top of it (step 4) before the photo-polymer is
deposited again with the same pattern over the top layer. When the photo-polymer
penetrates completely through the top layer (step 5) it is exposed again to the laser
light (step 6) to create a 2 layer paper device. A contact pad is placed between the

layers to ensure proper flow of the sample.
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required to pattern and stack 2 layers of cellulose paper. To begin with, the photo-
polymer is deposited on top of a porous substrate at locations pre-defined by a com-
puter design, and after it spreads throughout the entire thickness of the paper (stage
1) it is exposed to the laser source (stage 2) to induce photo-polymerization and cre-
ate a solid polymeric structure. Next, the same photo-polymer is deposited again over
the same pattern that was previously printed (stage 3) and immediately after, a second
layer of cellulose paper is placed over the top (stage 4). It worth mentioning here that
during stage 3 of the fabrication process, the unpolymerized photo-polymer is depos-
ited on top of a solid photo-polymer, therefore it remains on top of the patterned paper.
When the next layer of cellulose paper is placed on top of the first as presented in stage
4, then the unpolymerized photo-polymer penetrates only the top layer, thus assisting
with the bonding of the two layers. The photo-polymer pattern is added again on top
of the second layer (stage 5), followed by exposure from the laser source (stage 6) to cre-
ate a solid structure and stack the two layers of cellulose paper. With this method we
can stack 2 layers of paper and allow for the sample to flow from the top to the bottom
layer following the direction of the arrow as presented in the last image of figure 5.1.
It is very important to note that in order to ensure complete contact between the two
layers and have proper flow of the sample from the top to the bottom layer, a contact
pad of the same cellulose material is added in the intersection points between the two
paper layers.

The use of a contact pad is critical for the device fabrication as its absence results in
leaving a gap between the 2 layers and consequently interrupts the flow of the sample.
Furthermore, the addition of the photo-polymer between the layers is equally import-
ant to assist with their bonding. Despite the fact that we do not present the results
of the tested devices here, we tried another approach to eliminate step 4 of the previ-
ously mentioned fabrication process, and we only deposited the photo-polymer on top
of the second layer which after extending throughout the whole thickness of the top
paper was exposed to the laser irradiation. The result was that we were unable to stack
the 2 layers of paper together as the photo-polymer that is deposited from the top can
not assist with the bonding of the 2 layers. Lastly, we report the use of an alternat-
ive fabrication method that we used to stack together 2 layers of cellulose paper and
that involved the position of one layer of paper on top of the other, following by the
deposition of the photo-polymer only on the top layer which was later exposed to the
laser source. The result was again similar to that of the previous method, which means
that we were unable to stack together 2 layers of cellulose paper. We observed that the
photo-polymer was only able to penetrate the top layer, however there was no trace of
it on the bottom layer and we believe that is the result of the small gaps between the 2
layers which prevented the spreading of the photo-polymer on the bottom layer.

In order to make 3D-µPADs where the sample can flow in both the lateral and ver-
tical directions through multiple stacked layers of cellulose paper, we used the method
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FIGURE 5.2: Schematic showing a 3D multilayer paper-based device used to make the
single step colorimetric assays. The device consists of four different layers of patterned
cellulose paper stacked together and the sample can only flow to the hydrophilic paper
areas demarcated by the solid photo-polymer. In order to ensure proper flow of the
sample from the top to the bottom layer, contact pads made of cellulose paper were
added to the top three layers, whereas, contact pads made of glass fibre were added
between the middle and the bottom layer in the four readout zones which also contain

the dry reagents used for the assays.

that described through the schematic in figure 5.1 to produce a multilayer device that
implements four independent single-step colorimetric assays. Figure 5.2 illustrates a
schematic of a multilayer 3D-µPAD that was fabricated to allow the colorimetric detec-
tion of three analytes namely BSA, glucose and nitrite all spiked in artificial urine as
well as the pH of the tested sample. The device consists of four different layers of cel-
lulose paper each one patterned and stacked using the method described through the
schematic of figure 5.1. In each layer, the sample can only flow in the hydrophilic paper
areas, which are demarcated by the solid photo-polymer patterns preventing any leak-
age of the sample outside of the demarcated hydrophilic areas. As we can see the top
layer has an inlet point for introduction of the sample, whereas the bottom layer has
four rectangular readout zones designed to visualize the outcome of the colorimetric
assays. The two middle layers allow distribution of the sample homogeneously into the
four detection areas. To assist with the flow of the sample throughout the device, from
the top layer all through to the bottom layer, contact pads (represented as blue square
in figure 5.2) of a hydrophilic material were placed at the intersection of the channels
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within the adjoining layers. In order to ensure contact between the top three layers, we
used cellulose paper as a contact pad, whereas, glass fibre was used as the hydrophilic
contact pad material between the third and the bottom layer containing the four de-
tection zones. The glass fibre not only allowed proper flow of the sample between the
third and the bottom layer, but also served as pads for storage of the reagents required
for each of the different assays. The reagents were pre-deposited and left to dry at room
temperature for 20 minutes prior to the addition of the contact/storage pads between
the two final layers of our device. Our choice to use glass fibre stems from the fact
that this material is able to effectively release the reagents upon rehydration from the
incoming flow of a liquid sample. In figure 5.2 we have marked with red arrows the
direction of the flow of the sample, starting from the top layer and travelling through
the middle layers and finally to the bottom layer where the outcome of the assay can
be visualized.

5.3 Results and discussion

5.3.1 Stacking method for the fabrication of multilayer devices

In order to evaluate the performance of our local photo-polymer deposition method
to stack multiple layers of a porous material, we fabricated squares in cellulose paper
with dimensions of 5 × 5 mm2 and tested using a red chemical dye which provided an
aid to visualize the progression of the fluid flow through the different layers.

FIGURE 5.3: Photos of multilayer paper devices with two, three, four and five layers
respectively; each one was tested with 20 µL of red dye. The sample is introduced
from the top face of the devices and after travelling throughout the successive layers
it ends up on the bottom face. Photo of the cross-section of the devices is provided to

show that the red dye has completely soaked all the layers.
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Figure 5.3 depicts the results of different multilayer paper devices for which we have
successfully stacked two, three, four and five layers of paper following the same pro-
cedure each time (described in detail in the subsection 5.2.2) and tested each one with
20 µL of red dye. The same square pattern was fabricated in each of the different layers
and the solid polymer walls that defined those squares had a width of 2 mm. To ensure
proper flow of the sample from the top to the bottom layer, a contact pad (cellulose
paper) was placed between the layers. We followed the same process to produce six
devices for each of the four different multilayer cases, however in figure 5.3 we present
indicative images of these four different multilayer devices with either 2-5 layers re-
spectively. The results were consistent for each one of them and as can be clearly seen
the red dye which is introduced from the top face of the device, flows through the
successive layers of paper and ends up at the bottom face of the device. In order to
visualize that the red dye has flowed through each of the different layers of our stack,
after the testing process the devices were cut and a cross-sectional image was taken,
which shows that in each case the red dye has successfully travelled through all the
layers.

5.3.2 Fabrication of 3D paper-based devices

Following the evaluation of the local photo-polymer deposition method used to stack
layers of a porous material, we later used this fabrication technique to produce 3D mul-
tilayer paper-based devices wherein the sample can flow into channels and distribute
homogeneously into four individual detection zones. The fabrication parameters of the
photo-polymer deposition speed, the time delay, the laser scanning speed as well as the
laser fluence, are listed in table 2.1. Figure 5.4 presents one such 3D device designed
according to the schematic of figure 5.2 where four layers of cellulose paper are pat-
terned and stacked together to form a 20 × 20 mm2 square device. In order to ensure
proper flow of the sample from the top layer, to the middle layers and then into the
bottom layer, contacts pads made of cellulose paper were placed at the intersection of
the hydrophilic channels within adjoining layers. The dimensions of the flow channels
in each layer are listed in table 5.2. The performance of the 3D device was similarly
evaluated first using the same red dye and 35 µL were pipetted into the inlet point. The
result was observed by looking at the bottom face of the device at the point of the four
detection zones and as we can see in figure 5.4 the sample has spread to all of them. The
red dye provided an aid to visualize the progression of fluid through the multiple lay-
ers of this design and the volume of 35 µL is the smallest sample volume that is needed
in order for it to flow through the successive layers, soak completely the middle paper
layers, and end up in the bottom face of the device.
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FIGURE 5.4: 3D paper-based device with four layers tested with 35 µL of red dye. Left
image: Top face of the device where the red dye is introduced from the inlet point.
Right image: Bottom face of the same device where we visualize the outcome of the

testing process in the four detection zones.

TABLE 5.2: Dimensions of the channels within each layer of the 3D multilayer device.

Layer Length (mm) Width (mm)
Top layer 3 3

Middle with one channel 16 3
Middle with two channels 3 19

Bottom layer 3 4.5

5.3.3 3D paper-based devices used for the colorimetric detection of analytes
in an artificial urine sample

We next evaluated the applicability of our methodology by fabricating and testing
devices with a design as shown in figure 5.2 and having four layers, for the detection
of three common analytes presented in artificial urine. For this testing, artificial urine
samples spiked with the three chosen biomarkers, BSA, glucose and nitrite were used,
and the detection of each of these was through a colour development in individual
detection zones within the bottom layer of the device. The intensity of the colour pro-
duced is also an indication of the concentration of that analyte in the artificial urine
sample and was therefore used to not only detect, but also quantify the levels of the
different analytes in our samples.

For the BSA the colour change within the detection zone should be from yellow to blue.
In this assay we use a reagent (dye) called TBPB (yellow colour with maximum light
absorption at 595 nm) which under acidic conditions it binds with the albumin through
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a combination of electrostatic and hydrophobic interactions. The result of this interac-
tion is the formation of a stable complex (dye-albumin) which has a maximum light
absorption at 470 nm (blue colour) [33]. As for the glucose assay, the colour change
should be from brown to pink and the color formation is based on glucose oxidase
(reagent) which catalyses the oxidation of D-glucose (analyte) to D-gluconic acid with
the concurrent release of hydrogen peroxide (H2O2). In the presence of peroxidase,
the hydrogen peroxide enters into a second reaction involving o-Dianisidine with the
formation of a coloured product namely oxidised o-Dianisidine (brown colour) which
reacts with sulfuric acid to form a more stable coloured product (pink). The intens-
ity of the pink colour is proportional to the analyte’s D-glucose concentration in the
sample (all this information is acquired from Sigma-Aldrich technical bulletin). Next,
for the nitrite assay the colour change, in the detection zone is from light pink to a
red-violet colour. This assay is based on the Griess reaction in which under acidic con-
ditions (created by citric acid) the nitrite reacts with sulfanilamide acid resulting in the
formation of diazonium cation which subsequently couples to the aromatic amine N-
(1-napthyl)-ethylenediamine dihydrochloride to produce a red-violet coloured product
with maximum light absorption at 540 nm [34]. Last but not least, in the case of pH, the

FIGURE 5.5: (A) Top and bottom faces of a 3D paper-based device with four layers
designed for the simultaneous detection of three analytes namely BSA, glucose and
nitrite, as well as the pH of the tested sample. The image shows the device before the
testing process where the reagents for the assays are pre-deposited within the middle
and the bottom layer. (B) Bottom face of a control device (no analyte) where photos

are taken 1 minute (left device) and 10 minutes (right device) after the assay.
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colour changes from yellow (6.0) to green (7.6) for the corresponding pH values. This is
because of the bromothymol blue which has a closed-ring form (yellow in colour) and
absorbs light between 400–430 nm. This pH indicator acts as a weak acid in solution
and under basic conditions (pH values grater than 7.0) it is deprotonated and takes an
opened ring form which absorbs light at around 620 nm (blue colour).

As described earlier in subsection 5.2.2, before the testing of a 3D-µPAD we pre-
deposited and dried on the glass fibre pad the different reagents for the assays, and
these were later positioned between the bottom two layers of the device and figure
5.5A shows the top and bottom face of such a device. The reagents that were used were
as follows: for the BSA assay we used 1 µL of TBPB, for the glucose assay we used 2 µL
of glucose oxidase/peroxidase solution, for the nitrite assay we used 1 µL of the Griess
reagent and for the pH measurement we used 2 µL of bromothymol blue. Before test-
ing the 3D-µPADs with artificial urine sample spiked with the known concentrations
and volumes of the analytes, we tested, and used as a control, an artificial urine sample
that does not have any of the analytes (negative test). Figure 5.5B depicts the bottom
face of the control device where photos are taken 1 minute (left device) and 10 minutes
(right device) after the assay.

In figure 5.6 we illustrate the bottom face of a 3D-µPADs at different times namely 1
minute and 10 minutes after 50 µL of an artificial urine sample with analytes, was intro-
duced from the top face of each device. We chose to increase the volume of the sample
from 35 µL to 50 µL in order to acquire a better sensitivity during the measurement of
the tested analytes. From the results we observe that the volume of 50 µL is not only
sufficient for the sample to travel through all the layers of the 3D-µPAD but also does
not overload the device to produce any sideways leakage of the sample which would
be detrimental for the performance of this detection method. When the sample reaches
the in-between glass fibre contact pads, it rehydrates and reacts with the reagents stored
within it and then carries on to the detection zones to produce a corresponding colour
change within the different detection zones similar to the one described earlier. For this
testing, we conducted a detailed study using several devices with known samples con-
centration across a range of 0.3–18.2 mg/mL for BSA, 7.3–363 µg/mL for glucose and
0.6–62.6 µg/mL for nitrite. As we can clearly see, there is a gradient colour change of
the colour intensity for each of the analytes as their concentrations change from a lower
to a higher value. The higher the concentration of the analyte in the sample, the greater
is the colour intensity in the detection zone.

We later measured the LOD for the three detected analytes using equations 5.1 and 5.2
and were found to be at 0.4 mg/mL for BSA, 14.5 µg/mL for glucose and 2.5 µg/mL
for nitrite.

LOD = LOB + 3 × Standard deviationLowest concentration sample (5.1)



5.3. Results and discussion 93

FIGURE 5.6: Images of the bottom face of the four-layered 3D-µPADs when tested with
different concentrations of the analytes. Photos of each device were taken (A1,A2) 1

minute and (B1,B2) 10 minutes after testing 50 µL of the artificial urine sample.

LOB = ⟨Blank⟩+ 1.645 × Standard deviationBlank (5.2)
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FIGURE 5.7: Calibration curves showing the colour intensity of (A) BSA, (B) glucose
and (C) nitrite for their different concentrations in the artificial urine sample.
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The significance of our developed analyte detection method for clinical diagnostics is
evident from the evaluated LODs. Specifically, in the case of BSA the lowest detec-
ted analyte concentration was found at 0.4 mg/mL and this allows the use of such
a device for the detection of nephrotic syndrome (protein > 2.3 mg/mL), subneph-
rotic range proteinuria (0.6 < protein < 2.3 mg/mL) and tubular proteinuria (protein
< 0.6 mg/mL). Furthermore, the LOD of 14.5 µg/mL for glucose suggests its useful-
ness for the practical application of detecting elevated levels of glucose in urine due
to the fact that levels > 250 µg/mL is an indication of diabetes. Finally, our reported
3D-µPAD is capable of detecting nitrites in urine as their presence, no matter the con-
centration, is an indication of urinary tract infection.

The colour intensities on the detection zones for each device were analysed using the
RGB channel in the histogram function of the Adobe Photoshop program. After using
a scanner to take photos of the tested devices, we measured the mean intensity value
of the pixels of each one of the four detection zones and the colour intensity values of
the control device (no analyte) were subtracted from the values for the devices tested
with the analytes in order to obtain the actual signal intensity. For BSA and nitrite we
measured the signal, 1 minute after the assay as presented in figure 5.6A1,A2. However,
as the glucose assay requires a longer time to complete [35] (10 minutes) the colour
was allowed to develop over this period of time, and intensity measured thereafter (as
in figure 5.6B1,B2). In figure 5.7 we show the calibration curves which are based on
the actual colour intensities. We can clearly see for the three detected analytes that as
their concentration increases, the corresponding intensity of the colour produced also
increases. Also, each measurement was repeated three times to calculate the error.

5.4 Summary

In this chapter we report the use of our developed local photo-polymer deposition
method for the fabrication of 3D-µPADs using cellulose paper. This method is simple,
fast and inexpensive and unlike other reported patterning techniques for the fabrication
of 3D devices, this approach eliminates the need for any sophisticated alignment that
may be required between the layers. In addition, this also does not mandate the need
for the use of external or additional equipment during the assembly of the device. We
tested the performance of this device fabrication method by stacking several layers of
cellulose paper and making 3D-µPADs, which were then tested with a red dye that
visualize that the sample flowed through the successive layers without blockage or
leakage. Lastly, we used the 3D-µPADs with the reagents dried and stored within the
layers of the device, to perform single-step colorimetric assays for the detection of three
analytes spiked in artificial urine namely BSA, glucose and nitrite, as well as the pH
of the tested sample. From the results, we observe an increasing trend between the
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concentration of the analytes and their respective colour intensity. Additionally, the
devices were shown to be suitable for a quantitative detection of the tested analytes.
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Chapter 6

Optically controlled fluid flow in
lateral flow devices

6.1 Introduction

It is a global imperative for POC sensors to move beyond a simple binary yes/no res-
ult, as happens for a pregnancy test for example, to tests that provide a quantitative or
semi-quantitative result. This, together with the demands for greatly enhanced sensit-
ivity and limit of detection are the holy-grail for the diagnostic industry and a multi-
testing environment in paper-based devices where fluid flow can be delayed or gated is
highly desirable as it will implement these provisions and optimize the outcome of the
testing procedure. Towards this goal, there is an extensive research effort in the field of
microfluidics and POC sensors to control the fluid flow of samples and perform mul-
tistep reactions on paper [1]. The flow control of samples can be divided into two major
categories, namely passive and active [2]. In passive fluid control the methods that are
used target manipulation of the flow rate of the sample within the paper channel how-
ever, they suffer from lack of flexibility in terms of the fluid manipulation. On the other
hand, in active fluid control the sample can travel freely within the paper device and be
delivered to a desired location at a chosen time, therefore allowing for sequential multi
steps assays.

In passive fluid control the reported methods include the modification in the geometry
of the fluid channel (e.g. length, width, height or flow path) in order to change the
sample’s flow speed [3, 4, 5] or the chemical treatment [6, 7] of the flow channel by
adding e.g. sucrose or different concentrations or paraffin wax-coated layers in order
to change the wicking properties of the paper and delay the flow of the sample. In the
case of the active fluid control, there are methods that report the use of a temperature
control-operated valve system [8] in which the flow of the sample can be gated by
heating the wax or the use of a rotational valve on a paper device [9], a method used to
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connect separated paper channels which although it has proved successful to perform
multi-step assays, it has the disadvantage of manual operation.

In the category of active fluid flow, many research groups have focused on the use
of stimuli responsive materials [10] (polymers) that can change their properties in re-
sponse to a single or multiple stimuli. Hydrogel [11], is such a material and consists
of a three-dimensional cross-linked polymer network with an insoluble but highly hy-
drophilic structure that is capable of a volume change (swelling or shrinking) revers-
ibly upon triggering from external environmental conditions. There are many factors
that can trigger [12, 13] and activate (swell) the hydrogel and some of them include a
change in the pH [14, 15], the temperature [16, 17] and the chemicals as a response to
the presence of certain molecules such as glucose [18]. Another widely used category
of materials is that of the light-responsive hydrogels [19] which can be triggered when
exposed to light of a certain wavelength [20, 21]. The advantage of using light-activated
hydrogels is the fact that we have more flexibility to trigger the hydrogel as the light
can be delivered at a defined area at a desired time and is also a non-invasive method
as light can activate the hydrogel remotely. The light-activated hydrogels will be the
main material that we will study in this chapter in order to make optical switches. Hy-
drogels are commonly used as optical switches in microfluidics to control the flow of
samples and common methods include their use in silicone microchannels [22], poly-
mer channels [23] and in paper-based devices. In the last category there are reported
methods that use thermally responsive hydrogels [24, 25] on paper channels fabric-
ated from cellulose or use of a multilayer paper device functionalyzed with a target
(aptamer) responsive hydrogel for the simultaneous detection of analytes [26].

In this chapter we report the use of light-activated hydrogels in paper-based devices
to control the flow of samples in order to increase the sensitivity for the detection of
analytes. The aim of this work is described through the schematic of figure 6.1. In this
example, we use the method of the local photo-polymer deposition to dispense a pre-
polymer solution in the form of a porous in-line barrier in an LFA, similar to the method
reported in chapter 7.3. Later, the pre-polymer solution is exposed to the 405 nm laser
source in order to transform into a hydrogel (optically triggered in-line barrier). The
functionality of this porous optically triggered in-line barrier is to control the fluid flow
upon exposure to light of different wavelengths. Specifically, when the porous optically
triggered in-line barrier is exposed to the 365 nm light source the hydrogel expands and
consequently filling the open pores of the paper, therefore preventing the flow of the
sample. On the other hand, an exposure of the optically triggered in-line barrier to the
470 nm light source results in the shrinkage of the hydrogel, thus leaving open pores
through which the sample can flow. For the purpose of the experiment, we position the
optically triggered in-line barrier either after the test and the control lines (figure 6.1A)
to increase the incubation time between the sample and the capture antibodies on the
test line, or at the conjugate pad (figure 6.1B) to increase the incubation time between
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the analyte and the detection antibodies. In either case our intention is to increase the
signal intensity on the test line of an LFA, hence the sensitivity of the assay. For that
purpose, we conducted a detailed study using different pre-polymer solutions with
different compositions, and we explored the light exposure parameters, using a 405 nm
laser light source, required for their polymerization and the formation of hydrogels.
Next, we used different designs to deposit the hydrogels on paper (e.g. figure 6.1B
photo (i)) using our local photo-polymer deposition method and we studied the light
exposure parameters to either block the flow of sample (e.g. figure 6.1B photo (ii))
after exposure to the 365 nm light source or enable the flow of sample (e.g. figure 6.1B
photo (iii)) after exposure to the 470 nm blue light source. Additionally, we studied
an alternative method to activate the hydrogels and block the flow of sample and this

FIGURE 6.1: Schematic showing an LFA with an optically triggered in-line barrier po-
sitioned either (A) within the NC membrane after the test and the control lines or (B)
at the conjugate pad in order to increase the incubation time between the sample and
the capture antibodies on the test line or the analyte with the detection antibodies re-
spectively. (B) After the polymerization of the optically triggered in-line barrier with
the 405 nm laser light source (i) it is either exposed to the 365 nm light source to block
the flow of sample (ii) or to the 470 nm light source to enable its flow in the NC mem-

brane (iii).
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includes the incubation of the hydrogels in water.

Finally, we demonstrate the applicability of using hydrogels in diagnostic assays to
increase the sensitivity in the detection of two analytes, namely the COVID-19 virus
and CRP.

6.2 Experimental section

6.2.1 Experimental materials

The light source used to polymerize and cross-link the pre-polymer was a fibre-coupled
CW diode laser operating at a wavelength at 405 nm with output power of 70 mW. Fol-
lowing the polymerization process and the formation of a hydrogel, we later exposed
it to another light source in order to activate the spiropyran and allow the hydrogel to
swell. For this we used a UV fibre-coupled LED acquired from Thorlabs operating at a
wavelength at 365 nm with output power of 4 mW and intensity of 10.4 mW/cm2. The
fibre used is a multimode fibre with core diameter of 400 µm and distance between the
fibre tip and the hydrogel sample measured at 13 mm with a spot size of 7 mm. Finally,
we exposed the hydrogel to another source in order to induce its volume shrinkage and
that is an LED array light source (Thorlabs) operating at a wavelength of 470 nm (blue
light) with a total output power of 85 mW and intensity of 221 mW/cm2.

We used different pre-polymer solutions which after exposing to light of the correct
wavelength (405 nm) led to the formation of hydrogels. Table 6.1 shows the materi-
als and the amount used to prepare four different pre-polymer solutions. Next, we
tested other pre-polymer solutions in which oligoethylene glycol (OEGMA) was used
as a water soluble monomer and ethylene glycol dimethacrylate (EGDMA) as a cross-
linker. The list of the materials mixed to form these pre-polymer solutions are listed
in table 6.2. Furthermore, we tested another pre-polymer solution which contained a
different, more active, spiropyran and the list of the other components mixed to make
the pre-polymer solution are listed in table 6.3. The previously mentioned pre-polymer
solutions and the materials used to make them were all prepared and synthesized in
the University of Birmingham (School of Chemistry) and upon receiving them, they
were covered with aluminium foil to avoid exposure to the ambient light and stored
inside the freezer at temperature of −4 °C.

In order to study the pre-polymer solutions we deposited them on different substrates.
Specifically, in order to study the effect of the light exposure to polymerize and cross-
link the pre-polymer solutions, we deposited them on a glass slide (from Thermo Fisher
Scientific) and later we checked whether the exposure conditions led to the formation
of a hydrogel. After finding the light exposure parameters (e.g. laser fluence) to form
hydrogels, we deposited the pre-polymer solutions on different substrates such as NC
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TABLE 6.1: List of materials used for the synthesis of different pre-polymer solutions.
Each one contains NIPAM used as the water soluble monomer, acrylic acid used as the
proton donor, MBIS used as a cross-linker, spiropyran 1 used as the photo-responsive

element and irgacure used as the photo-initiator.

Pre-polymer NIPAM Acrylic acid MBIS Spiropyran 1 Irgacure
solution (mg) (mg) (mg) (mg) (mg)

1 404 14.4 16 16 5
2 400 14.1 17 18 6
3 402 14.2 19 14 17
4 401 14.3 19 27 17

TABLE 6.2: List of materials used for the synthesis of different pre-polymer solutions.
Each one contains OEGMA300 or OEGMA900+OEGMA300 both used as the water sol-
uble monomer, methacrylic acid used as the proton donor, EGDMA used as a cross-
linker, spiropyran 1 used as the photo-responsive element and irgacure used as the

photo-initiator.

Pre-polymer OEGMA300 Methacrylic EGDMA Spiropyran 1 Irgacure
solution (mg) acid(mg) (mg) (mg) (mg)

5 1000 16 22.1 13 15
6 2000 35.8 168 58.4 30.9

OEGMA900 Methacrylic EGDMA Spiropyran 1 Irgacure
+OEGMA300 acid

(mg) (mg) (mg) (mg) (mg)
7 1825 37.3 165.18 58 30.9

TABLE 6.3: List of materials used for the synthesis of different pre-polymer solu-
tions. Each one contains OEGMA900+OEGMA300 used as the water soluble monomer,
methacrylic acid used as the proton donor, EGDMA used as a cross-linker, spiropyran

2 used as the photo-responsive element and irgacure used as the photo-initiator.

Pre-polymer OEGMA900 Methacrylic EGDMA Spiropyran 2 Irgacure
+OEGMA300 acid

(mg) (mg) (mg) (mg) (mg)
8 2027 29.1 137.5 47.5 25

membrane (Sartorius Stedim Biotech GmbH, Germany, with thickness at 140–170 µm
and pore size at 15 µm), cellulose paper (GE Healthcare with thickness of 180 µm and
pore size of 11 µm) and glass fibre (GE Healthcare, with nominal thickness of 355 µm)
in order to check the effect of swelling and shrinking on different porous materials.

Afterwords, we mixed both pre-polymer solutions 7 and 8 with a photo-polymer
(Desolite) in different ratios in the range between 10–40 % in order to increase the vis-
cosity of the mixed solution and be able to deliver it onto the paper substrate using
the local photo-polymer deposition method. In order to mix these two substances
together, first we removed the pre-polymer solution from the freezer and we left it at
room temperature for 1 hour until it defrosts completely and becomes liquid. Next, we
put together the pre-polymer solution and the photo-polymer in a plastic tube and we
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vortexed for several minutes until the solution becomes completely homogeneous. Fi-
nally, we transferred the solution to an opaque (black) syringe barrel, to avoid exposure
to any ambient light, and kept it at room temperature until use. We avoided putting
the solution containing the pre-polymer and the photo-polymer in the fridge, as the
photo-polymer has to be stored in a dry place at temperatures between 15 °C and 30 °C.
Storage of the photo-polymer at temperatures close to 0 °C may result in a phase sep-
aration, an unstable state in which the photo-polymer splits into its components that
have different composition as compared to the initial photo-polymer [27]. Although
this process is reversible and can be corrected after heating the photo-polymer for 24
hours at 50 °C this action is not recommended as it may result in the degradation of the
pre-polymer solution.

Finally, we tested the performance of the devices, via different designs, that contain
the hydrogel using two different dyes namely a red chemical and a rhodamine as trial
sample fluids both acquired from Sigma-Aldrich and diluted in DI water to have a con-
centration of 0.5 mg/mL. We also performed two diagnostic assays for the detection
of CRP and the COVID-19 virus. For the CRP assay we used a conjugate pad (glass
fibre) to pre-deposit and dry the detection antibody. The glass fibre was pre-treated
with a blocking solution following sequential steps as follows: first the conjugate pad
was soaked in a 0.05% Tween20 in PBS for 30 seconds and left to dry at 40 °C for 60
minutes. The conjugate pad was then soaked in a mixture of 0.25 g borate, 62.5 µL Tri-
ton X-100, 0.25 g sucrose and 0.75 g BSA in 25 mL of PBS for another 30 seconds. The
pad was again dried for 60 minutes at 40 °C and then stored in a desiccated environ-
ment with <20% humidity until assembly of the final device. The CRP analyte was
used in a concentration of 10 ng/mL and the conjugate was the same one that we used
and described in the materials section of chapter 3. In the channels of the LFAs we
dispensed and immobilized at the test line CRP capture antibodies with stock concen-
tration of 1 mg/mL and at the control line a mouse IgG antibody with stock concen-
tration of 500 µg/mL. For the COVID-19 assay we used the COVID-19 biomarker in
a concentration of 100 ng/mL of 1% Triton X-100 in PBS and for the reagents we used
2 µL COVID-19 specific antibodies tagged with Au NPs. In the LFAs we dispensed and
immobilized at the test line COVID-19 capture antibodies.

6.2.2 Characterization of different pre-polymer solutions containing NIPAM
and MBIS for the creation of hydrogels

In this subsection we report and characterize different pre-polymer solutions based on
their ability to form hydrogels following the exposure to the laser light source operating
at a wavelength of 405 nm. After the photo-polymerization process, the hydrogels were
placed in DI water to allow for swelling, and afterwards they were exposed to a blue
LED light source operating at a wavelength of 470 nm in order to shrink. The aim of
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this chapter is to trigger/activate the hydrogels after their exposure to light at certain
wavelength and also measure the degree of their swelling and shrinking following the
illumination process.

In this set of experiments, all the synthesized pre-polymer solutions (see appendix E.1
for the chemical structure) consist of the following main ingredients in different propor-
tions for each case: NIPAM used as the water soluble monomer, acrylic acid used as the
proton donor, MBIS used as a cross-linker, spiropyran 1 used as the photo-responsive
element and irgacure used as the photo-initiator. Table 6.1 shows the four different
pre-polymer solutions that we prepared and each one of them was mixed with 1 mL of
2:1 dioxane in DI water to completely dissolve all the components and make a homo-
geneous mixture. After the synthesis, we pipetted a droplet of 10 µL from each of the
pre-polymer solutions on a glass slide, and immediately after we exposed them to the
405 nm light source with a fluence of 10.8 J/cm2. In figure 6.2A we see photos of the
polymerized pre-polymer solutions that led to the formation of hydrogels after the ex-
posure to light. Although in this first experiment we did not make a parametric study
of the light exposure conditions that lead to the formation of a hydrogel, we are sure
that the formed materials are indeed hydrogels due to the fact that after the exposure
to the light with the given fluence of 10.8 J/cm2, they are no longer liquid but instead
they have all transformed to semi-solid elastic (gel) materials.

After the polymerization process, we removed the hydrogels from the glass slide and
rinsed them first with ethanol and then with DI water to remove any unpolymerized
monomers that might remain inside the structure of the hydrogel. This washing step
is essential as we believe that the unpolymerized monomers can interfere with the pro-
cess of swelling thus preventing the hydrogel from its full activation after the water
incubation.

In the next step, we placed the hydrogels inside the water and we kept them for 3
hours to ensure their full swelling. In photos 1 of cycle 1 in figure 6.2B we present
images of the hydrogels at the state in which they are fully swollen and as we can
clearly see this is associated with a colour change as compared with their colour in the
initial state (figure 6.2A). This colour transition from light yellow (after polymerization
with 405 nm) to dark yellow (after water incubation) is an indication of the activation of
the spiropyran, which results in an increase in the volume of the hydrogel (swelling).
Afterwards, we removed the hydrogels from water and we placed them on top of a
paper tissue to remove the excess amount of water and then we exposed the hydrogels
to the blue LED light source (470 nm) with energy per area of 132.5 J/cm2 in order to
induce their shrinking. Photos of the hydrogels at the stage when they are shrunk are
illustrated in images 2 of figure 6.2B and again there is a colour transition from dark
yellow to light yellow. Similar to our previous observation, this colour change is an
indication that light with a wavelength of (470 nm) triggers the spiropyran resulting in
the shrinking of the hydrogel.
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FIGURE 6.2: (A) Photos of the four pre-polymer solutions after their exposure to laser
light at a wavelength of 405 nm to become hydrogels. (B) Following their exposure to
405 nm, the hydrogels, in cycle 1, were first incubated in water until they fully swell
(photo 1) and then they were exposed to light at a wavelength of 470 nm to induce
their shrinkage (photo 2). In cycle 2, we repeated the process as the same hydrogels
were again incubated in water (photo 3) and then exposed to the 470 nm light source

(photo 4).

In table 6.4 we present the results after measuring the volume change of the four differ-
ent hydrogels in both cases after the water incubation and the exposure to the blue LED
light source. In order to calculate the volume change we took photos of the hydrogels,
as presented in figure 6.2, and then we used the RGB channel in the histogram function
of the Adobe photoshop program to count the number of pixels in the cases after the
exposure to 405 nm (figure 6.2A), in their swollen state after the incubation to water
(photos 1 of figure 6.2B) and in their shrunk state after exposure to 470 nm (photos 2 of
figure 6.2B). Then we used equation 6.1 to measure the percentage volume change.

Volume change (%) =
(

1 − Number of pixels after 405 nm exposure
Number of pixels in swollen/shrunk state

)
× 100 (6.1)

It is well known that the hydrogels exhibit a reversible behaviour upon exposure to
light of certain wavelength and that means that the hydrogel can transition from the
shrunk state back to the swollen state multiple times. The purpose of the next experi-
ment is to test the reversible behaviour of the four synthesized hydrogels and measure
again the volume change in each of their states. For that we used the same hydrogels
that we previously discussed and after their exposure to the 470 nm light source, we
placed them back in water for another 3 hours in order to fully swell. After that, the
hydrogels were removed from the water and we placed them on a paper tissue to re-
move the excess amount of water and then we took pictures as presented in photos
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TABLE 6.4: Percentage volume change of the four hydrogels after the incubation to
water (results in swelling) and the exposure to light at a wavelength of 470 nm (results
in shrinking). The process of swelling and shrinking of the hydrogels was repeated

two times.

Pre-polymer After water After exposure After water After exposure
solution Incubation to 470 nm Incubation to 470 nm

1 +26.7% -34% - -
2 +40% -18% +26.8% -40%
3 +47.5% -32.9% +31% -21.5%
4 +35% -25% +22% -30%

3 of figure 6.2B (cycle 2). Afterwards, the hydrogels were again exposed to the blue
LED light source (470 nm) for 10 minutes in order to shrink and photos of them are il-
lustrated in images 4 of figure 6.2B. Despite the fact that only the hydrogel synthesized
from the pre-polymer solution 1 was brittle and after removing from water it broke into
pieces, we can see that there is an increase in their volume after the second incubation
to water, whereas the volume of the hydrogels decreased upon their second expose to

FIGURE 6.3: Colour intensity of the four pre-polymer solutions after each process
namely: polymerization with 405 nm laser light source, incubation to water (swell-
ing) and exposure to the 470 nm light source (shrinking). The colour intensity of all

the hydrogels was measured in both cycle 1 and cycle 2.
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light at 470 nm (table 6.4). As previously mentioned, the volume change of the hydro-
gels is associated with their colour change and in figure 6.3 we present a graph showing
the colour intensity of the four pre-polymer solutions after each process namely: poly-
merization with the 405 nm laser light source, incubation to water to allow for swelling
and finally exposure to 470 nm light source to allow for shrinking. As we can clearly
see, for all the different hydrogels after their first and second exposure to the 470 nm
light source (shrinking) their colour intensity is similar to the colour intensity of the
hydrogel in the initial state (after the polymerization with the 405 nm). Furthermore,
when the hydrogels are incubated in water (swelling) in cycle 1 and cycle 2 they exhibit
similar colour intensity. These results show that the synthesized hydrogels exhibit a
good reversible response when they are incubated in water as well as after their optical
stimulation with the blue light source. In order to measure the colour intensity of the
hydrogels, we used again the Adobe photoshop program, but this time we measured
the mean intensity value of the pixels for each of the photos of the hydrogels presented
in figure 6.2.

The reversible behaviour of the previously described hydrogels opens the path for their
use as optical switches for the control of the sample flow. To test that, in the next ex-
periment we used the local photo-polymer deposition method to fabricate channels on
cellulose paper with the design as presented in figure 6.4A. Next, we pipetted different
volumes of the hydrogel in the range between 2–4 µL in the centre of the fluidic channel

FIGURE 6.4: (A) Patterning of cellulose paper to create a channel able to guide the flow
of liquids. (B) Pipetting the pre-polymer solution on the paper and polymerize with
the 405 nm light source to make a hydrogel. (C) Incubation of the hydrogel in water to
swell and block the sample flow. (D) Exposure of the hydrogel to 470 nm light source
to shrink and enable the sample flow. The red arrow shows the direction of the sample

flow on the fluidic channel.
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as shown in figure 6.4B and immediately after we exposed to the 405 nm light source
with a fluence of 10.8 J/cm2. Due to the small viscosity of the hydrogel, it only took
a few seconds to spread throughout the entire thickness of the cellulose paper and for
that we set the time delay between the hydrogel deposition and the laser exposure to
10 seconds. Afterwards, we rinsed the hydrogel first with ethanol and then with DI
water to remove any unpolymerized monomers and later we incubated in water for
3 hours to allow for swelling (figure 6.4C). After the water incubation step the paper
device was left to dry for 30 minutes at room temperature before flowing 10 µL of a red
dye to test whether the sample is able to flow around the hydrogel and towards the
end of the fluidic channel. Finally, using the same device we exposed the hydrogel to
the blue light source at 470 nm with energy per area of 132.5 J/cm2 in order to allow
for shrinking and we tested whether in that case a larger volume of the red dye is able
to flow beyond the position of the hydrogel following the direction of the sample flow
(figure 6.4D).

In figure 6.5A we illustrate an image of the cellulose paper device that we used for
this experiment. Also, in figure 6.5B we present the results after pipetting different

FIGURE 6.5: (A) Image of the paper device made on cellulose paper and designed
for the optical control of a sample. (B) Left image: Devices in which we deposited
the pre-polymer solution 1 in different volumes in the range between 2–4 µL and then
exposed to the laser light at a wavelength of 405 nm with fluence at 10.8 J/cm2 to make
hydrogels. Right image: The same devices were incubated in water for 3 hours to

allow for the hydrogel swelling before testing 10 µL of a red dye.
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volumes, between 2–4 µL, of pre-polymer solution 1 in the centre of the paper device,
following by a photo-polymerization using the 405 nm light source (left image) and
then testing 10 µL of a red dye after the water incubation step and when the hydro-
gel is swollen (right image). Our choice to use the pre-polymer solution 1 in this first
demonstration, stems from the fact that this pre-polymer leads to the formation of a hy-
drogel which exhibits the biggest volume change (-34%) upon exposure to the 470 nm
light source (shrinking) according to the results in table 6.4. We believed that using
pre-polymer solution 1, we would be able to allow a large volume of sample to flow
around the hydrogel after the exposure to the blue light source. Unlike what we ex-
pected to observe, in figure 6.5B we see that when the hydrogel is in its swollen state
and despite the volume we deposited, it was unable to block the flow of the red dye
which immediately penetrated through it and towards the end of the fluidic channel.
We believe that this is the result of the low viscosity of the pre-polymer solution 1 and
the fact that after it was deposited it spreads within the cellulose and is unable to block
the pores of the paper even when it is swollen.

In the last demonstration of this method, we repeated the same experiment but this
time we used pre-polymer solution 3 which according to the results shown in table
6.4 exhibits the largest volume change (+47.5%) after the water incubation. We believe
that using pre-polymer solution 3 and after incubating in water, we would be able to

FIGURE 6.6: (A) Fluidic channels with different volumes of the pre-polymer solution
3 between 2–4 µL and after the exposure to the 405 nm light source to make hydrogels.
(B) Photos of the devices after incubation to water for 3 hours to allow for the hydrogel
to swell and then tested with 10 µL of a red dye. (C) Photos of the same fluidic devices
after the hydorgels were exposed to the 470 nm blue light source with energy per area

of 132.5 J/cm2 in order to shrink.
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block the flow of the sample and potentially allow its flow after the exposure to the
blue light source. Furthermore, in order to make the pre-polymer solution we reduced
the amount of solvent we used and specifically we diluted all its components in 300 µL
of 2:1 dioxane in DI water to increase the viscosity of the pre-polymer solution and
avoid its wide spreading on the paper. Figure 6.6A presents the results after pipetting
different volumes of the pre-polymer solution 3 in the range between 2–4 µL, followed
by the polymerization and cross-linking using the 405 nm (fluence at 10.8 J/cm2) laser
source to create hydrogels. Afterwards, the devices were washed following the pro-
tocol previously described and incubated in water for 3 hours. In figure 6.6B we depict
the fluidic devices after the water incubation step and at the moment that the red dye
(10 µL) reaches the position of the hydrogel. As can be clearly seen, only for the case
that the pre-polymer solution was deposited at a volume of 2 µL the red dye can barely
flow around the hydrogel whereas, for larger pre-polymer solution volumes (2.5–4 µL)
the formed hydrogel is able to block the flow of the sample. However, after the expos-
ure of the same hydrogels to the 470 nm light source with energy per area of 132.5 J/cm2

(figure 6.6C), we observe that the red dye has indeed flowed more around the hydro-
gel, but is unable to reach the end of the fluidic channel despite the fact that there was
a decrease in the volume of the pre-polymer solution 3 by 32.9% (table 6.4) when tested
on a glass slide.

From the previously described results, we conclude that the four synthesized pre-
polymer solutions, listed in table 6.1, were successful for the creation of light activated
hydrogels when polymerized with the 405 nm laser light source, and they were also
able to change their volume either by increasing their size after incubation in water or
decreasing their size after exposed to the 470 nm blue light source. However, these hy-
drogels were not successful when tested on a paper device for the control of the flow
of a sample and this arose primarily from their low viscosity and the fact that they
spread widely on cellulose paper and this therefore put a limitation for the design of
the device. Despite that, the main issue with these pre-polymer solutions, that preven-
ted us from further exploration, is that they are too smelly because of the use of the
acrylic acid and they cannot be used outside of the chemical fume hood. The factor of
the odour is not only detrimental for the use of such a device for POC testing but can
also be harmful for individuals during the device fabrication process. Another disad-
vantage of these pre-polymer solutions is the use of MBIS and igracure which are not
water soluble and for that we need to dilute the pre-polymer solutions in dioxane and
this adds an undesired additional step in the device fabrication process.
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6.2.3 Characterization of different pre-polymer solutions containing OEGMA300

and EGDMA for the creation of hydrogels

In order to solve the problems of the previously described pre-polymer solutions, in
our next experiments we replaced NIPAM and MBIS with OEGMA300 and EGDMA
respectively. OEGMA300 and EGDMA are both liquids and can dissolve the solid ir-
gacure and spiropyran monomer without the addition of a solvent therefore, their use
simplifies the process of synthesis of the pre-polymer solutions. Additionally, to pre-
vent the strong smell of the pre-polymer solutions we replaced the acrylic acid with
methacrylic acid and this allowed us to use the pre-polymer solutions outside of the
chemical fume hood, thus making easier and most importantly safer the device fabric-
ation process. In table 6.2 we present the list and the amount of the ingredients used for
the synthesis of different pre-polymer solutions containing OEGMA300 which is used
as the water soluble monomer, methacrylic acid used as the proton donor, EGDMA
used as a cross-linker, spiropyran 1 used as the photo-responsive element and irgacure
used as the photo-initiator.

In the first experiment we used pre-polymer solution 5 (see appendix E.2 for the chem-
ical structure) and we pipetted 2 µL in the middle of the paper device (cellulose) which
has the same design as the one previously reported. Then we polymerized with the
405 nm laser light source using the same fluence as before, hence 10.8 J/cm2 to form a
hydrogel and a photo of the device is presented in figure 6.7A. Although, we do not
present images here, we tested the pre-polymer solution 5 as well as the pre-polymer
solution 6 (see appendix E.2 for the chemical structure) on a glass slide and we observed
that the fluence of 10.8 J/cm2 is sufficient for the creation of a hydrogel. Following the
exposure and cross-linking of the pre-polymer solution 5, it was then washed with eth-
anol and DI water to remove any unpolymerized monomers and then incubated in
water for 20 minutes to allow the hydrogel to swell. Afterwards, the paper device was
tested with 10 µL of rhodamine dye and a photo of it after the testing process is illus-
trated in figure 6.7B. As we can see, the hydrogel, even in its swollen state, is unable
to prevent the flow of the dye which immediately penetrates through it. We had sim-
ilar results when using the pre-polymer solution 6 which was deposited in different
volumes in the range between 2–4 µL on the paper device and tested with the same
volume of the rhodamine dye (the polymerization with 405 nm, the washing and the
water incubation steps remained unaltered). The respective photos are shown in figure
6.7C-F.

From these two sets of experiments we conclude that although we prepared pre-
polymer solutions that removed the problem of smell, both of these pre-polymer
solutions have low viscosity and hence they spread widely on the paper. This makes
them unsuitable for use to control the flow of samples hence, pre-polymer solutions
5 and 6 were not studied further. Moreover, one of the main issues still remaining is
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FIGURE 6.7: (A) 2 µL of pre-polymer solution 5 deposited on cellulose paper and poly-
merized with the 405 nm laser light source.(B) After the water incubation step the same
device was tested with 10 µL of rhodamine dye. (C) 4 µL of pre-polymer solution 6 de-
posited on cellulose paper and polymerized with the 405 nm laser light source. (D)-(F)
Different volumes of pre-polymer solution 6 between 2–4 µL deposited on cellulose
paper and after the water incubation step each of the devices was tested with 10 µL of

rhodamine dye.

the need for incubation of the hydrogel in water following the cross-linking in order
to allow for swelling. The water incubation step is a limiting factor for the device
fabrication not only because a paper-based device requiring such a preparation step
can not be used for POC testing due to the fact that it requires a long waiting time but
also, the wetting of the paper can alter its flow properties and make it incompatible for
the dispensing and immobilization of antibodies.

In our next approach we synthesized a different pre-polymer solution that addresses
the previously described problems. The pre-polymer solution 7 (see appendix E.2 for
the chemical structure) had higher viscosity compared with the previous pre-polymer
solutions, thus it spreads over a smaller area on the paper. This is due to the fact that
we added OEGMA900 into the pre-polymer solution in a way that the OEGMA300 to
OEGMA900 mole ratio was kept to 4:1. The main difference between OEGMA300 and
OEGMA900 is that the latter has a longer polymer chain and is solid at room temperat-
ure. However, a very small amount of water (a few hundred microliters) can dissolve it



112 Chapter 6. Optically controlled fluid flow in lateral flow devices

and its addition to the pre-polymer solution can drastically increase the viscosity. The
detailed list of the other components which are mixed in 200 µL of water to synthesize
the pre-polymer solution 7 is shown in table 6.2. Apart from the use of OEGMA900

in the pre-polymer 7 to increase the viscosity of the solution, the other key difference
is that in this approach the hydrogel is not activated after water incubation, instead
the swelling of the hydrogel happens by its exposure to a UV light source operating
at 365 nm. This approach represents a big advancement over the previous methods as
the water needed for the activation of the hydrogel already exists in the pre-polymer
solution (i.e. is used as a solvent) and by making the hydorgel hydrophilic (attracts
water) after exposing to the UV light source we allow for its swelling.

Our next aim was to be able to use our developed local photo-polymer deposition
method to dispense the pre-polymer solution 7 onto porous substrates such as cellulose
paper and NC membrane. The use of this method is highly desired as it will give us
the flexibility to pattern the porous substrates by creating different designs for a more
efficient control of the flow of samples. Despite the fact that we added OEGMA900, the
pre-polymer solution 7 is still not viscous enough in order to use it with the dispensing
system and for that we mixed it with the Desolite photo-polymer in different propor-
tions between 10–60 % in order to further increase the viscosity of the solution. In order
to check whether the mixed solution (pre-polymer 7 + Desolite photo-polymer) is able
to form uniform lines when deposited with the dispensing system, we printed lines
with length of 8 cm on an NC membrane and then polymerized with the 405 nm laser
light source with a fluence of 0.35 J/cm2. A critical parameter in that experiment is the
temperature at which the mixed solution is heated, as this dictates the resultant viscos-
ity, hence the uniformity of the lines. For the purpose of this experiment, we heated the
mixed solution to reach a temperature in the range between 50–70 °C and we deposited
lines with various speeds in the range between 30–90 mm/s. The results are depic-
ted in figure 6.8 where the mixed solutions consists of 10% of pre-polymer solution 7 in
Desolite and although photos are not provided here, the results were the same when we
tested pre-polymer solution 7 with a concentration of up to 40% in Desolite. For higher
amounts of pre-polymer solution 7 (>40%) in Desolite the viscosity of the mixed solu-
tion is low, therefore the deposited lines are not uniform. From the results we see that
when the mixed solution is heated to reach a temperature of 65 °C it provides the most
uniform lines and for that reason the parameter of temperature is fixed to that value for
the rest of the experimental process.

After establishing the parameter of temperature, the next step is to define the parameter
of the time delay between the deposition and the laser scanning and the minimum flu-
ence required for the hydrogel to activate. For that purpose, we designed a square wall
with the same geometry as the one previously described (5 × 5 mm2), and after test-
ing with a red dye we visually observed whether the hydrogel swells enough to retain
the sample inside the square wall. First, we deposited the mixed solution of 10% of
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hydrogel in Desolite on cellulose paper with a deposition speed of 15 mm/s and us-
ing different time delays between 30–180 s we polymerized with the 405 nm laser light
source with fluence of 0.35 J/cm2 to create a solid structure. For each of the different
cases we fabricated six square walls and tested each one of them with 10 µL of a red
dye. In figure 6.9A we show one representative photo of a tested device for each of the

FIGURE 6.8: Lines of 10% of pre-polymer 7 in Desolite are printed on NC membrane at
different deposition speeds in the range between 30–90 mm/s. In each of the different
cases the solution was heated at different temperatures between 50–70 °C in order to

be deposited as a uniform line with length of 8 cm.

FIGURE 6.9: (A) Squares fabricated with the same deposition speed of 15 mm/s using
a mixed solution of 10% of pre-polymer 7 in Desolite. The time delay between the
deposition and the 405 nm laser scanning varies between 30–180 s. Squares fabricated
with a mixed solution with 10% (B) and 20% (C) of pre-polymer 7 in Desolite and ex-
posed to 365 nm with different energies per area between 0–3.0 J/cm2. All the squares

were tested with 10 µL of a red dye.
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different cases and we can see that only for the case that the time delay was set at 180 s
did the red dye not leak. From this experiment we conclude that the minimum time
delay between the deposition of the mixed solution and the laser exposure has to be
180 s and this value did not change during the experimental process. Afterwards, we
printed the mixed solution of 10% (figure 6.9B) and 20% (figure 6.9C) of pre-polymer 7
in Desolite and each of the squares was tested with 10 µL of a red dye. All the square
walls were fabricated with the same deposition speed of 30 mm/s and we only changed
the energy per area exposure of the 365 nm light source from 0 J/cm2 to 3.0 J/cm2. From
the results of figure 6.9B,C we observe that the chosen deposition speed and without
exposure to the UV light (0 J/cm2) leads to the creation of porous squares in which the
red dye cannot be contained. However, in the case of using the mixed solution with
10% of pre-polymer 7 in Desolite, an exposure of the lines to the 365 nm with 1.8 J/cm2

is able to activate the hydrogel which swells enough to block the leakage of the red
dye outside of the square wall. On the other hand, the mixed solution of 20% of pre-
polymer 7 in Desolite requires a minimum energy per area of at least 3.0 J/cm2 in order
for the hydrogel to activate and prevent the leakage of the red dye. We believe that the
difference in the minimum energy per area required for the activation of the hydrogel
between the 10% and the 20% of pre-polymer 7 in Desolite stems from the fact that
in the latter case the amount of spiropyran contained in the mixed solution is higher,
therefore is needs a higher energy per area for it to allow for activation.

After successfully finding the parameters of the temperature, the time delay and the
minimum fluence required for the activation of the hydrogel, in the next experiment we
used these values and we printed fluidic channels on cellulose paper with an incorpor-
ated in-line barrier positioned at 90° to the direction of the sample flow (figure 6.10A).
The solid boundary walls of the channel are made using the Desolite photo-polymer
which is deposited at a line-speed of 20 mm/s whereas, the optically triggered in-line
barrier is made with the mixed solution of 20% of pre-polymer 7 in Desolite which is
deposited at line-speeds in the range between 30–50 mm/s and exposed to the 365 nm
light source with different energies per area between 0–18.3 J/cm2. After the deposition
both the boundary walls and the in-line barrier were exposed to the 405 nm laser light
source (fluence of 0.35 J/cm2) to cross-link. The aim of this experiment is to fabricate
porous in-line barriers which after their exposure to the 365 nm light source become im-
permeable to the flow of the sample (figure 6.10B) and only allow the flow of the sample
after being exposed to the 470 nm light source (figure 6.10C). Each of the devices was
tested with 15 µL of a red dye and from the results in figure 6.11A, where we have
fabricated a fluidic channel without an in-line barrier, we can see that this volume of
sample is sufficient to flow across the whole channel. In that figure we observe that an
in-line barrier that has not been exposed to the 365 nm light source (0 J/cm2), is porous
to the flow of the red dye only when deposited at line-speeds above 35 mm/s. Given
that, we will not test devices with in-line barriers fabricated with deposition speeds
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FIGURE 6.10: (A) Fluidic channel on cellulose paper with an incorporated in-line bar-
rier positioned at 90° to the direction of the sample flow. The solid boundary walls
are fabricated using the Desolite photo-polymer whereas, for the fabrication of the op-
tically triggered in-line barrier we used the mixed solution of 20% of pre-polymer 7
in Desolite. When the in-line barrier is exposed to the 365 nm light source it becomes
impermeable to the flow of the sample (B) however, the sample penetrates through the

in-line barrier after its exposure to the blue light source at 470 nm.

below this threshold point, as this will make the use of the UV light unnecessary and
therefore negate the purpose of this experiment.

FIGURE 6.11: (A) Fluidic channel on cellulose paper fabricated with no in-line barrier
and with in-line barriers at deposition speeds between 30–50 mm/s. (B) Fluidic chan-
nels with in-line barriers fabricated with deposition speeds between 36–50 mm/s and
exposed to the 365 nm light source with different energies per area and in the range

between 0–18.3 J/cm2. Each of the devices was tested with 15 µL of a red dye.
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In figure 6.11B we present the results of fluidic devices fabricated with an in-line bar-
rier at deposition speeds in the range between 36–50 mm/s which were later exposed
to the 365 nm light source with varying energies per area between 0–18.3 J/cm2. We
observe that for the very porous in-line barriers (e.g. 50 mm/s) an increase in the en-
ergy per area of the UV light does not result in any change in the flow of the red dye
and we believe that this is due to the small amount of the hydrogel (higher speed is
associated with lower deposited volume) contained inside the barrier. Additionally,
an in-line barrier fabricated at 36 mm/s can significantly delay the flow of the red dye
when exposed to 12.2 J/cm2 whereas more porous barriers fabricated with deposition
line-speeds between 38–42 mm s require an energy per area of at least 18.3 J/cm2 in or-
der to observe a significant delay in the flow of the sample. In none of the cases were
the in-line barriers were able to completely block the flow of the red dye after their ex-
posure to the 365 nm light source and for that reason we did not expose the barriers to
the 470 nm light source to make them more porous.

In order to estimate the effect that the UV light has in the delay of the sample flow, we
measured the time required for the sample to travel 5 mm beyond the position of the
barrier and towards the end of the fluidic channel. For this measurement, we set as a

FIGURE 6.12: Graph presenting the time that the sample requires to travel 5 mm bey-
ond the position of barriers fabricated with deposition speeds between 36–42 mm/s
and exposed to the 365 nm light source with energy per area in the range between 0–

18.3 J/cm2.
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starting point (t=0) the time that the sample is first introduced to the fluidic channel.
The choice of the value of 5 mm was arbitrary and does not have any physical signi-
ficance but instead, it is used as a measure to evaluate the performance of the in-line
barriers after their exposure to the UV light. In figure 6.12 we present a graph showing
the time required for the red dye to travel 5 mm beyond the position of barriers fab-
ricated with line-speeds between 36–42 mm/s and exposed to the 365 nm light source
with energy per area in the range between 0–18.3 J/cm2. As previously stated, lower
porosity barriers such as the ones fabricated at 36 mm/s and 38 mm/s are more effi-
cient for the delay in the flow of the sample as they require a lower energy per area
for that purpose. Despite this, in all the tested devices we observe that the sample is
leaking outside of the boundary walls and this arises primarily from the inner struc-
ture of the cellulose which makes it difficult to guide the flow of liquids. Furthermore,
another disadvantage of using cellulose paper is its low antibody binding capability to
its surface, and this makes it unsuitable for implementation of diagnostic assays.

In our last demonstration we used pre-polymer 7 and we fabricated devices with the
same geometry as the ones previously reported but this time on an NC membrane. The
purpose of this experiment was not only to make devices able to control the flow of
samples, but also to study the effect that different porous substrates have in the activ-
ation of the hydrogel after its exposure to the UV light. For the fabrication of fluidic
channels we followed the same procedure as the one previously described, however

FIGURE 6.13: Fluidic channels on an NC membrane with an in-line barrier fabricated
at deposition speeds of (A) 60 mm/s, (B) 65 mm/s and (C) 70 mm/s. In each of the
cases the in-line barriers were exposed to the 365 nm light source with energy per area
of 18.3 J/cm2 and with 0 J/cm2 (control). All the devices were tested with 15 µL of red
dye and photos were taken at different times between 30–180 s after depositing the

sample on the channel.
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the mixed solution used for the fabrication of the in-line barrier contained 40% of pre-
polymer solution 7 in Desolite. We used a higher concentration of the pre-polymer
solution 7 in order to increase the degree of the hydrogel activation (swelling). Fur-
thermore, we fabricated more porous in-line barriers, compared with the previous ex-
periment, at higher deposition speeds namely 60 mm/s (figure 6.13A), 65 mm/s (figure
6.13B) and 70 mm/s (figure 6.13C) in order to increase the amount of sample flowing
through the barrier after the exposure to the blue light source. The in-line barriers were
exposed to the 365 nm light source with energy per area of 18.3 J/cm2 and as a reference
we tested devices where the barrier was not exposed to the UV light (0 J/cm2). Each
one of the devices was tested with 15 µL of red dye and photos of them were taken at
different times between 30–180 s to visualize the progression of the sample flow along
the channel. Similar to our previous measurement of time, we set as a starting point
the moment that the sample is introduced to the channel. The results after the testing
process are depicted in figure 6.13 and as we can see for the different porosities the
sample is flowing through the barrier and towards the end of the channel. Given the
fact that the barriers were unable to block the flow of the red dye after their expose to
the UV light, we did not illuminate them with the 470 nm light source. Unlike what we
expected to see and despite the fact that we used a higher concentration of pre-polymer
7, this approach can not be used for the control of the flow of samples and pre-polymer
7 will not be studied further for that purpose. It is also worth mentioning here that
throughout the whole experimental process using pre-polymer 7, we did not observe
any colour change of the hydrogel after the exposure to the 365 nm light source. Al-
though we are not sure about that reason, one explanation could be the low degree of
swelling of that hydrogel or the fact that the surface of some substrates such as the one
of the NC membrane is chemically treated (e.g. for antibodies attachment) and this
might limit or prevents the activation of the hydrogel.

6.2.4 Study of different designs on porous substrates to control the flow of
samples.

Following the study of different hydrogels to control the flow of samples, in this sec-
tion we focused on the use of the pre-polymer solution 8 (see appendix E.3 for the
chemical structure) which contains a new formulation of the photo-responsive element
namely spiropyran 2. The complete list of the ingredients used for the creation of the
pre-polymer solution 8 and mixed in 200 µL of water is shown in table 6.3. Similar
to the previously synthesized pre-polymer solutions, the pre-polymer solution 8 is not
viscous enough to be deposited with our dispensing system and for that we mixed it
with the Desolite photo-polymer in different proportions in the range between 10–40 %.

In order to characterize the response of the pre-polymer solution 8 after the expos-
ure to light of different wavelengths, we pipetted a 1 µL droplet onto different porous
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FIGURE 6.14: Image showing the results after a 1 µL droplet of pre-polymer solution 8
was deposited on different porous substrates namely (A) NC membrane, (B) cellulose
paper and (C) microglass fibre and cross-linked after exposing to the 405 nm laser light
source. The hydrogels were later exposed to the 365 nm and 470 nm light sources in

order to allow for swelling or shrinking respectively.

substrates namely NC membrane (figure 6.14A), cellulose paper (figure 6.14B) and mi-
croglass fibre (figure 6.14C). The droplets were polymerized with the 405 nm laser light
source with a fluence of 0.35 J/cm2 (initial state) and after cross-linking, the hydrogel
was exposed to the 365 nm light source with energy per area of 6.0 J/cm2. Finally, the
droplets of hydrogel were exposed to the 470 nm blue light source with energy per area
of 52 J/cm2 and photos of them after their exposure to different wavelengths are shown
in figure 6.14. This process was repeated twice and for each we measured the number
of pixels of the area that the hydrogel had spread on the porous substrate using the
Adobe photoshop program. From the results shown in table 6.5 we observe that for the
case in which the pre-polymer solution 8 was deposited on the NC membrane, there
is a small colour change of the hydrogel after its exposure to the UV light with a dif-
ference (before and after the exposure to the 365 nm) in the colour intensity at 26.9 a.u.
and this is associated with a small volume increase of 2%. However, in the cases that
the pre-polymer solution 8 was deposited on the cellulose paper and the microglass
fibre, we observe a bigger colour change after exposure to the 365 nm light source with
differences in the colour intensities at 56.9 a.u. and 46.3 a.u. respectively. Addition-
ally, there was an increase in the volume of 17% and 9.3% for the cellulose paper and
the microglass fibre respectively. The pre-polymer solution 8 also exhibits a reversible
behaviour and this is evident by the fact that in all the three different cases both the
colour intensity and the volume of the hydrogel change become similar to the ones of
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TABLE 6.5: Table presenting the percentage increase and decrease in the volume of
the hydrogel when exposed to light at different wavelengths. To measure the volume
change, a 1 µL droplet deposited onto different porous substrates namely NC mem-
brane, cellulose paper and microglass fibre before exposure to the 405 nm laser light

source.

Porous After exposure After exposure
substrate to 365 nm to 470 nm

NC membrane +2% -2%
Cellulose paper +17% -17%
Microglass fibre +9.3% -10.1%

the initial state after the exposure to the 470 nm blue light source.

After the characterization of the pre-polymer solution 8, we used it with our dispensing
system and for that we mixed it with the Desolite photo-polymer to make a mixed solu-
tion of 40% of pre-polymer 8 in Desolite. In our first demonstration we used the mixed
solution to fabricate devices on a NC membrane with the same design and geometry
as the one presented in the schematic of figure 6.10A. In this experiment we used the
same mixed solution to fabricate both the solid boundary walls at a deposition speed
of 20 mm/s and the in line-barriers at deposition speeds of 60 mm/s (figure 6.15A) and
65 mm/s (figure 6.15B). After polymerizing with the 405 nm light source with fluence
of 0.35 J/cm2, each device was tested with 15 µL of a red dye. In photos 1 we can see the
fluidic devices without exposing the in-line barrier to the 365 nm light source and these

FIGURE 6.15: Fluidic devices with an incorporated in-line barrier fabricated with de-
position speeds at (A) 60 mm/s and (B) 65 mm/s. Each of the devices was tested with
15 µL of a red dye in the cases of (1) no exposure and (2) exposure to the 365 nm light
source with energy per area of 6.0 J/cm2. Photos of the same device were taken at

different times between 5–180 s after the deposition of the sample.
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used as a reference, whereas in photos 2 we can see devices fabricated with the same
patterning conditions as the previous ones but where the in-line barrier was exposed
to the UV light with energy per area of 6.0 J/cm2. Photos of the devices were taken
at different times between 5–180 s after the sample deposition, and as we can see an
in-line barrier fabricated at a line-speed of 60 mm/s is not porous enough to allow the
flow of the sample as presented in figure 6.15 A1. On the other hand, an in-line barrier
fabricated at a line-speed of 65 mm/s is porous both before (figure 6.15 B1) and after the
exposure to the UV light (figure 6.15 B2) we do not observe any difference in the flow of
the sample between these two cases. We believe that this is the result of the low degree
of the hydrogel swelling on the NC membrane (2%) and due to that, this substrate will
not be used any more for deposition and activation of the light responsive material.

In our next experiment we used again the mixed solution with 40% of pre-polymer 8 in
Desolite and we fabricated in-line barriers on a fluidic channel made on cellulose paper.
Similar to our previous method, we used again the same mixed solution to make both
the solid boundary walls with deposition speed of 20 mm/s and the in-line barriers
with deposition speeds of 70 mm/s (figure 6.16A,C) and 80 mm/s (figure 6.16B). After
polymerizing with the 405 nm light source with the same fluence as before, each of

FIGURE 6.16: Fluidic devices on cellulose paper with an in-line barrier fabricated at
deposition speeds of (A) 70 mm/s and (B) 80 mm/s. The devices were tested for the
cases of non exposure and exposure of the barrier to the 365 nm light source with
energy per area of 6.0 J/cm2. (C) Devices in which the in-line barrier was fabricated at
a deposition speed of 70 mm/s, then exposed to the 365 nm light source with energy
per area of 6.0 J/cm2 and finally to the 470 nm blue light source with energy per area
of 130 J/cm2. All the devices were dipped into 15 µL of a red dye during the testing

process.
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the devices was dipped into 15 µL of a red dye and photos of the same device were
taken at different times between 5–180 s. In figures 6.16A,B we observe that the in-line
barriers which are not exposed to the UV light (top devices) are porous to the flow of
the red dye, however after their exposure to the 365 nm light source (bottom devices)
with energy per area of 6.0 J/cm2 the barriers become less porous and therefore the
amount of the sample flowing through the barriers is reduced. In order to measure the
effect that the UV light has in controlling the flow of the sample, we took photos of
the devices at different times and in each case we measured the distance that the red
dye has travelled above the position of the barrier in both the cases of non exposure
and exposure of the in-line barriers to the 365 nm light source. In figure 6.17 we present
graphs from the results after testing the devices with barriers fabricated at (A) 70 mm/s
and (B) 80 mm/s and we observe that the biggest change (delay) in the flow of sample

FIGURE 6.17: Distance that the red dye has flowed beyond the position of the barrier
at different times when fabricated at (A) 70 mm/s and (B) 80 mm/s in the cases of non
exposure and exposure to the 365 nm light source. (C) Distance that the red dye has
flowed above a barrier fabricated at 70 mm/s which was exposed to the 365 nm and

then to the 470 nm light source.
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TABLE 6.6: Percentage delay in the flow of sample at different times after the exposure
of barriers fabricated with different line-speeds to the UV light.

Barrier 60 s 120 s 180 s 240 s
line-speed (mm/s)

70 0% 47% 35% 32%
80 0% 34% 29% 23%

happens for the barriers fabricated at 70 mm/s after their exposure to the UV light.

In order to measure the percentage in the flow delay of the sample after the exposure
of the barriers to the UV light, we used equation 6.2 to produce the results depicted
in table 6.6. Using that method we were able to measure the efficiency of the barriers
for delaying the flow of the sample at different times between 60–240 s when exposed
to the UV light and from the results we can see that the maximum flow delay (47%)
happens 2 minutes after depositing the sample in a channel with a barrier fabricated at
70 mm/s.

Flow delay (%) =
(

1 − Distance after exposure to 365 nm
Distance with no exposure to 365 nm

)
× 100 (6.2)

Afterwards, and in order to check the reversible process of the hydrogel, we fabricated
again an in-line barrier with a deposition speed of 70 mm/s and we exposed it to the
365 nm after the polymerization with 405 nm. The fabrication parameters remained
the same as the ones previously reported but in that experiment and before testing the
devices we illuminate the in-line barrier with the 470 nm blue light source with energy
per area of 130 J/cm2 in order to allow for the hydrogel to shrink, hence increase the
porosity of the barrier. The results during the testing process are illustrated in figure
6.16C and the respective graph is presented in figure 6.17C where the lines in the cases
of non exposure and exposure to the 365 nm are also plotted for comparison. As we can
see when the in-line barrier is exposed to the 470 nm light source, the porosity increases
and this is evident by the fact that the sample can travel a longer distance in the fluidic
channel as compared with the case when the barrier was exposed to 365 nm. Despite
the success of this method for the optical control of the sample flow, the disadvantage
of this method arises from the non repeatability of the results. Specifically, during the
testing process we experienced a lot of inconsistency in the results and we believe that
this is due to the inner structure of the paper and the small variations from batch to
batch. As a matter of fact, we believe that the local photo-polymer deposition method
is not ideal for use on a cellulose paper to control the flow of samples.

In our last demonstration using the mixed solution with the local photo-polymer de-
position method, we patterned microglass fibre to make a constriction on a fluidic chan-
nel able to block or enable the flow of a sample upon exposure to light of wavelength
of 365 nm or 470 nm respectively. For the purpose of this experiment we used again the
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FIGURE 6.18: Images showing fluidic devices on a microglass fibre with a constriction
of different widths namely (A) 1 mm, (B) 0.5 mm and (C,D) 0.2 mm. Photos 1 show
the devices after the polymerization with the 405 nm, photos 2 show the same devices
after the constriction was exposed to the 365 nm light source with energy per area of

6.0 J/cm2 and finally photos 3 show the devices tested with 15 µL of a red dye.

mixed solution of 40% of pre-polymer 8 in Desolite and we created constricted channels
of varying widths namely 1 mm (figure 6.18A), 0.5 mm (figure 6.18B) and 0.2 mm (fig-
ure 6.18C,D). In photos 1 of figure 6.18 we show the channels after the polymerization
with the 405 nm laser light source, in photos 2 we present the same channels after the
constriction exposed to the 365 nm light source with energy per area of 6.0 J/cm2 and
finally in photos 3 the same channels were tested with 15 µL of a red dye. From the res-
ults we observe that a channel fabricated with a constriction width of 1 mm and 0.5 mm
is unable to block the flow of the sample even after its exposure to the UV light (figures
6.18A,B). However, a channel with a constriction width of 0.2 mm although it is porous
and allows the flow of the sample (figure 6.18C), after exposure of the constriction to
the 365 nm light source it is able to completely block the flow of the red dye (figure
6.18D). Although the method of patterning a constricted channel on a microglass fibre
is successful to block the flow of the sample after exposure to the UV light, we observe
that the constrictions are not uniform between identical devices. Specifically, in photos
1 of figures 6.18C and 6.18D although we used the same patterning conditions such as
deposition speed, laser scanning speed and time delay, we observe that the polymer
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lines at the point of the constriction are not completely uniform and this can clearly
affect the repeatability of our results.

In our last demonstration of using the pre-polymer solution 8 we use an alternative
approach which includes the use of an optically triggered pad to control the flow of
samples. Unlike the previous reported methods, in this approach we do not make
use of the local photo-polymer deposition technique but instead, we are using a more
simple approach which involves the impregnation of a porous substrate on the mixed
solution contained pre-polymer solution 8 in Desolite (step 1). Next, we removed the
excess monomer from the porous substrate and we exposed it to the 405 nm laser light
source in order to create an optically triggered pad (step 2). Afterwards, the pad was
placed on an LFA and after its exposure to the 365 nm laser light source it becomes
impermeable to the flow of sample (step 4). Finally, the optically triggered pad was
exposed to the 470 nm blue light source in order to allow for the hydrogel to shrink,
and therefore enable the flow of the sample through the pad and towards the end of

FIGURE 6.19: Schematic showing the various steps requiring for the optical flow con-
trol of a sample on an LFA. First the porous substrate is impregnated on a mixed
solution containing pre-polymer 8 in Desolite (step 1) and then after removing the
excessive monomers from the substrate we expose it to the 405 nm laser light source to
polymerize and create an optically triggered pad (step 2). Next the optically triggered
pad is placed on an LFA (step 3) and is exposed to the 365 nm laser light source to
activate the hydrogel and block the flow of the sample (step 4). Finally, the pad is ex-
posed to the 470 nm blue light source to allow the flow of the sample towards the end

of the LFA(step 5).
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the LFA. The various steps involved for the fabrication of the optically triggered pad
are depicted in figure 6.19.

In our first demonstration of using the previously described method, we used micro-
glass fibre as a material to make the optically triggered pad and we soaked it (for 1
minute) in a mixed solution containing 10% of pre-polymer 8 in Desolite. Next, we
removed the excessive amount of monomer and exposed it to the 405 nm laser light
source with a fluence of 0.35 J/cm2 to create the optically triggered pad. This pad was
later placed on an LFA between the fluidic channel(NC membrane) and the sample
pad (cellulose paper). We decided to use this configuration of the materials to mimic
the design of a standard LFA in which we have replaced the conjugate pad with the
optically triggered pad in order to be able to control the flow of samples. The device
was tested with 10 µL of a red dye and the results are depicted in figure 6.20A where
photos of the same device are taken at different times between 60–180 s. As we can see
the optically triggered pad is porous, thus the red dye is flowing in the channel 180 s
after its deposition on the sample pad. However, when the optically triggered pad is
exposed to the 365 nm light source with energy per area of 6.0 J/cm2, then the hydro-
gel contained in it swells and therefore there is a delay in the flow of the red dye in

FIGURE 6.20: LFAs with an optically triggered pad to control the flow of sample.
The optically triggered pad contains the mixed solution of 10% of pre-polymer 8 in
Desolite and the devices were tested with 10 µL of a red dye in both the cases of (A)
non exposure and (B) exposure of the pad to the 365 nm laser light source. Images
of LFAs in which the optically triggered pad is made of the mixed solution of 20% of
pre-polymer 8 in Desolite and tested with the same volume of the red dye again in the
cases of (C) no exposure and (D) exposure to the UV light. Photos of the LFAs were

taken at different times.
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the channel (figure 6.20B). Since the optically triggered pad was not able to completely
block the flow of the sample to the fluidic channel, we did not expose it to the 470 nm
light source.

FIGURE 6.21: (A) Time that the sample takes to flow from the sample pad to the flu-
idic channel in the cases of no exposure and exposure of the optically triggered pad
to the 365 nm light source. This experiment was repeated for mixed solutions of vary-
ing proportions of pre-polymer 8 in Desolite in the range between 10–100 %. (B) Plot
showing the difference (T) between the time that the sample takes to flow from the
optically triggered pad to the fluidic channel when the pad is exposed and without

being exposed to the UV light.
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Next, we studied the effect that different mixed solutions have in the delay of the flow
of the sample, and for that we prepared different mixed solutions with pre-polymer
8 between 20–100 % in Desolite. We then repeated the same experiment as before us-
ing the same volume of the red dye as well as the same light exposure parameters for
polymerization and activation of the hydrogel, and the results after testing the mixed
solution of 20% of pre-polymer 8 in Desolite are depicted in figures 6.20C (before ex-
posure to 365 nm) and 6.20D (after exposure to 365 nm). Additionally, in figure 6.21A
we present a graph with all the results for the cases of non exposure and exposure of
the optically triggered pad to the 365 nm light source. In each of the different cases we
measured the time that the red dye takes to flow from the sample pad to the fluidic
channel. As we can see, for the solution that contains only pre-polymer 8 (or 100% of
pre-polymer 8 in Desolite) we were not able to see any delay in the flow of the sample
after exposing the optically triggered pad to the 365 nm light source. In fact for both
the cases of non exposure and exposure of the pad to the UV light, the red dye flows in-
stantly to the fluidic channel and we believe that this is the result of the poor adhesion
of the hydrogel on the cellulose paper after the polymerization process and this there-
fore results in the hydrogel being washed away from the sample. On the other hand,
for the rest of the cases that we used the mixed solution between 10–40 %, we repeated
each measurement three times and we observe a delay in the flow of the sample after
the exposure to the UV light. In order to find out which one of the mixed solutions
produces the maximum flow delay of the sample, in figure 6.21B we plotted the differ-
ence (T) between the time that the sample takes to flow from the optically triggered pad
to the fluidic channel when the pad is exposed and without being exposed to the UV
light. For this we used equation 6.3 where Texposure refers to the time that the red dye
takes to flow from the sample pad to the fluidic channel for the case that the optically
triggered pad is exposed to the 365 nm light source, whereas Tno exposure refers to the
same case however, the optically triggered pad in not exposed to the UV light. From
the results we see that using a mixed solution of 20% of pre-polymer 8 in Desolite and
after exposing the light activated pad filled with this mixed solution to the UV light
we produce the maximum flow delay of the sample. This method proved successful
for the delay in the flow of a sample and will be later used in an assay to enhance the
signal in the detection of an analyte.

T =

(
Texposure - Tno exposure

Tno exposure

)
(6.3)

Next, we tested another method to optically control the flow of samples in which we
used as an optically triggered component a square flow-through pad with dimensions
of 25 mm2 located at the front end of an LFA. This approach is the same as the flow-
through filtration process that we reported in chapter 7.3 with the only difference be-
ing that we deposited the mixed solution of pre-polymer 8 in Desolite inside the solid



6.2. Experimental section 129

boundary walls of the square pad instead of the Desolite diluted in IPA that we previ-
ously used for the creation of the porous flow-through filters.

For the fabrication of the flow-through optically triggered pad we started with the local
photo-polymer deposition method to deposit the Desolite photo-polymer on cellulose
paper (deposition speed 20 mm/s) and after exposing to the 405 nm laser light source
we created the solid boundary walls which are able to contain the flow of liquids. Next,
we followed the same device fabrication process as the one described in the schematic
6.19 and we soaked the flow-through pad in the mixed solution of 20% of pre-polymer
8 in Desolite. After removing the excess monomer from the pad, we exposed it to the
405 nm laser light source with a fluence of 0.35 J/cm2 in order to polymerize. After-
wards, the flow-through optically triggered pad was placed at the front-end of an LFA
(NC membrane) and it was either exposed to the 365 nm laser light source to block or

FIGURE 6.22: (A) A flow-through optically triggered pad after the polymerization
with the 405 nm laser light source is placed at the front-end of an LFA and tested with
10 µL of a red dye. (B) The optically triggered pad is later exposed to the 365 nm light
source and tested with the same volume of sample. Finally the pad is exposed to the
470 nm blue light source following the polymerization with energy per area of (C) with
130 J/cm2 and (D) with 260 J/cm2s and tested with the same volume of the red dye.
Photos of the tested devices were taken at different times between 60–300 s after the

deposition of the sample.
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delay the flow of sample, or to the 470 nm blue light source in order to enable its flow.
Each one of the flow-through pads was tested with 10 µL of red dye and photos of the
same device were taken at different times between 60–300 s after the deposition of the
sample. At the end of the LFAs we have placed an absorbent pad to remove the excess
amount of sample that reaches the end of the fluidic channel.

In figure 6.22A we present the results when we tested a flow-through optically
triggered pad after its polymerization with the 405 nm laser light source (control
device) and as we can see, the red dye is flowing in the fluidic channel 180 s after
the sample deposition. However, when we expose the optically triggered pad to the
365 nm light source with energy per area of 6.0 J/cm2, then the pad is again porous
but with a delay in the flow of the sample as compared with the previous case (figure
6.22B). Furthermore, in figures 6.22C and 6.22D we depict the results after exposing
the flow-through optically triggered pads to the 470 nm blue light source with energy
per area of 130 J/cm2 and 260 J/cm2 respectively following the polymerization with
the 405 nm laser light source. From these results, we observe that an exposure with
130 J/cm2 of the pad to the blue light results in an increase in its porosity, hence the red
dye is flowing along the whole channel 180 s after the sample deposition. Additionally,
an exposure of the pad to the blue light with 260 J/cm2 results in a further increase

FIGURE 6.23: Graph presenting the distance that the red dye has travelled in the fluidic
channel at different times between 60–300 s for the cases in which the flow-through

optically triggered pad exposed to the 405 nm, 365 nm and 470 nm light sources.
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in its porosity and in that case the red dye can flow along the fluidic channel within
60 s. This experiment was repeated three times for each of the different cases, and in
figure 6.23 we present a graph in which we have measured the distance that the red
dye has travelled in the fluidic channel at different times between 60–300 s following
the deposition of the sample.

Similar to the previously reported method, the use of a flow-through optically triggered
pad proved to be successful for the delay in the flow of a sample and this approach
will be later used in an assay to increase the signal intensity for the detection of a pre-
determined analyte.

6.2.5 Application of the optically control fluid flow of samples in assays.

In the last section of this chapter, we use the optically controlled fluid flow to increase
the sensitivity of an assay designed for the detection of a pre-determined analyte. The
aim of this experiment is to use the methods that we previously reported and success-
fully resulted in a delay in the flow of a sample upon exposure to the UV light, in order
to increase the incubation time of the sample therefore, enhance the signal intensity on
the test line of the assay. This can be achieved with two methods either by delaying the
flow of the sample at the point of the test line to increase the incubation time between
the detection and the capture antibodies, or by delaying the flow of the sample in the
conjugate pad in order to increase the incubation time between the sample and the de-
tection antibodies. Both of these methods will be studied in two different assays to
increase the sensitivity for the detection of the COVID-19 virus and the common in-
flammation marker CRP. The approach that we will use to delay the flow of the sample
is the one that was previously described and involves the use of an optically triggered
pad which is soaked in the mixed solution of pre-polymer 8 in Desolite and then posi-
tioned in an LFA.

In our first demonstration, we used the optically triggered pad of 20% of pre-polymer
8 in Desolite to increase the sensitivity for the detection of the COVID-19 virus. For
this assay we pre-deposited and dried in the microglass fibre 2 µL of COVID-19 spe-
cific antibodies tagged with Au NPs (used as the reagent) and also flowed 100 µL of the
COVID-19 antigen (used as a sample) in a concentration of 100 ng/mL. In the test line
of the fluidic channel (width at 5 mm) we have dispensed and immobilized COVID-19
capture antibodies and at the end of the LFA we have an absorbent pad which re-
moves the excess sample. In figure 6.24A we present the results of a standard LFA
(control device) that is designed for the detection of the COVID-19 virus and this pro-
duces a signal on the test line with an intensity of 7.2 a.u. Next, we used an optically
triggered pad which is polymerized and cross-linked with the 405 nm laser light source
(fluence of 0.35 J/cm2) and placed between the microglass fibre and the fluidic channel
as presented in figure 6.24B. We chose to place the pad at this position as we believe
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FIGURE 6.24: (A) Control LFA used for the detection of COVID-19 virus. (B) We placed
in the LFA an optically triggered pad between the microglass fibre and the fluidic chan-
nel (C) which later was exposed to the 365 nm light source in order to test the increase
in the sensitivity of the assay. (D-F) We repeated the same experiment however, this
time the optically triggered pad was placed at the end of the fluidic channel and also

the LFAs were enclosed in a housing cassette.

that this will assist in an increase in the incubation time between the sample and the
reagents, thus increase the intensity of the signal on the test line. Unlike what we expec-
ted, from the test results we observe that the signal intensity decreased to a mean value
(from the total of the three tested devices) of 4.4 a.u. Furthermore, in figure 6.24C we
depict the results after exposing the optically triggered pad to the 365 nm light source
with a fluence of 6.0 J/cm2 and we see a further decease in the signal intensity which
in that case has a mean value of 1.5 a.u. We believe that the decrease in the intensity of
the signal is due to the position of the optically triggered pad and its pore size, which is
possibly smaller than the size of COVID-19 antigen (50–140 nm) therefore, the analyte
tagged with the detection antibodies is getting blocked from the pad and only a small
amount of it reaches the test line.

In the next experiment, we used again an optically triggered pad with 20% of pre-
polymer 8 in Desolite, but this time we position it at the end of the fluidic channel.
Compared with the previous experiment, in this approach we do not aim to increase
the incubation time between the sample and the reagents, instead we intend to delay
the flow of the sample at the position of the test line thus, increase the incubation time
between the sample and the capture antibodies. The tested LFAs are the same as the
ones presented in figures 6.24A-C with a fluidic channel designed to have a width at
4 mm and in order to ensure proper contact between the layers we enclosed the LFAs
in a cassette housing. The reagents for the assay (2 µL) were again pre-deposited and
dried in the microglass fibre and each of the devices was tested with 100 µL of sample
which was introduced from the opening with the indication ”S” on the cassette. In
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figure 6.24D we illustrate the results after testing a device with no optically triggered
pad (control) and this results in a mean colour intensity, from the total of three tested
devices, of the test line at 18.8 a.u. However, when we repeated the same experiment
and we added an optically triggered pad, after its polymerization with the 405 nm laser
light source, at the end of the LFA this resulted in a mean colour intensity of the test line
at 32.1 a.u (figure 6.24E). We observe here that by positioning the optically triggered pad
at the end of the fluidic channel, there is an increase in the colour intensity of the test
line by 41.2%. Afterwards, we repeated the previous experiment but we exposed the
optically triggered pad to the 365 nm light source with a fluence of 6.0 J/cm2, and from
the photo shown in figure 6.24F we observe that this resulted in an appearance of a test
line with mean color intensity of 40.1 a.u. From these results and following equation
3.4, we conclude that by putting the optically triggered pad at the end of the fluidic
channel and exposing it to the UV light, we successfully improved the sensitivity of the
assay by 1.1-fold.

In our second demonstration, we used the flow-through optically triggered pads with
20% of pre-polymer 8 in Desolite and as reported in the previous subsection we placed
them at the front end of an LFA. The applicability of this method was tested to increase
the sensitivity for the detection of a CRP biomarker, which is used on this assay at a
concentration of 10 ng/mL. The reagents for this assay were pre-deposited (8 µL) and
dried on a microglass fibre, which is treated with a blocking solution to effectively re-
lease the reagents and is placed on the top of the flow-through optically triggered pad
during the testing process. The aim of this experiment is to increase the incubation time
between the sample and the reagents, resulting in an increase of the capture of the CRP
analyte by the detection antibodies. We believe that this will result to an increase in the
colour intensity of the test line. In the fluidic channel of the LFAs we have dispensed
and immobilized antibodies that capture the CRP analyte (test line) and the detection
antibodies (control line). Each of the devices was tested with 20 µL of sample, contain-
ing the analyte, and at the end of the LFAs we have placed an absorbent pad to remove
the excess amount of liquid that passes the control line.

In figure 6.25A we depict an image of the control device used for this experiment which
only has the microglass fibre that is placed at the front end of the LFA. The testing of
the sample resulted in the appearance of a test line with a colour intensity of 36 a.u.
Next, we used a flow-through optically triggered pad which was polymerized with the
405 nm light source, with a fluence of 0.35 J/cm2, and placed on the top of the front
end of the LFA (figure 6.25B). After putting the microglass fibre on top of the pad and
tested with the sample, this resulted in a delay in its flow and consequently the col-
our intensity of the test line was measured at 38.5 a.u. Finally, in our last experiment
we exposed the flow-through optically triggered pad to the 365 nm light source with
a fluence of 6.0 J/cm2 (figure 6.25C) and then we placed the microglass fibre on top of
it before testing the sample. This resulted in a further delay in the flow of the sample,
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FIGURE 6.25: (A) A control device where the microglass fibre, containing the dry re-
agents for the CRP assay, is placed on the top of the front end of an LFA and tested
with 20 µL of sample. The same experiment was repeated but this time the microglass
fibre was placed on top of the flow-through optically triggered pad and the LFA was
tested with the same volume of sample in the cases that the pad (B) polymerized with

the 405 nm and (C) exposed to the 365 nm light source after polymerization.

therefore the colour intensity of the test line was measured at 40.6 a.u. From the res-
ults, we conclude that this method was successful in improving the sensitivity for the
detection of CRP, as the signal on the test line was increased by 0.1-fold. It is important
to note here that after testing the flow-through light activated pad that was exposed
to the UV light, we observed a pink colour residual which is stuck at the front end of
the LFA. We believe that this is the result of the poor adhesion of the hydrogel on the
flow-through pad after the polymerization process, and this resulted in a small part of
it to get washed away after flowing the sample. Despite that fact, we do not have any
indication that the hydrogel which is washed away from the sample interferes with the
analyte and compromises the detection of CRP.

For the previously mentioned experiments, we measured the colour intensity on the
test line using the RGB channel in the histogram function of the Adobe photoshop and
equation 3.3.

6.3 Summary

In this chapter we report the use of different pre-polymer solutions (1-4) which after
their exposure to the 405 nm laser light source they form hydrogels. These hydrogels
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were deposited in paper-based devices, with different designs, and used for the optical
control of the flow of a sample. In our first demonstration, we report the use of four pre-
polymer solutions each one contained: NIPAM (used as a water soluble monomer), ac-
rylic acid (used as the proton donor), MBIS (used as a cross-linker), spiropyran 1 (used
as the photo-responsive element) and Irgacure (used as the photo-initiator) in differ-
ent proportions. We were able to successfully polymerize all the pre-polymer solutions
and create hydrogels, which after their incubation in water they increased their volume
(swelling). Later, the same hydrogels were exposed to the 470 nm blue light source, and
this resulted in a decrease in their volume (shrinkage) and additionally, this process
was shown to be repeatable. Despite that, this method was not successful for the op-
tical control in the flow of a red dye on a cellulose paper device, and also these solutions
produced a smell which makes them unsuitable for use.

Next, we tested different pre-polymer solutions (5-7) in which we replaced NIPAM and
MBIS with OEGMA and EGDMA respectively, and instead of incubating the hydrogels
in water for activation, we exposed them to the 365 nm light source for that purpose.
We were able to use these pre-polymer solutions with our local photo-polymer de-
position method, and after conducting a detailed study, we proved that they can lead
to the formation of hydrogels after their polymerization with the 405 nm laser light
source, and they can also activate upon exposure to the 365 nm. We tested these pre-
polymer solutions to control the flow of a sample, by fabricating a fluidic channel with
an optically triggered in-line barrier. Although this method resulted in a flow delay of
the sample on cellulose paper, it was not successful when tested on an NC membrane
which is the substrate of choice for the implementation of diagnostic assays.

Last but not least, we tested another pre-polymer solution (8) containing a different
formulation of the photo-responsive element (spiropyran 2), which was again used
with our local photo-polymer deposition method. Although we deposited the hydrogel
in different designs such as an in-line filter on cellulose paper and NC membrane and
as a constriction on a fluidic channel on microglass fibre, these methods were either not
able to delay the flow of the sample or they resulted in inconsistent measurements. A
method that successfully resulted in a delay in the flow of a sample, included the use
of an optically triggered pad either in the form of a microglass fibre pad or as a flow-
through pad (cellulose paper) which after soaking in a mixed solution of pre-polymer
8 and Desolite, was placed on an LFA to control the flow of the sample. Although
with this method we were not able to completely block the flow of a sample, it was
successful for the delay of its flow after exposure of the optically triggered pad to the
365 nm light source. The methods of using the optically triggered, microgalss fibre,
pad and the flow-through pad were applied on assays to increase the sensitivity in the
detection of the COVID-19 virus and the CRP respectively. Both of these methods were
successful, as in the first case we were able to increase the signal intensity on the test
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line by 1.1-fold, whereas in the latter case we observed a signal enhancement on the
test line by 0.1-fold.
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Chapter 7

Conclusions and future work

7.1 Conclusions

This chapter is a summary of the work presented in this thesis which is focused on the
use of a LDW technique for enabling newer functionalities in paper-based devices in
order to improve their performance and allow their use as POC diagnostic sensors on
a wider scale.

7.1.1 In-line filtration process in paper-based devices

In chapter 7.3 we used the LDW technique of the local photo-polymer deposition to
create in-line filters in paper-based devices. As a primary substrate for the experiments
we used a NC membrane, which was later patterned to make both a channel with solid
polymer walls that are able to guide the flow of liquids and an in-line filter, used as
a barrier, and positioned at 90° to the direction of the sample flow. From the results
we show that adjustment of the photo-polymer deposition parameters determined the
porosity of the in-line barriers, which when carefully designed and integrated within
a fluidic channel, can act as filters that enable either complete blocking, selective flow
or controlled separation of particles of different sizes. We have successfully identified
the fabrication parameters for the creation of in-line barriers that allow the filtration of
two different types of particles, Au NPs with sizes of 40 nm, 100 nm and 200 nm and
latex microbeads with sizes of 200 nm and 1000 nm. Furthermore, we presented the
results of using a porous in-line barrier for selective separation of 40 nm Au NPs from
1000 nm latex microbeads, thereby showing the usefulness of this method for enabling
the filtration of different-sized particles when flowing within the same channel of a
paper-based device.

The use of this method and the in-line filters created in a fluidic channel is not only
limited to separation of the various constituents of a complex sample, but can also be
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used to delay the flow of the sample, therefore increasing the sensitivity for the detec-
tion of a pre-determined analyte. After conducting a series of experiments we found
the optimum porosity and the position of the in-line barriers in the fluidic channel that
result in a maximum signal increase (4.6-fold) in the detection of CRP.

7.1.2 Flow-through filtration process for analyte detection

In chapter 7.3 we presented another functionality of the local photo-polymer depos-
ition method, namely the creation of porous flow-through filters. Unlike the filtration
method that we presented in chapter 7.3, in this approach the flow-through filters are
created in cellulose paper. After dilution, in IPA, the photo-polymer is deposited inside
a solid polymeric wall and followed by exposure to a laser light source. By changing the
concentration of the photo-polymer in IPA we were able to create flow-through filters
of different porosities. We presented the results for successfully defining the paramet-
ers of the photo-polymer concentration to create porous flow-through filters that were
able to completely block or enable the flow of latex microbeads of different sizes namely
200 nm, 500 nm, 1000 nm and 3000 nm.

When the flow-through filters are located on top of the front end of an LFA they provide
an alternative method for the detection of CRP. The novelty of this analyte detection
method stems from the fact that although we are using materials that are commonly
used in standard LFAs, we do not make use of a sample pad and a conjugate pad,
therefore simplifying the design of the LFA and the fabrication protocol. Addition-
ally, with this detection method we were able to counter the Hook effect which is a
limiting factor in many LFAs and we were able to detect CRP over a broad concentra-
tion range between 10–50.000 ng/mL. Compared with the previously reported method
of the in-line filtration, this approach provided a successful pathway for the separa-
tion of plasma from red blood cells within blood treated with Anti-D solution, and we
achieved a maximum extraction efficiency of 50.6%. Lastly, we presented the results of
the flow-through filtration method for another application which included the purific-
ation of a water-based sample which contained the bacteria, E. coli.

Overall, in this chapter we presented a simple method for the fabrication of flow-
through filters which are multi-functional and can be used for different applications,
and therefore have the potential to enable the use of paper-based devices on a wider
scale.

7.1.3 Development of 3D multilayer paper-based devices

The LDW technique of the local photo-polymer deposition is not only limited to the fab-
rication of two dimensional paper-based devices as presented in the previous chapters,
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but can also be extended to the development of 3D multilayer paper platforms. In
chapter 7.3 we present of the method that we used to pattern and stack multiple layers
of cellulose paper to create multilayer paper-based devices. Unlike other methods, are
approach is simple and it does not require any alignment between the layers, hence
simplifying the device fabrication process. Additionally, it eliminates the use of ex-
ternal equipment during the assembly of the device as the photo-polymer that is de-
posited assists with the bonding of each layer. We highlighted the use of our developed
four-layered 3D paper-based device for the simultaneous detection of three analytes
namely BSA, glucose and nitrite, in artificial urine, as well as the pH of the tested ur-
ine sample. This paper patterning method can be further extended to add more layers
(greater than four) of porous materials and create multiple flow paths within the 3D
structure for the detection of additional analytes.

7.1.4 Optically control fluid flow in paper-based devices

In order to improve the performance of paper-based devices, in chapter 7.3 we used the
LDW technique to deposit light-responsive materials (hydrogels) in order to control
the flow of a sample within a paper-based device. We tested different pre-polymer
solutions which after being exposed to laser light at 405 nm formed hydrogels that have
the ability to change their volume. Firstly, we tested hydrogels that were able to swell
after being incubated in water for several hours. However, this step adds a constraint
to the use of such material for the development of POC diagnostic devices. In order
to solve this problem, we next used hydrogels that increased their volume after being
exposed to a 365 nm light source, and subsequently were able to shrink when they were
illuminated with a 470 nm light source.

After identifying the light exposure parameters that resulted in a maximum volume
change of the hydrogels, we patterned various porous substrates in different designs
in order to to control the flow of a liquid sample. From the results presented in this
chapter we conclude that we were successful in making paper-based devices that were
able to delay the flow of a sample when hydrogels were exposed to the 365 nm light
source. Additionally, we observed that a sample flowed faster when the same hydro-
gels were exposed to the 470 nm light source. This method of optical control of the
sample flow was later used in two different assays to increase the sensitivity in the de-
tection of analytes including CRP and the COVID-19 virus. This was achieved by either
increasing the incubation time between the sample and the capture antibodies located
on the test line of the LFA or by increasing the incubation time between the analyte and
the conjugate. In both cases we observed an increase in the signal intensity of the test
line which was one of the main objectives we had set for this work.
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7.2 Limitations

Despite the fact that we achieved most of the targets that we set for this thesis, some of
them were not fulfilled, and that is due to some limitations we recognised during the
course of this work. These can be categorized as follows:

7.2.1 Local photo-polymer deposition method

One of the disadvantages of the local photo-polymer deposition method as compared
with other device fabrication techniques, is the large feature size (width of polymer
line approximately 1 mm) of our developed paper-based devices. This is due to the fact
that the width of the polymer lines depends on the spreading of the photo-polymer on
the porous substrate, which are unable to control and therefore produce paper-based
devices with smaller size. Another disadvantage of the local photo-polymer deposition
method concerns the uniformity of the polymerized structures fabricated in certain por-
ous substrates such as microglass fibre. As previously mentioned, lack of precise con-
trol of the spreading of the photo-polymer affects the reproducibility of the patterned
polymer lines. This was obvious from the results presented in chapter 7.3 and illus-
trated in figure 6.18 in which we were unable to produce identical polymer lines (see
for example at the point of the constriction), although we used the same patterning
conditions during fabrication.

7.2.2 Designs of paper-based devices

Another limitation that we encountered is associated with the designs of the paper
devices that we used for some of the applications reported in this research thesis. Spe-
cifically, one of the objectives that we set for this research work was to separate the
plasma from the RBCs when blood is untreated with the Anti-D solution. Although we
used different methods to achieve that goal such as the design of in-line filters on an
NC membrane as well as the design of porous flow-through filters on cellulose paper
(reported in the subsections 3.3.5 and 4.3.4 respectively) we were unable to separate the
plasma from the RBCs. This can be thought of as a constraint of our designed porous
filters as pores were getting blocked from the various constituents of a complex liquid
sample.

7.2.3 Materials used

The last limitation that we identified in this thesis arises from the use of the hydrogels
as a light-responsive material to control the flow of samples in paper-based devices.
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Despite the fact that we successfully reported the use of hydrogels to increase the sens-
itivity for the detection of two different analytes namely CRP and the COVID-19 virus,
the main objective was to completely block and then enable the flow of samples, when
the hydrogels were exposed to the 365 nm and 470 nm respectively, which was never
achieved. In fact from the results reported throughout chapter 7.3 we can see that
we only managed to delay the flow of samples after exposure of the hydrogels to the
365 nm light source instead of completely blocking their flow which would have resul-
ted in a further increase in the sensitivity of the assays. We believe that this is a lim-
itation of the synthesized hydrogels which are either not swelling enough in order to
completely block the pores of the paper or their adhesion to the paper is poor resulting
in some parts of the hydrogel being washed away from the sample.

7.3 Future work

We believe that the LDW technique described in this thesis has great potential and can
further improve the performance of paper-based devices to enable their widespread
use as a commercial product for POC diagnostics. Despite the fact that we have done
an extensive study of the LDW approach to enable newer functionalities in paper-based
devices, there is still room to improve and evolve the methods that we have already
reported through this project as well as open new areas of exploitation.

Firstly, as reported in the subsection 7.2.2 one of the biggest limitations of the LDW
technique is the lack of the ability to separate plasma from RBCs. However, the flex-
ibility of our developed local photo-polymer deposition method enable the study and
patterning of a variety of porous materials with different properties (e.g. thickness,
porosity, pore size etc.) to either create filters (in-line and/or flow-through) or differ-
ent designs and structures for the efficient extraction of plasma from whole blood. We
intend to include the aforementioned study as part of our future work and potentially
add this new functionality to the existing paper-based devices which will open a new
route to the use of such low-cost devices at the POC.

Secondly, the use of the porous flow-through filters can be further exploited in differ-
ent applications. Apart from the detection of analytes, they can also be used as a tool
to remove particles which otherwise can be captured in the test line producing false
negative results. This application has the potential to improve the performance as well
as the LOD of the LFAs and this will be part of our future studies. Additionally, in
the subsection 4.3.5 we showed that the porous flow-through filters can be successfully
used for the purification of a water-based solution containing the bacteria E. coli. Our
next aim is to adopt this filtration method for more complex systems where separation
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and identification of different types of bacteria contained in the same water-based solu-
tion is required. This can pave the road for the use of the porous flow-through filters
for different application such as the detection of food-borne pathogens.

Thirdly, the local photo-polymer deposition method is not only limited to pattern and
stack layers from the same porous material but it can also be extended to pattern and
stack different types of porous materials. As part of our future work, we intend to
further explore this idea to make 3D-µPADs where each layer is made from a different
material (e.g. first layer is cellulose paper, second layer is microglass fibre and third
layer is NC membrane). This will allow us to overcome the limitation of only being
able to perform single step assays, as the use of such 3D-µPADs will enable the imple-
mentation of more complex assays (e.g. ELISA), where mixing of different compounds
is needed.

Finally, the main objective of our future work is to focus on the study and application on
our paper-based devices of new light-responsive materials that will serve the purpose
of completely blocking and then enabling the flow of samples upon light stimulation.
Our first approach towards that direction will be the use of newly synthesized hydro-
gels with more reactive formulation that have better adhesion on the paper. Using our
local photo-polymer deposition method, we will study the patterning of porous sub-
strates with different designs and structures in order to create light-activated gates able
to control the flow of samples. Additionally, we will study the use of photo-responsive
materials that are based on different light-induced reactions such as photocleavage, in
order to test their efficacy on creating light-activated gates. Apart from the application
of the hydrogels to increase the incubation time of a sample, that was reported in this
thesis, we aim to use them for different applications to improve the performance of
paper-based devices. These include the creation of on/off gating which will allow the
repeated dispensing of a desired volume of sample to the test line, and this will make
µPADs suitable for semi-quantitative detection of analytes. Also, a paper-based device
can be designed to have multiple flow channels within the same strip. The addition
of light-activated gates to such a device could enable the flow of selected reagents to
multiple test sites enabling sophisticated multiplexed testing. We believe that the in-
corporation of light-responsive materials on paper-based devices will greatly improve
their performance and have a tremendous impact of the use of this platform for clinical
diagnostics at the POC.
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Appendix A

Operation of BioDot dispensing
system

In this appendix, we will describe the operation of the BioDot, which is the dispensing
system that we use to deposit the antibodies onto the porous substrates.

The BioJet PlusTM technology is a hydraulically driven system designed for high speed
dispensing of liquids that involves the combination of a high speed micro valve with
a high resolution syringe pump as well as the synchronization of the dispense system
with the movements of the stage. This attributes allow for fast and non-contact dispens-
ing of liquids of volumes as low as 4 nL per dispensed drop. The BioDot dispensing
system consists of a syringe pump that is connected to a dispense micro valve. For con-
tinuous dispensing, the reagent or solvent is pulled from a reservoir into the syringe
and then dispensed through the micro valve.

Using the BioDot system we can deposit liquids in two different ways namely continu-
ously and with aspiration/dispensing. With continuous dispensing the reagents are
pulled from the reservoir and then dispensed through the micro valve. On the other
hand, with aspirate/dispense the system is first filled with a backing fluid and then the
tip of the valve is dipped into the sample. The next step involves withdrawing of the
syringe to aspirate the sample and finally we dispense the aspirated sample. For dis-
pensing the antibodies, that described in this thesis, we chose to use the second mode
of aspirate/dispensing due to the smaller volume required.

As previously mentioned, the BioDot system is hydraulically driven and for that it
requires a fluid medium to be present from the syringe to the micro valve. The dis-
pensing process starts with the syringe which is displaced a given amount. Next, the
micro valve opens for a short time (milliseconds) and then the fluid is released from the
valve and travels to the tip. Afterwards, the fluid increase its linear velocity as it passes
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through the tip orifice and then ejects as drop. Finally, it is important to mention that
one valve actuation results in one drop.

The key aspect of the BioDot system that ensures proper volume dispensing is the
steady-state pressure (SSP). This pressure has several important characteristics such
as the fact that it is achieved by the displacement of fluid by the syringe pump and is
proportional to the displacement (drop size). Additionally, the SSP is determined by
the system compliance, which is dominated by entrapped air bubbles. Once the SSP is
established, the amount of fluid displaced by the syringe pump will equal the amount
dispensed.

The main procedures that influence the SSP and therefore the dispensed volume are:
priming, aspiration, pre-pressurization and pre-dispensing. Starting with the priming,
it is used to initialize and fill the syringe pumps with fluid from the reservoir. The
reservoir fluid can be either system fluid for an aspirate/dispense step of the reagent or
sample fluid for continuous dispensing. During priming step, several hundred micro
litres of fluid are dispensed as a stream. The resistance to flow caused by the valve and
tip orifice causes the pressure within the system to become higher than desired for SSP.
In order to achieve SSP, we must first vent the valve, which involves opening the valves
without displacing the fluid. This brings the system to ambient pressure and from this
point the SSP can be achieved.

Following the priming is the aspiration step in which the sample is collected from the
reservoir (micro-well plate) into the tip of the dispenser. During the aspiration process,
a negative pressure is produced which is relieved by performing a vent, which opens
the micro valve without displacing any fluid. When the sample is aspirated, the syringe
pump draws fluid through the tip orifice. The resistance to flow from the tip and valve
creates a negative pressure, which must be overcome to achieve a SSP. As with priming,
venting can bring the system to ambient pressure from which SSP can be applied.

Lastly, pre-pressurization and pre-dispensing steps are required in order to bring the
pressure of the system from the ambient back to the SSP, which then allows accurate
dispensing of the programmed volume of the reagents. During pre-pressurization step,
the syringe pump is displaced without opening the micro valve, which raises the pres-
sure of the system to approximately the desired SSP. Afterwards, several pre-dispenses
at the programmed volume should be performed for fine-tuning the SSP that brings the
brings the pressure to the appropriate level for the programmed volume. Finally, the
dispensing happens under the SSP, where the syringe pump moves and the micro valve
opens resulting to dispense a series of micro-droplets of the programmed volume.
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Appendix B

Calculation of the volume of the
photo-polymer per volume of paper

For the calculation of the volume of the photo-polymer per volume of paper, we dis-
pensed polymeric lines on an NC membrane with the same length of 70 mm and with
varying deposition speeds in the range between 30–90 mm/s (figure B.1). During the
fabrication of these lines, the frequency at which the valve dispenses the photo-polymer
is set at 104.6 Hz and from this value we can simply calculate the amount of time
between deposition of each droplet which is 9.56 ms. We also calculated that the Nord-
son dispensing system deposits droplets of a volume of 100 nL each, therefore for the
different photo-polymer deposition speeds we can now calculate the volume of the
photo-polymer that we deposit per 70 mm line. We will show the calculations for the
case that we deposit a line with a speed of 30 mm/s, however we can follow the same
steps to calculate the volume of the photo-polymer for different speeds.

In order to calculate the time required to dispense a polymeric line we use equation
B.1 and for the case of dispensing a line with length of 70 mm at a deposition speed of
30 mm/s this value is 2.3 s. Since the time between deposition of each droplet is 9.56 ms,

FIGURE B.1: Polymeric lines deposited on an NC membrane with different speeds in
the range between 30–90 mm/s.
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as previously stated, and the volume of each droplet is 100 nL then the volume of the
photo-polymer (Vpolymer) that we deposit is given by equation B.2 and has a value of
24.3 µL.

t [s] =
Distance [mm]

Photo-polymer deposition speed [mm/s]
(B.1)

Vpolymer [uL] =
t [s] × volume of each droplet [uL]

Time between deposition of each droplet [s]
(B.2)

However, in our previous calculation we did not account the volume of the first droplet
that we deposited, hence the total volume of the photo-polymer that we deposit per
70 mm line is Vpolymer + 0.1 µL and for the case of a line deposited at a speed of 30 mm/s
the volume is equal to 24.4 µL.

In order to calculate the area (A) over which the photo-polymer is deposited we used
equation B.3. Assuming that the width of the polymeric line is roughly 1 mm when
deposited with a speed of 30 mm/s and given the fact that the length of the line is
70 mm, the area has a value of 70 mm2. Additionally, if we consider that the thickness of
the NC membrane has a mean value of 150 µm and the porosity is 70%, we can calculate
the volume of the paper following equation B.4 and this gives a value of 7.3 mm3.

A [mm2] = Width [mm] × Length [mm] (B.3)

VPaper [mm3] = A [mm2] × Thickness [mm] × Porosity (B.4)

Lastly, for the case of the polymeric line deposited with a speed of 30 mm/s we can cal-
culate the volume of the photo-polymer per volume of the paper (D) following equation
B.5 and this gives a value of 3.3 µL/mm3.

D [uL/mm3] =
Vpolymer[uL]
VPaper[mm3]

(B.5)

In table B.1 we present the results after the calculation of the volume of the photo-
polymer, the volume of the paper over which the photo-polymer is deposited as well
as the volume of the photo-polymer per volume of the paper substrate for the different
deposition speeds in the range between 30–90 mm/s. In figure B.2 we depict the graph
based on the results from table B.1.
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TABLE B.1: Parameters used to calculate the volume of the photo-polymer per volume
of the paper substrate for the different deposition speeds.

Photo-polymer Volume polymer Volume paper D
line-speed(mm/s) (uL) (mm3) (uL/mm3)

30 24.4 7.3 3.3
40 18.4 5.9 3.1
50 14.7 5.1 2.8
60 12.2 4.4 2.7
70 10.5 3.9 2.6
80 9.0 3.4 2.6
90 8.2 3.1 2.6

FIGURE B.2: Volume of the photo-polymer per volume of the paper substrate for the
different deposition speeds in the range between 30–90 mm/s.
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Appendix C

Calculation of the laser fluence

Laser fluence is an important parameter that we use throughout the experimental work.
In optics, the fluence of a laser pulse is defined as the optical energy delivered per unit
area and is measured in units of [J/cm2]. Equation C.1 describes the formula used to
calculate the laser fluence of a laser pulse:

Fluence
[

Joules
cm2

]
=

Laser pulse energy[J]
Exposure area[cm2]

(C.1)

However, in order to polymerize the light-curable materials, we use a CW laser and in
that case the laser fluence is defined by optical power rather than pulsed energy. By
definition, the optical power (or power) is the energy of light per unit of time, as it is
delivered to the material by a laser beam. It is described by equation C.2

Laser power[W] =
Energy of light[J]

Scan time[s]
(C.2)

However, for out LDW method, the focused laser beam scans along the polymeric lines
on the porous substrate, therefore the exposure area can be approximated as a rectan-
gular area with length that of the scanned distance and width that of the laser spot. The
length of the scanned distance can be simply calculated from the laser scanning speed
as well as the scan time. We make the assumption here that the exposure area has a
rectangular shape that neglects the start and the end of the scanned area, which should
be semi-circular because the beam itself is circular. These areas of the two semi-circles
at the start and end of the scan are negligible compared with the total exposure area.
Therefore equation C.3 is used to describe the exposure area:
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Exposure area[cm2] = Laser spot diameter[cm]× Scanned distance[cm]

= Laser spot diameter[cm]× Laser scanning speed[cm/s]× Scan time[s]
(C.3)

Substituting equations C.2 and C.3 into equation C.1 and considering that the laser
pulsed energy is in fact the energy of light in the case of a CW laser, then the laser
fluence of a CW laser is described by equation C.4:

Fluence
[

Joules
cm2

]
=

Energy of light[J]
Exposure area[cm2]

=
Laser power[W]× Scan time[s]

Laser spot diameter[cm]× Laser scanning speed[cm/s]× Scan time[s]

=
Laser power[W]

Laser spot diameter[cm]× Laser scanning speed[cm/s]
(C.4)
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Appendix D

Assay protocols

D.1 Assay for the detection of BSA

1. Add 49.2 mg/ml of citrate buffer at 1.8 pH and allow glass fibre to dry for at least
1 hour.

2. Add 2.2 mg/ml of TBPB in 95% of ethanol solution and allow glass fibre to dry
for at least 1 hour.

3. Add the artificial urine sample containing various concentrations of BSA.

4. Capture photos of the detection zones to determine the concentration of BSA.

D.2 Assay for glucose detection

1. Dissolve o-Dianisidine reagent to 1 mL of DI water and add 0.8 mL to the bottle
containing glucose oxidase.

2. Add the glucose oxidase/peroxidase solution (5:1 ratio and 15 units of protein
per mL of solution) on the glass fibre and allow to dry for at least 1 hour.

3. Add the artificial urine sample containing various concentrations of D-(+)-
glucose.

4. Capture photos of the detection zones to determine the concentration of D-(+)-
glucose.
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D.3 Assay for nitrite detection

1. Prepare Griess reagent by dissolving in DI water 8.63 mg/ml sulfanilamide,
63.3 mg/ml citric acid and 2.56 mg/ml of N-(1-naphthyl) ethylenediamine di-
hydrochloride.

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

3. Add the artificial urine sample containing various concentrations of sodium ni-
trite.

4. Capture photos of the detection zones to determine the concentration of sodium
nitrite.

D.4 Assay for the measurement of the pH

1. Add bromothymol blue on the glass fibre and allow to dry for at least 1 hour.

2. Add the artificial urine sample.

3. Capture photos of the detection zones to measure the pH of the sample.
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Appendix E

Chemical structures of pre-polymers

Below we list the chemical structures of the various pre-polymer solutions that we used
during the experimental work presented in chapter 7.3.

E.1 Pre-polymer solutions 1-4
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E.2 Pre-polymer solutions 5-7

E.3 Pre-polymer solution 8
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ABSTRACT 

We report the use of a laser-based direct-write (LDW) technique that allows the fabrication of porous barriers, 

which enable in-line filtration within a paper-based microfluidic device. The barriers were produced within porous 

substrates, namely nitrocellulose membranes, via local deposition of a photo-polymer that was subsequently 

polymerised by exposure from a laser source. Adjustment of the photo-polymer deposition parameters determines 

the porosity of the barriers, which, when carefully designed and integrated within a fluidic channel, can act as 

filters that enable either complete blocking, selective flow or controlled separation of particles of different sizes 

within a fluid travelling through the channel. We have successfully identified the fabrication parameters for the 

creation of barriers that allow the filtration of two different types of particles, Au-nanoparticles with sizes of 40, 

100 and 200 nm and latex microbeads with sizes of 200 nm and 1 μm, dispersed within an aqueous solution. We 

also report the use of a variable-porosity barrier for selective separation of latex microbeads from Au-

nanoparticles, thereby showing the usefulness of this technique for enabling in-line filtration in such paper-based 

microfluidic devices. 

Keywords: Paper-based devices, Microfluidics, Laser-direct write, Filtration, Porous barriers, Photo-

polymerisation. 

 

1. INTRODUCTION 

The demand for low-cost diagnostic devices that are user-friendly and deliver results rapidly is a universally 

accepted goal that has led to extensive development of paper-based microfluidic devices, a concept which was 

first proposed by the Whitesides’ group in 2007 1, 2. The use of paper for such microfluidic devices stems from its 

many inherent advantages such as being biocompatible, chemically modifiable, disposable via incineration, and 

of course its low cost that can lead to mass produced diagnostic devices 3.  

Apart from these advantages that are clearly useful for the creation of paper-based microfluidic devices, some 

important requirements have also been identified, which if addressed, would allow for implementation of paper 

as a platform for diagnostic devices on a wider scale. Paper has certain limitations that arise from its random, 

fibrous internal structure, which result in the paper substrate not being uniform in cross-section even across a 

single sheet, potentially affecting the fluid wicking rate which makes the control of fluid flow difficult. 

Furthermore, ambient conditions and especially humidity play a critical role with use of paper-based devices as 

this can also affect the fluid wicking rate 4. Despite such limitations and drawbacks, over the last decade there has 

been an extensive research effort directed towards the use of paper for creating microfluidic devices for point-of-

care (POC) clinical diagnostics and other testing applications 3. However, for improved performances and use as 

standalone in-field tools such simplistic paper-based POC devices need to be enabled with different additional 
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functionalities such as filtration for complex sample processing and analysis 5. The use of filtration in microfluidic 

devices has been reported not only for the filtration of micro and nano-scale particles suspended in solution 6, 7, 

but also for identification and analysis of specific particles 8-10. The process of filtration is interesting because it 

allows the segregation and analysis of a complex liquid sample through separation based on particle size. A variety 

of applications incorporating filtration in their process include membrane chromatography 11, protein digestion 12, 

liquid-liquid extraction 13 and separation of plasma from red blood cells 14-18. The latter application is of significant 

importance for clinical testing that often requires cell-free samples, such as serum or plasma, as cell inclusion and 

lysis affect reproducibility and can interfere with readouts for colorimetric assays19.  

Several techniques that enable a filtration process within microfluidic devices have been described in the literature 

including centrifuging 20, on-chip separation according to size using comb-like 21, wire-like 22 or mesh-like 

filtering 23, and external active methods using forces such as electric or magnetic field interactions and acoustic 

waves 24-26. However, all of these methods are performed externally to the device, and add an additional, 

undesirable sample preparation step. 

In this report, we focus on the use of a laser-based technique that enables in-line filtration within a flow-path of a 

paper-based microfluidic device. To the best of our knowledge, this is the first report of the implementation of an 

integrated fluid-filtration process within a low-cost paper-based microfluidic device. In our earlier publications, 

we have reported on the use of our laser direct-write (LDW) technique not only for the creation of fluidic devices 

in paper 27, 28, but also for enabling control over the flow within such devices by demonstrating a flow-delay 

mechanism 29. In this report we present the use of the LDW technique to implement our mechanism of flow-

filtration, thereby presenting another pathway for making paper-based devices with newer functionalities. 

 

2. EXPERIMENTAL SECTION 

 

2.1 Experimental setup and materials 

The laser used for the LDW patterning procedure was a fibre- coupled 405 nm continuous wave (c.w.) diode-laser 

(Cobolt MLD, Cobolt AB, Sweden, P/N 00069911871) with a maximum output power of 60 mw and a spot size 

of 2 mm at a distance of 2.5 cm. The dispenser platform (P/N 7362707) used for the local deposition of the 

photopolymer onto the various substrates was a PICO® Pµlse™ dispensing system from Nordson EFD, UK. The 

substrate material used was a UniSart CN 95 nitrocellulose membrane (P/N 500537435) from Sartorius Stedim 

Biotech GmbH, Germany, and the photopolymer chosen for these experiments was DeSolite® 3471-3-14 from 

DSM Desotech, Inc., USA. The thickness of the nitrocellulose membrane is 140-170 μm with a pore size of 

roughly 15 μm and a capillary flow speed of 90-135 s/40 mm. A coloured dye solution and water-based 

suspensions of Au-nanoparticles and latex microbeads were used to characterise the fluid flow and filtration 

properties of the laser-patterned devices. The dye solution was made by dissolving Fast Green FCF chemical dye 

(P/N F7252) from Sigma Aldrich in de-ionised water at a concentration of 0.5 mg/ml. The Au-nanoparticles (P/N 

(P/N 021195) used for validating the filtration capabilities of the laser-patterned variable-porosity barriers were 

obtained from BBI Solutions, UK and had sizes of 40, 100 and 200 nm. The latex microbeads (P/N 24287) with 

sizes of 200 nm and 1 μm were acquired from Polysciences, Inc., USA.  
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2.2 Methods and Procedure 

The fluidic devices were created within porous nitrocellulose substrates via the local deposition of the photo-polymer and 

its subsequent curing via exposure from the laser irradiation. The photo-polymerised structures that form the walls extend 

through the thickness of the porous substrate and thereby demarcate the boundaries of a fluidic channel and hence the 

complete fluidic device. Beyond forming the impermeable boundary walls of the fluidic channels, the same technique was 

used to pattern the variable-porosity barriers that enabled in-line filtration and were positioned within the fluidic channel 

at 90 degrees to the direction of fluid flow. The schematic of the LDW setup used to create the devices is shown in Figure 

1. 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic of the laser-based direct-write setup showing the local deposition of photo-polymer that is illuminated by 

exposure from a c.w. laser operating at 405 nm. Creating fluidic pathways and in-line filters. 

 

A photo-polymer was first locally deposited onto the paper substrate with a deposition nozzle at locations pre-defined by 

the device design. A laser beam that follows the deposition head illuminated the entire polymer pattern 30 s after the 

deposition, and induced photo-polymerisation of all the dispensed polymer. The wait time of 30 s prior to illumination was 

sufficient for the polymer to spread throughout the thickness of the nitrocellulose membrane. This is evidenced by the fact 

that (as can be seen in Fig.3-Fig.7) for this wait period the polymer walls of the flow channels have spread to have a width 

of ~1 mm, which is larger than the thickness of (~180 µm) the nitrocellulose substrate. In addition to the above, the fact 

that the fluids did no leak out of the channels further confirms that the polymeric wall structures were formed throughout 

the thickness of the nitrocellulose. The wait time was similar for the barriers too and therefore ensured that they also 

extended throughout the thickness of the substrate. The use of a different photopolymer with a different viscosity and 

chemical properties would require adjustment of the time needed for penetration throughout the substrate, however, this 

can be easily evaluated. 

The spatial resolution and the achievable feature size in this approach is defined by the polymer spreading through the 

porous membrane. This spreading is determined by the viscosity of the polymer and also the pore-size and the porosity of 

the membrane and all of these therefore influence the minimum producible feature dimension. In addition, the achievable 

feature dimension is also influenced by the time to exposure after deposition, and critically the incident laser fluence. The 

minimum feature size i.e. line widths of the polymerised wall structures we have been able to produce is in the range of 

200µm. 

Using our LDW procedure, we were able to fabricate variable porosity barriers by controlling the local deposition 

speed of the photo-polymer, which translates into a controllable volume of the photo-polymer that is deposited 

onto the substrate, and hence a programmable concentration of polymer within a given barrier. Importantly, this 
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level of control means that it is possible to create polymerised structures that have a variable level of permeability, 

between completely impermeable – i.e. a wall - or partially permeable – a barrier - to any fluid flow. Following 

the writing of the walls of the fluidic channel, experiments were performed to identify the range of deposition 

speeds that create partially permeable barriers that also extend throughout the thickness of the substrate to be used 

for in-line filtration of a fluid travelling through the channel.  

For these less dense, permeable barriers, the polymerised material does not completely fill the pores of the 

nitrocellulose matrix. Instead, these barriers act as a porous mesh with a pore size smaller than that of the 

nitrocellulose membrane and therefore act as filters for the fluid passing through it. The porosity of this 3D-mesh 

can be tailored via precise control of the deposition speed. As illustrated schematically in Figure 2, using a barrier 

with a pre-selected porosity provides a route for creating devices to filter or block particles with sizes above a 

defined threshold. It can therefore also provide a pathway for selective differentiation/separation between particles 

of different sizes within a fluid.  

 

 

 

 

 

 

 

 

Figure 2. Schematic representation of the cross-section of a fluidic channel with an incorporated variable-porosity barrier 

within the channel to act as a filter. 

 

3. RESULTS AND DISCUSSION 

 

We have characterised the filtration performance of these porous in-line barriers by wicking through the channel 

a water-based suspension of either Au-nanoparticles or latex microbeads of differing sizes to highlight the ability 

of the barriers to discriminate objects by size.  

This discrimination was then used to effectively separate a mixture of Au-nanoparticles and latex microbeads of 

different sizes. We initially aimed to establish the parameters for creating porous barriers using colloids typically 

employed in lateral-flow assays: Au-nanoparticles and latex microbeads. Their extensive use in microfluidics-

based lateral flow diagnostic devices originates from strong absorbance of light when used as coloured-labels that 

tag detection-antibodies to the test-lines of a lateral flow device. Since both the fluidic channel walls and filtering 

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 roll-to-roll production can be 

envisaged and where production speed and  cost are two of the main considerations. 
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Laser-patterned fluidic devices were prepared with a simple straight-flow channel geometry as shown in Figure 

3, using an optimised LDW process as previously described 30, 31. The performance of porous polymer barrier for 

liquid-based size exclusion was explored as a function of the size of coloured suspensions of dyes or nanoparticles.  

 

 

 

 

 

 

 

Figure 3. Image showing an example device that we used to study the filtering capabilities of a laser-patterned barrier. 

 

The width and length of the fluidic channel was set to 4 mm and 25 mm respectively. The channel walls were 

defined via local deposition of the photo-polymer at a line-speed of 20 mm/s, followed by laser curing at a scan-

speed of 27 mm/s. We then patterned the variable-porosity barriers across the channel using the same procedure 

but with a higher photo-polymer deposition speed that ranged from 30 mm/s to 60 mm/s.  

Above a certain threshold deposition speed, the structures that were created were always found to be porous. It is 

important to note that the distance between the fibre tip and the substrate (2.5 cm), the laser scanning speed and 

the laser power were unaltered for all of the device fabrication work. Any change in the values of these parameters 

leads to an alteration of the incident laser-fluence that governs the photo-polymerisation process and consequently 

a variation in the porosity of the barriers. In all cases however, the incident laser-fluence was always sufficient to 

polymerise all of the deposited photo-polymer.  

 

 

3.1 Characteristic study of barriers in nitrocellulose membrane 

Prior to characterising the filtration properties of the barriers with solutions consisting of particles of predetermined sizes, 

it was important to investigate the exact deposition condition that would allow the barrier to change from being completely 

impermeable to partially permeable. We therefore fabricated a set of identical devices each of which had a single barrier 

created at a different deposition speed, and then introduced a coloured dye at their inlet (Figure 4, bottom-end in the 

images). The coloured dye provided an aid that not only helped visualise the progression of the aqueous solvent along the 

channel but also allowed to identify whether a barrier was porous or not. 
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Figure 4. Images showing the flow of a green dye solution through a channel with barriers created with deposition speeds of 

34, 38, 42, 46, 50 and 54 mm/s respectively. 

 

In the subsequent section, Au-nanoparticles and latex microbeads, with minimal variations in their sizes were used as a means 

to characterise the porosity of the barriers. The variation in size was defined by the  maximum value of the coefficient of 

variance which is defined as the ratio of the standard deviation over the diameter of the particle, multiplied by 100 (8% for the 

Au-nanoparticles, 5% for latex microbeads of size 200 nm and 3% for latex microbeads of size 1000 nm).  

As seen in Figure 4, the barriers, written at speeds of 38 mm/s and less were impermeable, however, for a writing speed of 42 

mm/s and greater, they were porous and allowed the green dye to pass through them. The time taken for the coloured dye to 

reach the top end of the device is determined by the porosity of the barriers. Alternatively, this can also provide a mechanism 

to introduce a delay in the flow of liquids. 

 

3.2 Filtering of Au-nanoparticles with different sizes 

Once the threshold deposition speed that allows for the creation of partially permeable barriers was defined, we then used this 

as a starting-point for exploring the deposition conditions that would produce barriers that block Au-nanoparticles of a specific 

size namely 40, 100 and 200 nm. In each case, the bottom end of the devices was dipped in 20 µL Au-nanoparticle suspension 

for 15 minutes. The stock concentrations of the Au-nanoparticles in the suspension were 9×1010 particles/ml for 40 nm Au-

nanoparticles, 5.6×109 particles/ml for 100 nm Au-nanoparticles and 7×108 particles/ml for 200 nm Au-nanoparticles. The 

images in Figure 5 show representative examples of tests performed with the 40 nm Au-nanoparticle suspensions. As shown 

in Table 1, the 40 nm Au-nanoparticles were able to pass through barriers created with deposition speeds that were at least 36 

mm/s, and below this speed, the nanoparticles concentrated at the lower side of the barrier. For barriers produced with speed s 

at or greater than 36 mm/s, the particles flowed through and accumulated towards the top end of the device. For a comparative 

analysis of the collected data, we have chosen to define a ‘threshold’ speed that permits the flow-through of a particle of a 

specific size. Table 1 shows our results for all of the differently sized Au-particles and were obtained from five repeated 

measurements where the images in Figure 5 are representative of a threshold speed below which these solutions did not flow 

through. 
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Figure 5. Images showing the flow of the 40 nm Au-nanoparticles through identical devices each of which had a single barrier 

that was fabricated with a different deposition speed that ranged from 30-54 mm/s respectively.  

 

There is a deposition speed range (~ few mm/s, and marked with a red box in Table 1 and similary in Table 3) for which the 

barriers transition from being impermeable to being partially and then consistently permeable. This transitional range could 

be the result of either of the following: minor variability in the nitrocellulose pore size in different regions of nitrocellulose 

membranes and between batches, variation in the composition of the membrane (surfactant coverage for example) or humidity 

influencing the penetration and wetting of the photopolymer, or the variability in the photopolymer deposition. Taking this 

transitional range into account, we defined the threshold as the deposition speed at which more than 60% of the devices have 

permeable barriers. Despite the overlapping transitional ranges between 40 nm and 100 nm Au-nanoparticles, we observe that 

the deposition speed threshold increases with particle size (Table 2), with the latex microbeads following the same trend (Table 

3). This effect is understood to occur because faster deposition speeds result in less deposited photopolymer volume per unit  

of length, consequently creating a permeable barrier with larger unfilled voids.   

We envisage the use of the porous barriers as in-line filters within a lateral flow device and therefore our device design and its 

operation was configured to mimic that of a lateral flowdevice. Hence, the devices seen in Figures 3-6, have an absorbent pad 

at the end.  

Made of cellulose paper, the abosrbent pad also serves as a drain-pump for the fluidic sample passing along a lateral flow 

device. On completion of the test, the residual fluid accumulates in this absorbent pad, and as seen in the last device of Figure 

5 and in last two in Figure 6, the Au-nanoparticles have collected there and changed the colour of the absorbent pad from white 

to red. The pore-size, the porosity of the porous nitrocellulose and its uniformity are all critical parameters influencing the 

threshold as they determine the way the photopolymer wicks and creates the barrier. Also, the nature of the porous material i s 

important where the wicking of the polymer will be affected by the internal structure. Our choice of the nitrocellulose 

membrane and its type (CN95) was because of its wide use in the construction of lateral flow devices such as those constructed 

herein. Such nitrocellulose membranes exhibit porous sponge-like structures whereas materials such as cellulose paper exhibit 

more fibrous internal structures and this structure would require different deposition times. Both the porous substrate 

characteristics/nature and the structure are expected to be important factors  influencing the threshold deposition line-speed 

either to higher or lower values. Also, if there is a variation in the porous material from batch to batch this would indeed also 

be reflected in the threshold values.  
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Table 1. Number of devices in which Au-nanoparticles passed through the barrier written at different line-speeds. 

 

Line-speed (mm/s) 40 nm 100 nm 200 nm 

30 0/5 0/5 0/5 

32 0/5 0/5 0/5 

34 3/5 2/5 0/5 

36 5/5 5/5 0/5 

38 5/5 5/5 2/5 

40 5/5 5/5 0/5 

42 5/5 5/5 5/5 

44 5/5 5/5 5/5 

46 5/5 5/5 5/5 

48 5/5 5/5 5/5 

50 5/5 5/5 5/5 

52 5/5 5/5 5/5 

54 5/5 5/5 5/5 

56 5/5 5/5 5/5 

60 5/5 5/5 5/5 

 

Table 2. Threshold deposition speeds for creating barriers that block each of the different Au-nanoparticle sizes. 

 

 

 

 

 

 

3.3 Filtering of latex microbeads with different sizes 

To further test the capabilities of the variable-porosity barriers for larger colloids, we tested 200 and 1000 nm latex microbeads. 

The images in Figure 6 show the results for suspensions of latex microbeads of size 1000 nm. The bottom ends of the devices were 

dipped for 15 minutes in 20 µL of an aqueous latex bead suspension with particle concentration of 5.68×1011 and 4.55×109 

particles/ml for the 200 nm and 1000 nm particles, respectively. As can be clearly seen in the images, for speeds below a threshold 

of 52 mm/s, the barrier was impermeable to the 1000 nm latex microbeads. Table 3 shows the results for the devices tested for each 

of the different barrier line-speeds for the two different latex microbeads sizes, and Table 4 shows the threshold speed values for 

the same. 

The thresholds for 200 nm latex microbeads and similarly sized, 200 nm Au-nanoparticles should be identical for size-

dependent barriers such as those used in our experiments. However, we believe this difference in the thresholds could be as a  

result of the nature i.e. surface properties of the particles and more specifically their flow properties.  

 

 

Au-Nanoparticle size (nm) Flow-through threshold 

speed (mm/s) 

40 34 

100 36 

200 42 
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Figure 6. Images showing the flow of the 1000 nm latex microbeads through identical devices each of which had a single 

barrier that was fabricated with a different deposition speed that ranges from 40-60 mm/s. 

 

 

Table 3. Number of devices in which latex microbeads passed through the barrier written at different line-speeds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4. Threshold deposition speeds for creating barriers that block each of the different latex microbead sizes.  

 

 

 

 

 

Line-speed (mm/s) 200 nm 1000 nm 

30 0/5 0/5 

32 0/5 0/5 

34 0/5 0/5 

36 0/5 0/5 

38 0/5 0/5 

40 0/5 0/5 

42 0/5 0/5 

44 0/5 0/5 

46 0/5 0/5 

48 3/5 0/5 

50 5/5 0/5 

52 5/5 5/5 

54 5/5 5/5 

56 5/5 5/5 

60 5/5 5/5 

Latex bead size 

(nm) 

Flow-through threshold speed 

(mm/s) 

200 48 

1000 52 
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3.4 Simultaneous filtering of different sized particles in the same flow channel 

Lastly, to explore the possibility of using such porous barriers for a selective differentiation between two differently sized 

particles, we tested a device that can allow for separation of 40 nm Au- nanoparticles from 1 μm latex microbeads. We 

used an aqueous dispersion of 40 nm Au-nanoparticles (9×1010 particles/ml) and 1 μm (9.1×108 particles/ml) latex 

microbeads. We fabricated a device with a deposition speed of 46 mm/s to create a barrier that would block the latex 

microbeads but be permeable to the Au-nanoparticles. Figure 7 shows a device for which the barrier was fabricated with a 

deposition speed of 46 mm/s, a speed that we know would serve to block the latex microbeads, but would allow the Au-

nanoparticles to travel through. As shown in Figure 7, the Au-nanoparticles transit through the barrier while the latex 

microbeads are unable to flow through and accumulate in the channel just before the barrier. 

Such a method of producing porous barriers for filtration could be exploited in a number of ways. One example 

could be to develop systems composed of successive barriers with decreasing sized pores to facilitate the 

separation of complex samples where there is a sizeable fraction of larger structures such as red blood cells.  

 

 

 

 

 

 

 

 

Figure 7. Images showing the result of filtering 1 µm latex beads from 40 nm Au-nanoparticles at different times. 

 

4. CONCLUSIONS 

 

To our knowledge, this is the first example of a relatively simple approach that allows in-line filtration of various 

constituents of a liquid analyte, and should enable scalable paper-based lateral flow device manufacture with more 

advanced device performance. We believe that for such devices this in-line filtration functionality provides a promising 

potential route to avoid or minimise sample-preparation, which is currently a critical impediment to the use of such 

low-cost devices at the point-of-care by unskilled patients. 
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A B S T R A C T

In this paper, we report on the use of a local acrylate-based negative photo-polymer deposition technique for the
fabrication of 3D microfluidic paper-based analytical devices (3D-μPADs) where the sample flows in both the
lateral and vertical directions through multiple stacked layers of porous materials. A simple and inexpensive
manufacturing method was used, which is based on the local deposition of a photo-polymer (deposition speed
30mm/s) on a porous cellulose paper substrate followed by the subsequent exposure (scanning speed 30mm/s)
to a laser source (fibre coupled continuous wave at 405 nm with maximum power of 60mW), to stack four layers
of cellulose paper and make 3D multilayer μPADs. With this technique, we provide a pathway to eliminate the
limitations that other reported methods have during the fabrication of μPADs such as the need for multiple
sophisticated alignments between adjoining layers and the use of additional tools to ensure adequate contact
between the layers. In this study, we demonstrate the usefulness of our four-layer 3D-μPAD for simultaneous
detection of three analytes, namely BSA, glucose, nitrite spiked in artificial urine and also the pH of the tested
sample, through single step colorimetric assays with the limit of detection found at 0.4 mg/mL for BSA, 14.5 μg/
mL for glucose and 2.5 μg/mL for nitrite. Our 3D-μPAD fabrication methodology can also be adapted in more
complex analytical assays where multiple steps are needed for applications in point-of-care diagnostics.

1. Introduction

Public health is of universal importance and to that end, there is a
constant research effort to create novel diagnostic tools world-wide
[1,2]. According to the World Health Organization, a diagnostic sensor
designed for use at the point-of-care in under resourced settings has to
be affordable, sensitive, specific, user-friendly, rapid and robust,
equipment-free and deliverable to those who need it [3]. Among the
different substrates, such as silicon, polymer or glass, which have been
used to manufacture diagnostic devices, paper is a promising alter-
native due to its inherent characteristics. Paper is a cost-effective ma-
terial composed of a network of hydrophilic cellulose fibres and has a
porous structure that allows the passive transport of liquids via capil-
lary action [4]. Furthermore, paper is lightweight, can be found in
different forms and properties, and is biocompatible and disposable via
incineration [5]. The concept of paper-based analytical devices (μPADs)
was first proposed from the Whiteside’s group back in 2007 and has
been developed for a range of analytical assays such as the detection of
proteins [6], heavy metals [7,8], pesticides [9] and food-borne patho-
gens [10]. Such devices have the capability to obtain, control and
process small volumes of complex fluids with efficiency and speed and

the miniaturization of the device further reduces the detection times
and the volumes of the reagents that are used [11].

In the last few years, a variety of methods to develop 2D-μPADs
have been widely reported. Some of these include laser treatment [12],
photolithography [13], wax printing [14] and inkjet printing [15] and
have been shown to be used for various applications such as detection
of biomarkers i.e. lactate, glutamate, uric acid and nitrite using dif-
ferent colour indicators in each case. Compared with 2D-μPADs, three-
dimensional (3D) μPADs have also been widely studied due to some
unique advantages they offer for certain applications, e.g. multiplexed
assay and assays involve multiple steps. Firstly, in 2D-μPADs, the spatial
distribution of samples is limited when compared with 3D-μPADs where
the flow and delivery of fluids is enabled in all three dimensions. As a
result, for 3D-μPADs the device footprint is reduced and also additional
fluidic channels can be incorporated for enabling multiplexed testing of
a large number of analytes with the same device footprint of a 2D de-
vice [16]. All of this leads to a reduced detection time and a reduced
sample volume [17]. Despite the progress in the development of fluid
flow control using different methods for more efficient performance of
μPADs [18], it has been reported that 3D-μPADs exhibit better analy-
tical performance when compared to lateral flow devices with sample
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flow limited in one direction [19]. In the case of 3D-μPADs, reagents
can be stored within the middle layers of the device and furthermore as
fluids transport within these layers the evaporation is minimized [20].
Additionally, using 3D-μPADs we can overcome the limitation of only
being able to implement single step assays, as one can perform complex
assays where mixing of different compounds is needed (e.g. ELISA)
[21]. Furthermore, 3D-μPADs can eliminate any contamination of the
sample as it can be largely transported within the in-between paper
layers by creating appropriate fluidic pathways. Finally, it also helps
prevent any cross-contamination between multiple samples thus en-
abling simultaneous testing of different assays independently within the
same device.

3D-μPADs have therefore gained much attention of the research
community in the last few years and many groups are working towards
the development of these platforms. Reported fabrication methods in-
clude the development of 3D origami devices, which involve folding of
the paper [22,23] and the use of a stack of pre-patterned papers [24].
The origami-based methods, while ingenious, require sequential steps
for assembly and alignment of the layers of paper, which might be
difficult or incorrectly performed by untrained individuals. The most
important requirement during the fabrication of 3D-μPADs is the need
for sufficient contact between the multiple layers of the device. In order
to assemble the pre-patterned paper layers and create a 3D-μPAD, a
double-sided tape [25] or spray adhesive [26] is often used. Additional
processes to ensure contact between the layers include the use of
clamps [22,27] or even holding the device between the thumb and
index fingers [28]. An alternative method reports the formation of 3D
structures directly on the paper layer, a method that sorts out any
contact issues but lacks simplicity as it requires double-sided wax
printing and an extra aligning step during the fabrication process [29].
As described, each of these aforementioned techniques require ex-
ternal/additional equipment (e.g. clamps, tapes) and further fabrication
steps, two factors that increase the complexity of the design. Ad-
ditionally, the method of stacking the individual pre-patterned layers of
paper requires an extra aligning step, which is a critical parameter for
the performance of the final device.

In our previous reported method we used a laser direct writing
technique to create 3D-μPADs [30]. That method not only involved
additional fabrication steps such as polymer soaking and solvent-based
developing of the paper device but was also limited in terms of the
maximum number of layers which can be bonded together. In contrast,
this paper reports the use of a simpler and faster fabrication technique,
which enables the stacking of several layers of porous materials to
create 3D-μPADs and exceeds the maximum number of the three layers
that our previous method had.

We then demonstrate the use of this technique to produce a 3D-
μPAD for implementation of single step colorimetric assays for the de-
tection of three analytes, namely BSA, glucose and nitrite and the pH of
the tested artificial urine sample. The choice of the model analytes was
made because of the following - these analytes are commonly used in
diagnostics (e.g. urine reagent strip testing) for monitoring or screening
for kidney function, acid-base balance and urinary tract functions. BSA
is the model protein for human albumin in urine and is studied ex-
tensively because it has similar composition [31] (e.g. molecular weight
∼66 kDa) to the human protein. Elevated levels of albumin in urine
corresponds to very low levels in blood and this is an indication of
kidney damage (hypoalbuminemia). Elevated levels of glucose in urine
is also an indication of underlying health conditions. In the case of
people having diabetes [32] they can develop chronic complications
such as kidney problems, which can lead to the excretion of glucose into
the urine (glycosuria). Apart from the measurement of albumin and
glucose levels in urine, the measurement of nitrite is equally important
and very common in urinalysis. The presence of nitrites in urine can be
an indication of bacterial infection (most commonly Escherichia coli) in
the urinary tract [33], which if left untreated can lead to kidney failure
or even sepsis. Finally yet importantly, pH measures how acidic or

alkaline a person’s urine is. Abnormal levels are associated with med-
ical conditions such as kidney stones or urinary tract infections.

2. Experimental section

2.1. Experimental setup and materials

The laser used for the polymerization of the photo-polymer was a
fibre-coupled continuous wave (c.w.) diode laser (Cobolt MLD, Cobolt
AB Sweden) operating at 405 nm with a maximum output power of
60mW. As previously mentioned, the photo-polymer is locally de-
posited onto the paper substrate using a PICO® Pμlse™ dispenser plat-
form from Nordson EFD, UK, which deposits micro-droplets through a
tip with diameter 100 μmwith volumes as small as 0.5 nL at a frequency
at 100 Hz. The porous paper used to make the multilayer 3D-μPADs is
Whatman™ grade 1 qualitative filter paper (cellulose) with nominal
thickness 180 μm and pore size 11 μm from GE Healthcare. The sub-
strate where the reagents for the assay are pre-deposited is glass fiber
with 355 μm in thickness from GE Healthcare. The acrylate-based ne-
gative photo-polymer that we used in the device fabrication work was
DeSolite® 3471−3-14 from DSM Desotech, Inc., USA. The performance
of our paper-based 3D-μPADs was tested with single step colorimetric
assays for the detection of BSA, glucose, nitrite and pH. For the BSA
assay the reagents used were 49.2 mg/mL citrate buffer at 1.8 pH and
2.2 mg/mL tetrabromophenol blue (TBPB) in 95 % ethanol solution
(Sigma-Aldrich, 199311). The BSA protein (Sigma-Aldrich, A3059)
which was used as the analyte for the BSA assay was prepared at a
concentration of 50mg/mL. The reagents used for the glucose assay
were glucose oxidase/peroxidase solution (Sigma-Aldrich, G3660) in
5:1 ratio and 15 units of protein per ml in deionized water and o-
Dianisidine dihydrochloride (Sigma-Aldrich, D2679) with a con-
centration of 5mg/mL in deionized water. D-(+)-glucose solution was
used as the analyte for the glucose assay with a concentration of 1mg/
mL in 0.1 % benzoic acid (Sigma-Aldrich, G3285). For the detection of
nitrite, we prepared Griess reagent by dissolving in deionized water
8.63mg/mL sulfanilamide (Sigma-Aldrich, S9251), 63.3 mg/mL citric
acid (Sigma-Aldrich, 251275) and 2.56mg/ml of N-(1-naphthyl) ethy-
lenediamine dihydrochloride (Sigma-Aldrich, 222488). We prepared
sodium nitrite (Sigma-Aldrich, 237213) at a concentration of 0.68mg/
mL as the analyte for testing of this assay. Finally, for the pH testing we
used bromothymol blue (Sigma-Aldrich, 114413) as an indicator and a
red chemical dye (Allura Red AC, Sigma Aldrich) diluted in deionized
water at a concentration of 0.5mg/mL, to visualize the progression of
the sample throughout the layers of the multilayer devices.

2.2. Methods and procedure

Our patterning method used in creating polymeric structures within
the porous paper substrates and for the creation of the 3D-μPADs is
based on the local deposition of an acrylate-based negative photo-
polymer at locations pre-defined by the device design. The schematic in
Fig. 1 illustrates the setup used for the manufacture of our 3D-μPADs.

First, a dispensing system delivers the photo-polymer on top of a
porous substrate at locations user-defined by a computer. Next, a laser
source (spot size ∼5mm and fluence 40mJ/cm2) controlled by the
same design program follows the same pattern and, illuminates the
polymer inducing photo-polymerization leading to the creation of solid
polymeric structures extending throughout the thickness of the sub-
strate. A delay of 3min between the deposition and photo-poly-
merisation steps was introduced to ensure that the photo-polymer had
penetrated throughout the thickness of the paper (∼ 180 μm). After this
time delay, the photo-polymer had spread laterally to a width of
∼2mm, which defined the minimum width of the polymeric line that
we can create with our patterning method for this specific substrate.
The time required to make a single 3D-μPAD depends on the time re-
quired (3min) for the photo-polymer to penetrate throughout a paper
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substrate. However, one of the advantages of the local photo-polymer
deposition method is that we could fabricate six 3D-μPADs in a single
cellulose paper A4 sheet within a period of 3min. Considering that it
required 12min to pattern and stack the six, four-layer devices, we
deduced that the time required to make a single four-layer 3D-μPAD
does not exceed 2min.

The photo-polymerization process is affected by the scanning speed
of the laser and therefore the laser fluence. The fabrication conditions
of the photo-polymer deposition speed, the laser scanning speed and the
time delay between these two steps that we have used for the device
processing are sufficient to fully polymerize the photo-polymer and
create solid polymeric walls that define the boundaries of the flow paths
within our devices. Any residual un-polymerized material that remains
within these walls would result in sideways leakage of the fluids
through them, and this is not the case as we see in either of the
Figs. 4–6. Use of these fabrication conditions lead to the formation of
fully solidified walls required to guide the flow of liquids without any
leakage that would be detrimental to the performance of the device.

This patterning method was also used to stack several layers of the
same (grade 1) porous material and create our multilayer 3D-μPADs.
Fig. 2 depicts the various steps involved in the fabrication of a two-layer
3D-μPAD. First, a photo-polymer pattern as required by the device
geometry is locally deposited on top of a porous substrate. The photo-
polymer is allowed to spread throughout its thickness (step 1) before
exposure to the laser source (step 2). Next, the photo-polymer is de-
posited again (step 3) over the same pattern and a second paper sub-
strate is placed (step 4) over the top. In order to facilitate complete
contact between the two adjacent layers and therefore ensure proper
flow of the sample between the layers, a contact pad of the same cel-
lulose material is added between the two paper layers only at the in-
tersection points where the sample flows happens, from one layer into
the other. The photo-polymer pattern is added again on top of the
second layer (step 5), followed by exposure from the laser source to
assist with the bonding of the two layers (step 6). This paper patterning
technique can easily be extended to stack several layers of porous
materials and create a multilayer device where the fluids are able to

Fig. 1. Schematic of the local photo-polymer deposition setup.
The photo-polymer is locally deposited on top of a porous
substrate and subsequently exposed to a c.w. laser source
operating at 405 nm to create solid polymeric structures. In
the dashed line box, we represent a cross-sectional image of
the porous substrate in which the polymerized photo-polymer
has extended throughout its thickness.

Fig. 2. Schematic of the fabrication process that is used to stack two layers of paper.
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flow within the multiple layers of the user-designed device.
In order to create 3D-μPADs where the samples travel in lateral and

vertical directions and through multiple, stacked layers, as suggested
above, we then used the described patterning technique to produce a
multilayer device that implements four independent single-step col-
orimetric assays. Fig. 3 shows the schematic of such a multilayer device
that was fabricated to allow for single-step colorimetric assay-based
detection of BSA, glucose, nitrite and the pH. It consists of four different
layers patterned and stacked using our method described via Figs. 1 and
2. In each layer, the sample can only flow in the hydrophilic areas,
which are demarcated by the photo-polymer patterns preventing the
flow into undesired locations. The top layer has an inlet port for in-
troduction of the sample and the bottom layer has four rectangular
readout zones designed to visualize the outcome of the colorimetric
assays. The two middle layers allow distribution of the sample homo-
geneously into the four detection areas. To assist with the flow of the
sample throughout the device, from the top layer all through to the
bottom layer, contact pads (represented as a blue square in Fig. 3) of a
hydrophilic material were placed at the intersection of the channels
between the adjoining layers. Cellulose paper was used for contacting
the top three layers, whereas, glass fibre was used as the hydrophilic
contact pad material between the third and the bottom layer containing
the four detection zones. The glass fibre not only allowed proper flow of
the sample between the third and the bottom layer, but also served as
pads for storage of reagents required for each of the different assays.
The reagents were deposited (and dried at room temperature) on the
glass fibre pads prior to their addition between the two final layers of
our device. The choice of glass fibre was due to its known attribute of
effective release of the reagents on rehydration from an incoming flow
of a liquid sample. As shown in Fig. 3 red coloured lines indicate the
direction of the flow of the sample from the top into the middle layers
and then into the bottom layer where the outcome of the assays would
be visualized.

3. Results and discussion

3.1. Stacking method for the fabrication of multilayer devices

In order to evaluate the performance of our local deposition-assisted
paper-stacking method, we next tested our devices using a red chemical
dye that allowed us to visualise the fluid flow through the different
layers. The results for an example are as shown in Fig. 4. The dimen-
sions of the squares (shown in Fig. 4) were designed to be 5×5mm2

and the photo-polymer walls that defined those squares had a width of
∼2mm (the corresponding photo-polymer deposition speed was
30mm/s). The laser exposure of the photo-polymer was at the same
speed of 30mm/s. To ensure the creation of solid photo-polymer
structures that guide and hold the liquid sample the same protocol for
deposition, time delay, and photo-polymerization was used to create
the structures within each of the paper layers. The laser power was set
at 60mW and had a spot size at 5mm, which is larger than the width of
the photo-polymer line and these ensured the complete curing of the
photo-polymer. Fig. 4 presents the results of different multilayer paper
devices where we have successfully stacked two, three, four and five
layers of paper following the same procedure each time and tested the
flow within them with 20 μL of red dye. We followed the same process
to produce six devices for each of the four different multilayer cases and
Fig. 4 shows images of these four different multilayer devices with 2–5
layers respectively. The results were consistent for each one of them. As
can be clearly seen the red dye which is deposited from the top face of
the device, flows through the successive layers of paper and ends up at
the bottom face of the device. In order to visualize that the red dye
flown through each of the different layers of our stack, a cross-sectional
image was taken, which shows that in each case the red dye has suc-
cessfully travelled through all the layers.

3.2. 3D Paper-based device

In these sections, we explore the capability of our patterning
method to create 3D multilayer devices that can detect multiple ana-
lytes with a liquid sample – artificial urine. The fabrication parameters
(photo-polymer deposition speed, time delay, scanning speed of the
laser and the laser fluence) remained unaltered for fabrication of these
devices. Fig. 5 shows one such 3D device designed according to the
schematic of Fig. 3 where four layers of cellulose paper are patterned
and stacked together to form a 20×20 mm2 square device. The di-
mensions of the channels in each layer are as listed in Table 1. The
performance of the 3D device was similarly evaluated using the same
red dye; 35 μL of the dye was pipetted into the inlet point and the result
was observed by viewing the bottom face of the device. The red dye
provided an aid to visualize the progression of fluids through the
multiple layers of this design and the volume of 35 μL is the least
sample volume that is needed in order for it to flow through the suc-
cessive layers, soak completely the middle paper layers, and end up at
the bottom face of the device (Fig. 5).

We next evaluated the usefulness of our methodology by fabricating

Fig. 3. Schematic of the 3D device used to make the single step colorimetric assays.
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and testing the performance of devices with geometries (shown in
Fig. 3) identical to those above (four layers with two middle layers) for
detection of three common analytes presented in urine. For this testing,
artificial urine samples spiked with the three chosen biomarkers, BSA,
glucose and nitrite were used, and the detection of each of these was
through a colour development in individual detection zones within the
bottom layer of the device. The intensity of the colour produced is also
an indication of the concentration of the biomarker in the artificial
urine sample and was therefore use to further not just detect, but also
quantify the levels of the different markers in our samples. For the BSA
the colour change within the detection zone should be from yellow to
blue-green, for glucose the change should be from brown to pink, and
for nitrite, the change should be from light pink to a darker reddish
colour. In case of pH the colour changes from yellow (6.0) to green
(7.6) for the corresponding pH values. As described earlier, the different
reagents were pre-deposited and dried on the glass fibre pad that was

placed between the bottom two layers of the device. The reagents that
were pre-deposited in the devices for the different assays were as fol-
lows: For the BSA assay we used 1 μL of TBPB, for the glucose assay we
used 2 μL of glucose oxidase/peroxidase solution, for the nitrite assay
we used 1 μL of the Griess reagent and for the pH measurement we used
2 μL of bromothymol blue.

Fig. 6 shows the bottom face of our 3D-μPADs at different times

Fig. 4. Multilayer paper device tested with a red chemical dye. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article).

Fig. 5. 3D multilayer paper-based device tested with a red dye. Left image: Top face of the device where the red dye is introduced. Right image: Bottom face of the
device where we visualize the outcome of the testing process. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article).

Table 1
Dimensions of the channels within each layer of the 3D multilayer device.

Layer Length (mm) Width (mm)

Top layer 3 3
Middle with one channel 16 3
Middle with two channels 3 19
Bottom layer 3 4.5
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after 50 μL of the artificial urine sample was introduced from the top
face of each device. The purpose of increasing the sample volume from
35 μL to 50 μL for actual tests, is for the acquisition of a better sensi-
tivity during the measurement of the tested analytes. From the results
presented in Fig. 6, we know that the volume of 50 μL is sufficient for
the sample to travel through all the layers of the 3D-μPAD without
overloading the device and producing any sideways leakage of the
sample. Once the sample rehydrates and reacts with the reagents stored
in the in-between glass fibre pads it then carriers on to the detection
zones to produce a corresponding colour change within the different
detection zones. We performed a detailed study testing several devices
with known samples concentration across a range of 0.3mg/mL to
18.2 mg/mL for BSA, 7.3 μg/mL to 363 μg/mL for glucose and a range
of 0.6 μg/mL to 62.6 μg/mL for nitrite. As can be clearly seen in Fig. 6
there is a gradient colour change of the intensity for each of the analytes
as their concentrations change from a lower to a higher value. The
higher the concentration of the analyte in the sample, the more in-
creased is the colour intensity in the detection zone.

For our 3D paper devices, the limit of detection (LOD) for the three
analytes we chose to measure were found to be 0.4 mg/mL for BSA,
14.5 μg/mL for glucose and 2.5 μg/mL for nitrite. For the calculation of
these values we used the following equations:

LOD=LOB + 3×SDLowest concentration sample

= 〈 〉 + ×LOB Blank 1.645 SDBlank

LOB refers to the limit of the blank, blank refers to the devices tested
with a sample containing no analyte and SD is the standard deviation.

In the case of BSA, as the value of the limit of detection of our 3D
μPADs is 0.4mg/mL, this allows the use of such a device for the de-
tection of nephrotic syndrome (protein> 2.32mg/mL), subnephrotic
range proteinuria (0.66 < protein< 2.32mg/mL,) and tubular pro-
teinuria (protein< 0.66mg/mL). Additionally, the LOD of 14.5 μg/mL
for glucose suggest its usefulness for the practical application of de-
tecting elevated levels of glucose in urine (glucose levels greater than
250 μg/mL is an indication of diabetes). Last but not least, our reported
device is capable of detecting nitrites in urine as their presence is an
indication of a urinary tract infection.

The colour intensities on the test zones for each device were ana-
lysed using Adobe Photoshop. After using a scanner to take photos of
the tested devices, the RGB channel in the histogram function in Adobe
Photoshop was used to measure the mean intensity value of the pixels
for each one of the four detection zones. The colour intensity values of
the control device (no analyte) was subtracted from the values for the
devices tested with the analytes in order to obtain the actual signal
intensity. For BSA and nitrite, we measured the signal 1min after the
assay (Fig. 6a). However, as the glucose assay requires a longer time to
complete, ∼10min, the colour was allowed to develop over this period
of time, and intensity measured thereafter (Fig. 6b). Calibration curves
based on the actual colour intensities is shown in Fig. 7 and as can be
clearly seen, for each of the three analytes, as the concentration of the

Fig. 6. Images of the bottom face of the four-layer 3D μPADs used to detect three analytes in artificial urine- BSA, glucose and nitrite, and measure of sample’s pH.
Images in (A) are for different concentrations of the analytes 1min after the assay. Images in (B) are for the different concentrations of the analytes 10min after the
assay.

Fig. 7. Calibration curves showing the colour intensity of (A) BSA, (B) glucose and (C) nitrite for their different concentrations in the artificial urine samples.
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analyte increases, the corresponding intensity of the colour produced
also increases. Each measurement was repeated three times to estimate
the error.

4. Conclusion

In this paper, we report the use of a simple, fast and inexpensive
method to create 3D-μPADs using porous paper substrates. This tech-
nique is based on the local deposition of an acrylate-based negative
photo-polymer followed by its exposure to a laser source to make
multilayer paper devices. Unlike other reported methods, our pat-
terning technique eliminates the need for any sophisticated alignment
that may be required between the layers further also does not mandate
the need for the use of external or additional equipment during the
assembly of the device. The performance of our method was tested by
stacking several layers of paper and making multilayer 3D paper-based
devices, which were tested with a red dye that visualize that the sample
flowed through the layers without blockage or leakage. Finally, we used
the 3D-μPADs (with reagents, dried and stored within) to perform
simple one-step colorimetric assays for the detection of BSA, glucose,
nitrite and pH using artificial urine samples. Based on the results we
observed a colour change for each one of the biomarkers relative to the
concentration that we used in our sample. Additionally, the devices
were shown to be used for a quantitative detection of the tested ana-
lytes. We believe that our paper patterning method that allows for the
fabrication of 3D-μPADs is promising and presents important ad-
vantages when compared with other reported methods and can be
further explored for use in more complex assays, where multiple se-
quential steps are needed.

Declaration of Competing Interest

There are no conflicts of interest to declare.

Acknowledgements

The authors acknowledge the funding received via the Engineering
and Physical Sciences Research Council (EPSRC) via Grant Nos. EP/
P025757/1, EP/N004388/1, EP/M027260/1 and EP/S003398/1. The
underpinning RDM data for this paper can be found at 10.5258/
SOTON/D1178

References

[1] P. Yager, T. Edwards, E. Fu, K. Helton, K. Nelson, M.R. Tam, B.H. Weigl,
Microfluidic diagnostic technologies for global public health, Nature 442 (2006)
412–418, https://doi.org/10.1038/nature05064.

[2] M.M. Gong, D. Sinton, Turning the page: advancing paper-based microfluidics for
broad diagnostic application, Chem. Rev. 117 (2017) 8447–8480, https://doi.org/
10.1021/acs.chemrev.7b00024.

[3] A.K. Yetisen, M.S. Akram, C.R. Lowe, Paper-based microfluidic point-of-care diag-
nostic devices, Lab Chip 13 (2013) 2210–2251, https://doi.org/10.1039/
c3lc50169h.

[4] A.W. Martinez, S.T. Phillips, G.M. Whitesides, E. Carrilho, Diagnostics for the de-
veloping world: microfluidic paper-based analytical devices, Anal. Chem. 82 (2010)
3–10, https://doi.org/10.1021/ac9013989.

[5] C.L. Sones, I.N. Katis, P.J.W. He, B. Mills, M.F. Namiq, P. Shardlow, M. Ibsen,
R.W. Eason, Laser-induced photo-polymerisation for creation of paper-based fluidic
devices, Lab Chip 14 (2014) 4567–4574, https://doi.org/10.1039/c4lc00850b.

[6] A.W. Martinez, S.T. Phillips, M.J. Butte, G.M. Whitesides, Patterned paper as a
platform for inexpensive, low-volume, portable bioassays, Angew. Chem. Int. Ed. 46
(2007) 1318–1320, https://doi.org/10.1002/anie.200603817.

[7] J.J. Shi, F. Tang, H.L. Xing, H.X. Zheng, L.H. Bi, W. Wang, Electrochemical detec-
tion of Pb and Cd in paper-based microfluidic devices, J. Braz. Chem. Soc. 23 (2012)
1124–1130, https://doi.org/10.1590/s0103-50532012000600018.

[8] P. Rattanarat, W. Dungchai, D. Cate, J. Volckens, O. Chailapakul, C.S. Henry,
Multilayer paper-based device for colorimetric and electrochemical quantification
of metals, Anal. Chem. 86 (2014) 3555–3562.

[9] W. Liu, J. Kou, H.Z. Xing, B.X. Li, Paper-based chromatographic chemiluminescence
chip for the detection of dichlorvos in vegetables, Biosens. Bioelectron. 52 (2014)
76–81, https://doi.org/10.1016/j.bios.2013.08.024.

[10] V. Mani, K. Kadimisetty, S. Malla, A.A. Joshi, J.F. Rusling, Paper-based electro-
chemiluminescent screening for genotoxic activity in the environment, Environ. Sci.
Technol. 47 (2013) 1937–1944, https://doi.org/10.1021/es304426j.

[11] G.M. Whitesides, Cool, or simple and cheap? Why not both? Lab Chip 13 (2013)
11–13, https://doi.org/10.1039/c2lc90109a.

[12] E. Evans, E.F.M. Gabriel, T.E. Benavidez, W.K.T. Coltro, C.D. Garcia, Modification of
microfluidic paper-based devices with silica nanoparticles, Analyst 139 (2014)
5560–5567, https://doi.org/10.1039/c4an01147c.

[13] W. Dungchai, O. Chailapakul, C.S. Henry, Use of multiple colorimetric indicators for
paper-based microfluidic devices, Anal. Chim. Acta 674 (2010) 227–233, https://
doi.org/10.1016/j.aca.2010.06.019.

[14] W. Dungchai, O. Chailapakul, C.S. Henry, A low-cost, simple, and rapid fabrication
method for paper-based microfluidics using wax screen-printing, Analyst 136
(2011) 77–82, https://doi.org/10.1039/C0AN00406E.

[15] X. Li, J.F. Tian, W. Shen, Progress in patterned paper sizing for fabrication of paper-
based microfluidic sensors, Cellulose 17 (2010) 649–659, https://doi.org/10.1007/
s10570-010-9401-2.

[16] A.W. Martinez, S.T. Phillips, G.M. Whitesides, Three-dimensional microfluidic de-
vices fabricated in layered paper and tape, Proc. Natl. Acad. Sci. U.S.A. 105 (2008)
19606–19611, https://doi.org/10.1073/pnas.0810903105.

[17] T. Akyazi, L. Basabe-Desmonts, F. Benito-Lopez, Review on microfluidic paper-
based analytical devices towards commercialisation, Anal. Chim. Acta 1001 (2018)
1–17, https://doi.org/10.1016/j.aca.2017.11.010.

[18] E. Fu, C. Downs, Progress in the development and integration of fluid flow control
tools in paper microfluidics, Lab Chip 17 (2017) 614–628, https://doi.org/10.
1039/c6lc01451h.

[19] R.A.G. de Oliveira, F. Camargo, N.C. Pesquero, R.C. Faria, A simple method to
produce 2D and 3D microfluidic paper-based analytical devices for clinical analysis,
Anal. Chim. Acta 957 (2017) 40–46, https://doi.org/10.1016/j.aca.2017.01.002.

[20] K.M. Schilling, A.L. Lepore, J.A. Kurian, A.W. Martinez, Fully enclosed microfluidic
paper-based analytical devices, Anal. Chem. 84 (2012) 1579–1585, https://doi.org/
10.1021/ac202837s.

[21] M.S. Verma, M.N. Tsaloglou, T. Sisley, D. Chrisfodouleas, A. Chen, J. Milette,
G.M. Whitesides, Sliding-strip microfluidic device enables ELISA on paper, Biosens.
Bioelectron. 99 (2018) 77–84, https://doi.org/10.1016/j.bios.2017.07.034.

[22] L. Ge, S.M. Wang, X.R. Song, S.G. Ge, J.H. Yu, 3D Origami-based multifunction-
integrated immunodevice: low-cost and multiplexed sandwich chemiluminescence
immunoassay on microfluidic paper-based analytical device, Lab Chip 12 (2012)
3150–3158, https://doi.org/10.1039/c2lc40325k.

[23] C.A. Chen, W.S. Yeh, T.T. Tsai, Y.D. Li, C.F. Chen, Three-dimensional origami
paper-based device for portable immunoassay applications, Lab Chip 19 (2019)
598–607, https://doi.org/10.1039/c8lc01255e.

[24] G.G. Lewis, M.J. DiTucci, M.S. Baker, S.T. Phillips, High throughput method for
prototyping three-dimensional, paper-based microfluidic devices, Lab Chip 12
(2012) 2630–2633, https://doi.org/10.1039/c2lc40331e.

[25] R.B. Channon, M.P. Nguyen, A.G. Scorzelli, E.M. Henry, J. Volckens, D.S. Dandy,
C.S. Henry, Rapid flow in multilayer microfluidic paper-based analytical devices,
Lab Chip 18 (2018) 793–802, https://doi.org/10.1039/c7lc01300k.

[26] B. Kalish, H. Tsutsui, Patterned adhesive enables construction of nonplanar three-
dimensional paper microfluidic circuits, Lab Chip 14 (2014) 4354–4361, https://
doi.org/10.1039/c4lc00730a.

[27] H. Liu, R.M. Crooks, Three-dimensional paper microfluidic devices assembled using
the principles of origami, J. Am. Chem. Soc. 133 (2011) 17564–17566, https://doi.
org/10.1021/ja2071779.

[28] S. Choi, S.K. Kim, G.J. Lee, H.K. Park, Paper-based 3D microfluidic device for
multiple bioassays, Sen. Actuators B Chem. 219 (2015) 245–250, https://doi.org/
10.1016/j.snb.2015.05.035.

[29] C. Renault, J. Koehne, A.J. Ricco, R.M. Crooks, Three-dimensional wax patterning
of paper fluidic devices, Langmuir 30 (2014) 7030–7036, https://doi.org/10.1021/
la501212b.

[30] P.J.W. He, I.N. Katis, R.W. Eason, C.L. Sones, Laser direct-write for fabrication of
three-dimensional paper-based devices, Lab Chip 16 (2016) 3296–3303, https://
doi.org/10.1039/c6lc00789a.

[31] E.L. Gelamo, C. Silva, H. Imasato, M. Tabak, Interaction of bovine (BSA) and human
(HSA) serum albumins with ionic surfactants: spectroscopy and modelling, Biochim.
Et Biophys. Acta Protein Struct. Mol. Enzymol 1594 (2002) 84–99, https://doi.org/
10.1016/s0167-4838(01)00287-4.

[32] P. King, I. Peacock, R. Donnelly, The UK Prospective Diabetes Study (UKPDS):
clinical and therapeutic implications for type 2 diabetes, Br. J. Clin. Pharmacol. 48
(1999) 643–648, https://doi.org/10.1046/j.1365-2125.1999.00092.x.

[33] J.O.N. Lundberg, S. Carlsson, L. Engstrand, E. Morcos, N.P. Wiklund, E. Weitzberg,
Urinary nitrite: more than a marker of infection, Urology 50 (1997) 189–191,
https://doi.org/10.1016/s0090-4295(97)00257-4.

P.P. Galanis, et al. Sensors & Actuators: B. Chemical 322 (2020) 128574

7

https://doi.org/10.1038/nature05064
https://doi.org/10.1021/acs.chemrev.7b00024
https://doi.org/10.1021/acs.chemrev.7b00024
https://doi.org/10.1039/c3lc50169h
https://doi.org/10.1039/c3lc50169h
https://doi.org/10.1021/ac9013989
https://doi.org/10.1039/c4lc00850b
https://doi.org/10.1002/anie.200603817
https://doi.org/10.1590/s0103-50532012000600018
http://refhub.elsevier.com/S0925-4005(20)30920-5/sbref0040
http://refhub.elsevier.com/S0925-4005(20)30920-5/sbref0040
http://refhub.elsevier.com/S0925-4005(20)30920-5/sbref0040
https://doi.org/10.1016/j.bios.2013.08.024
https://doi.org/10.1021/es304426j
https://doi.org/10.1039/c2lc90109a
https://doi.org/10.1039/c4an01147c
https://doi.org/10.1016/j.aca.2010.06.019
https://doi.org/10.1016/j.aca.2010.06.019
https://doi.org/10.1039/C0AN00406E
https://doi.org/10.1007/s10570-010-9401-2
https://doi.org/10.1007/s10570-010-9401-2
https://doi.org/10.1073/pnas.0810903105
https://doi.org/10.1016/j.aca.2017.11.010
https://doi.org/10.1039/c6lc01451h
https://doi.org/10.1039/c6lc01451h
https://doi.org/10.1016/j.aca.2017.01.002
https://doi.org/10.1021/ac202837s
https://doi.org/10.1021/ac202837s
https://doi.org/10.1016/j.bios.2017.07.034
https://doi.org/10.1039/c2lc40325k
https://doi.org/10.1039/c8lc01255e
https://doi.org/10.1039/c2lc40331e
https://doi.org/10.1039/c7lc01300k
https://doi.org/10.1039/c4lc00730a
https://doi.org/10.1039/c4lc00730a
https://doi.org/10.1021/ja2071779
https://doi.org/10.1021/ja2071779
https://doi.org/10.1016/j.snb.2015.05.035
https://doi.org/10.1016/j.snb.2015.05.035
https://doi.org/10.1021/la501212b
https://doi.org/10.1021/la501212b
https://doi.org/10.1039/c6lc00789a
https://doi.org/10.1039/c6lc00789a
https://doi.org/10.1016/s0167-4838(01)00287-4
https://doi.org/10.1016/s0167-4838(01)00287-4
https://doi.org/10.1046/j.1365-2125.1999.00092.x
https://doi.org/10.1016/s0090-4295(97)00257-4


Talanta 238 (2022) 123056

Available online 9 November 2021
0039-9140/© 2021 Elsevier B.V. All rights reserved.

Laser-patterned paper-based flow-through filters and lateral flow 
immunoassays to enable the detection of C-reactive protein 
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A B S T R A C T   

We report the use of a laser-based fabrication process in the creation of paper-based flow-through filters that 
when combined with a traditional lateral flow immunoassay provide an alternative pathway for the detection of 
a pre-determined analyte over a wide concentration range. The laser-patterned approach was used to create 
polymeric structures that alter the porosity of the paper to produce porous flow-through filters, with controllable 
levels of porosity. When located on the top of the front end of a lateral flow immunoassay the flow-through filters 
were shown to block particles (of known sizes of 200 nm, 500 nm, 1000 nm and 3000 nm) that exceed the 
effective pore size of the filter while allowing smaller particles to flow through onto a lateral flow immunoassay. 
The analyte detection is based on the use of a size-exclusive filter that retains a complex (~3 μm in size) formed 
by the binding of the target analyte with two antibodies each of which is tagged with different-sized labels (40 
nm Au-nanoparticles and 3 μm latex beads), and which is larger than the effective pore size of the filter. This 
method was tested for the detection of C-reactive protein in a broad concentration range from 10 ng/ml to 
100,000 ng/ml with a limit-of-detection found at 13 ng/ml and unlike other reported methods used for analyte 
detection, with this technique we are able to counter the Hook effect which is a limiting factor in many lateral 
flow immunoassays.   

1. Introduction 

Point-of-care (POC) tests have been widely developed for more than 
a decade and are intended for near patient diagnostic testing for 
detection of various conditions and diseases [1]. These diagnostic tests, 
which can be of vital importance especially in resource-limited settings, 
are simple to use and can be easily performed by untrained personnel 
giving results within 30 min [2,3]. Any POC diagnostic sensor designed 
for use in resource-limited settings would need to comply with the 
criteria set by the World Health Organization (WHO) which address the 
need to be affordable, sensitive and specific for analyte detection, user 
friendly, robust and provide the results rapidly to the patients and be 
equipment-free and deliverable to those who need it [4]. Paper has been 
shown to be an attractive platform for the development of POC sensors 
[5] that would comply with all these WHO-specified requirements. Due 
to its inherent characteristics (e.g. cost-effectiveness, biocompatibility, 
wicking of fluids through capillary action etc.), paper has been used 
extensively, for more than a decade, for the detection of pathogens and it 
has been established as a material for commercial products in the market 

[6,7]. 
Lateral flow immunoassays (LFIAs) are a specific category of POC 

sensors that have been used for the detection and quantification of 
analytes within biological fluids such as urine [8], blood [9] and saliva 
[10]. LFIAs are made up of four constituents: the sample pad, conjugate 
pad, detection pad and absorbent pad and the principle of operation of 
an LFIA is based on the interaction (binding) of the target analyte with 
antibodies. The sample, which contains the analyte, is introduced via the 
sample pad and after travelling laterally in the porous paper, it first 
encounters the conjugate pad where immobilized antibodies (detection 
antibodies) tagged with a coloured label such as Au-nanoparticles bind 
with the analyte. The sample then flows to the detection pad where 
antibodies (capture antibodies) specific to the analyte are immobilized 
at the test line and capture the target analyte thus producing a visual 
signal. The sample continues flowing past the control line where the 
detection antibodies are captured (by a different capture antibody spe
cific to the detection antibody) regardless of the presence of the analyte 
thus producing a visual signal at the control line, showing that the test 
has performed properly. The excess liquid is finally absorbed in a pad at 

Abbreviations: POC, Point-of-care; WHO, World Health Organization; LFIAs, Lateral flow immunoassays; CRP, C-reactive protein; c.w, continuous wave. 
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the end of the LFIA [11]. 
LFIAs have some unique advantages over other diagnostics, one of 

the most important being that these devices do not need to be stored in a 
refrigerator following manufacture, which makes them ideal for use in 
remote settings and developing countries [12]. Furthermore, the test 
procedure is relatively simple and produces results which can then be 
interpreted visually by the patients [13]. Despite their advantages, LFIAs 
have some drawbacks arising primarily from the detection methods (i.e. 
chemistries/immunoassays) that are used, and this can limit the range of 
concentrations in which the analytes can be detected. Secondly, for 
semi-quantitative analysis, visual evaluation may not be reliable or 
definitive and therefore readers, cameras or even use of multiple lines as 
capture sites in the detection pad are reported [14]. 

For the case where the tested sample contains high analyte concen
trations, and of direct relevance to our work here, the detection is 
limited as a consequence of the Hook effect [15]. This is a result of the 
increased number of unlabelled analytes which bind to the test line of 
the LFIA preventing the capture of labelled analytes on the same line. 
Above a certain concentration, as a result of the Hook effect the colour 
intensity of the test line decreases with increasing concentration of the 
analyte, consequently leading to a false interpretation of the results. In 
order to overcome this problem and increase the dynamic range across 
which the analyte can be detected, methods have been reported that 
either use an additional line formed of the antigen and positioned be
tween the test line and the control line [16] or use of multiple test lines 
in the detection pad [17]. These methods can successfully increase the 
dynamic range in which the analyte can be detected, however they 
require the use of a conjugate pad and subsequently the incubation and 
drying of the detection antibodies for several minutes, a step that in
creases the time for the device fabrication. 

Unlike our previously reported method that applied laser-patterned 
constrictions within the channel of an LFIA [18] for improving the 
limit-of-detection of a common inflammation marker namely C-reactive 
protein (CRP) [19], in this paper we report a novel filter-based method 
used for the detection of the same marker over a broad concentration 
range. The detection of CRP is clinically significant [20], and it is 
important for it to be measured over a wide concentration range. 
Although CRP is present in our body, elevated levels are associated with 
diseases such as chronic inflammation as well as type 2 diabetes mellitus 
[21]. Common methods used for the detection of CRP [22] include the 
use of ELISA tests [23] and LFIAs [24]. However, due to the limiting 
factor of the Hook effect, there is a limitation in the concentration range 
across which this analyte can be detected. This limitation can be detri
mental in the case of CRP detection as it is reported [25] that the levels 
of this protein are associated with different risk levels for cardiovascular 
disease ranging widely from <1000 ng/ml for low risk to >3000 ng/ml 
for high risk. 

To address the aforementioned challenge, it is important to have a 
device capable of detecting CRP over a broad range spanning from a few 
ng/ml to values greater than 3000 ng/ml. Here we employ a combina
tion of a laser-patterned flow-through filter, and an LFIA to demonstrate 
such a detection strategy. The flow-through filter was designed to block 
particles larger than a specific size while allowing smaller particles to 
flow through the filter and get captured in the test line of a standard 
LFIA. Both the filters and the LFIAs are made using the principle of light- 
induced polymerization of an acrylate-based negative pre-polymer 
which is locally deposited across an LFIA to create user-defined flow 
paths. We have previously reported the use of such laser-patterned LFIAs 
for the detection of a single analyte such as the Leishmaniasis antigen 
[26] but also in multiplexed detection of analytes [27] as well as bac
terial infection testing [28]. In this method, the pre-polymer is deposited 
on a cellulose paper and after penetration throughout the paper thick
ness it is polymerised using laser light to form solid polymeric structures 
of controllable porosity. 

The detection strategy is based on the interaction and binding of the 
target analyte with two antibodies, each tagged with a differently sized 

label namely 40 nm Au-nanoparticles and 3 μm latex beads. The pres
ence of the analyte in the sample leads to the formation of a complex 
formed of the analyte and the two antibodies tagged with the small and 
large particles. This complex is blocked by the flow-through filter, as its 
total size is larger than the effective pore size of the filter. In the case of a 
(i) positive sample with a high analyte concentration, the Au- 
nanoparticles bind to form the complex which cannot flow through 
the filter and hence the Au-nanoparticles cannot be captured by the test 
line on the LFIA, therefore no signal is produced at the test line (similar 
to a competitive immunoassay). When the analyte is (ii) not present in 
the sample, i.e. the sample is negative, the complex is not formed and 
therefore the Au-nanoparticles are free to flow through the filter onto 
the LFIA and get captured at the test line. So, in the case of a negative 
sample, a strong coloured red line will appear at the test line (again 
similar to a competitive immunoassay). For samples of (iii) different 
analyte concentrations, some of the Au-nanoparticles will be captured to 
form the complex and only the unbound ones will flow through the filter 
and get captured at the test line. In that case a coloured signal of variable 
intensity will be produced in the test line, indicating the presence of the 
analyte in the sample. 

Our proposed method is simple and uses the same materials that are 
used in standard LFIAs. However, unlike the case for standard LFIA 
operation and other methods reported for improving the dynamic range, 
we do not make use of the sample pad and the conjugate pad thereby 
simplifying further the device design and fabrication protocol. Instead, 
we are using a porous filter which is able to retain particles of a specific 
size while allowing smaller particles to flow through. We tested this 
method and were able to measure the presence of CRP over a broad 
concentration range from 10 ng/ml to 50,000 ng/ml with a limit-of- 
detection found at 13 ng/ml. 

Several studies in the literature [16,29–31] report observing the 
Hook effect in LFIAs for CRP at concentrations higher than a threshold 
value of 500 ng/ml. We do not present herein a measurement of this 
threshold for a direct comparison of our flow-through filter-based 
detection immunoassay with a traditional LFIA, because we cannot use 
the same detection and capture antibodies for a direct comparison. 
However, since the three repeats (for each of the different analyte 
concentration) produce the same answer, our proposed method is able to 
operate accurately and detect CRP over a broad concentration range 
from 10 ng/ml to 50,000 ng/ml which is beyond the previously 
mentioned threshold value for the Hook effect. 

2. Experimental section 

2.1. Experimental setup and materials 

The porous paper used for the fabrication of the flow-through filters 
is Whatman™ grade 1 qualitative filter paper (cellulose) with a thick
ness of 180 μm and pore size of 11 μm from GE Healthcare. The part of 
the sample that flows through the filter ends up in an LFIA and the 
material of choice for that is an UniSart CN 95 (nitrocellulose) mem
brane from Sartorius Stedim Biotech GmbH, Germany with thickness of 
140–170 μm and pore size of 15 μm. The sample that flows over the test 
line accumulates in an absorbent pad (Whatman™ CF4) which is ac
quired from GE Healthcare and has thickness of 482 μm. In order to 
change the porosity of the paper and make the flow-through filters, we 
used an acrylate-based negative pre-polymer (DeSolite® 3471-3-14) 
from DSM Desotech, Inc., USA which is deposited using a PICO® 
Pμlse™ dispenser platform from Nordson EFD, UK. The dispensing 
system, which delivers the pre-polymer, deposits micro-droplets with a 
volume of 0.5 nL through an orifice with diameter 100 μm at a frequency 
of 100 Hz. The light source that is used to cure the pre-polymer is a fibre- 
coupled continuous wave (c.w.) diode laser (Cobolt MLD, Cobolt AB 
Sweden) operating at a wavelength of 405 nm and output power of 60 
mW. 

In order to create flow-through filters with different levels of 
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porosity, we deposited a solution of the pre-polymer that was diluted 
with isopropyl alcohol (IPA) (Sigma-Aldrich) in different concentra
tions. For the characterization of the different porosity filters we used 
solutions of black dyed polystyrene microspheres (Polysciences, Inc.) of 
different sizes: 200 nm (5.68 × 1012 particles/ml, product number 
24290-15), 500 nm (3.64 × 1011 particles/ml, product number 24291- 
15), 1000 nm (4.55 × 1010 particles/ml, product number 24287-15) 
and 3000 nm (1.68 × 109 particles/ml, product number 24292-15) 
suspended in deionized water with a concentration of 25 mg/ml. In 
order to demonstrate the detection mechanism of this filtration method, 
we used an immunoassay with mouse biotinylated IgG (R&D systems 
with stock concentration of 500 μg/ml, product number IC002B) as the 
analyte, anti-mouse antibody (R&D systems with stock concentration of 
500 μg/ml, product number G-202-C) labelled with 40 nm Au- 
nanoparticles (acquired from Abcam with an optical density 20, prod
uct number ab269932) as the detection antibody and 3 μm latex beads 
(white dyed) labelled with streptavidin as the filtration antibody (ac
quired from Spherotech Inc. with stock concentration of 500 μg/ml, 
product number SVP-30-5). The mouse IgG (R&D systems with stock 
concentration of 500 μg/ml, product number AF007) was dispensed and 
immobilized as a capture antibody for the test line on the LFIA. We 
tested the performance of the flow-through filters with an immunoassay 
for the detection of CRP. For this we used (as the analyte) human CRP 
(Sigma-Aldrich with stock concentration of 1 mg/ml, product number 
C1617), mouse anti-human CRP (acquired from R&D systems with stock 
concentration of 500 μg/ml, product number MAB17071) labelled with 
40 nm Au-nanoparticles (as the detection antibody) and mouse anti- 
human CRP biotinylated IgG antibody (R&D systems with stock con
centration of 50 μg/ml, product number BAM17072) tagged with 3 μm 
latex beads (white dyed) labelled with streptavidin as the filtration 
antibody. Goat anti-mouse IgG (R&D systems with stock concentration 
of 500 μg/ml, product number G-202-C) was used at the test line to 
capture the detection antibody. At the end of the testing process the 
LFIAs were washed with 10 μL of phosphate-buffered saline to ensure 
that all the sample had reached the position of the test line. The anti
bodies were immobilized on the test line of the LFIA using a XYZ3210 
platform with a Biojet HR solenoid dispenser from Biodot. 

2.2. Methods and procedure 

The method for the fabrication of solid polymeric walls in both cel
lulose paper-based flow-through filter and nitrocellulose membrane of 
the LFIA, involves the use of an acrylate-based negative pre-polymer, 
which is locally deposited on top of these porous substrates before the 

exposure to a laser light source. The schematic in Fig. 1 illustrates the 
setup used to pattern the porous substrates and create the paper-based 
devices i.e. the flow-through filter and the LFIA. First, the pre-polymer 
is locally deposited by a dispenser on top of a porous substrate at loca
tions pre-defined by a computer design to demarcate the boundaries of 
the device. The pre-polymer is then allowed to soak for a sufficient time 
(typically between 1 and 3 min depending on the substrate of choice) 
throughout the entire thickness of the substrate before exposure to the 
laser light source to induce photo-polymerization. The laser traces 
exactly the same pre-polymer pattern previously deposited and the 
photo-polymerization creates a solid polymeric structure able to contain 
the flow of liquids. The precise time delay, defined as the difference in 
time between the pre-polymer deposition and the laser scanning 
(exposure) depends on the properties of the porous substrate on which 
the pre-polymer is deposited. 

Fig. 2 illustrates (A) a schematic showing the different stages of the 
fabrication of a porous flow-through filter as well as (B) a three- 
dimensional schematic of the same filter positioned on the top of the 
front end of an LFIA. For the fabrication of a square-shaped frame that 
forms the impregnable polymeric wall of our filter, the pre-polymer is 
first deposited as a square-frame (stage 1) on the cellulose paper with a 
speed of 20 mm/s. After a time delay of 180 s, which was sufficient for 
the pre-polymer to penetrate throughout the entire thickness of the 
paper, the pre-polymer along with the square frame was exposed to the 
laser irradiation with the same scanning speed of 20 mm/s (laser spot 
size of 2 mm with a laser fluence of 0.15 J/cm2). During this time delay, 
the pre-polymer spreads laterally to create an impregnable square frame 
with a width of ~1 mm and this therefore defines the minimum width of 
the solid polymer wall created in the cellulose paper. It is important to 
note here that the laser follows the same pattern as the pre-polymer that 
was previously deposited and that is because the set values of the laser 
spot size and the laser fluence are sufficient to fully polymerize the pre- 
polymer. Any increase in the laser spot size or change in the laser 
scanning pattern will result in a decrease of the laser fluence and 
consequently it would take longer to polymerize any given area or 
structure which would be detrimental to the overall manufacturing 
process as it would introduce a potential uncertainty to the post- 
deposition polymerization step. 

In order to make the porous flow-through filters with controllable 
levels of porosity, we used the same pre-polymer but this time diluted in 
IPA in different concentrations. The porosity of the flow-through filters 
is defined by the volume concentration of the deposited pre-polymer 
solution in IPA and by changing the v/v% concentration, we were 
able to create filters with different porosities. The fabrication process 
involves pipetting 10 μL of the diluted pre-polymer inside the solid 
polymeric structure (stage 2) and exposing the filter after a time delay of 
60 s to laser light (stage 3) with the same fluence as before (with a laser 
spot size of 7 mm) to induce photo-polymerization and create the porous 
flow-through filter. The time delay of 60 s is sufficient for the diluted 
pre-polymer to extend throughout its whole thickness. As can be seen, 
the time delay of 60 s is smaller than the time delay of 180 s that we used 
to make the solid square polymeric structure on the same substrate. This 
difference stems from the fact that the pre-polymer that we used to make 
the porous filter is diluted in IPA and as a result it has lower viscosity and 
penetrates faster throughout the paper. Pipetting the pre-polymer in 
different concentrations on cellulose paper and exposing to laser light 
will result in the creation of porous filters with correspondingly different 
levels of permeability for subsequent liquid sample flow. Flow-through 
filters made with higher pre-polymer concentrations will be less 
porous compared with flow-through filters made with lower pre- 
polymer concentrations as the concentration of the pre-polymer in 
each case dictates the resultant porosity of the filters. 

Finally, using the same acrylate-based pre-polymer we patterned the 
LFIA on the nitrocellulose membrane. The patterning conditions 
remained unaltered during the device fabrication work (pre-polymer 
deposition speed 20 mm/s and laser scanning speed 20 mm/s). 

Fig. 1. Schematic representation of the local pre-polymer deposition setup. In 
this image, the pre-polymer is locally deposited onto a porous substrate 
(nitrocellulose membrane) followed by the subsequent exposure to a fiber- 
coupled c.w. laser source to create solid polymeric structures/walls that 
define the fluid-flow path of a lateral flow device. 
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However, due to the different porosity, thickness and internal structure 
of the nitrocellulose membrane, which has a porous sponge-like internal 
structure compared with the fibrous internal structure of the cellulose 
paper the time delay is different and after extended studies [32] was set 
to be 30 s for the nitrocellulose membrane. 

After the fabrication, the flow-through filter is cut around its solid 
boundary walls and then positioned on the top of the front end of an 
LFIA (stage 4) before a sample is deposited onto the flow-through filter. 
The key point to note is that the porosity of the flow-through filter is 
controllable and can be designed to retain particles larger than a user- 
defined size and allow smaller particles to flow through and into the 
LFIA. 

3. Results and discussion 

3.1. Characteristic study of the filtration properties of the porous flow- 
through filters 

Images of the fabricated devices are depicted in Fig. 3. The porous 
flow-through filters are designed to have an area of ~25 mm2 whereas 
the front end of the LFIA was designed to have a square shape as well but 
with an area of 49 mm2 and a channel with length of 20 mm and width of 
3 mm. As can be clearly seen, the square front end of the LFIA was 
deliberately designed to have an area bigger than that of the flow- 
through filter so that the porous filter will totally fit inside enabling 
intimate contact between the two substrates. 

To study the filtration properties of the porous flow-through filters, 
we fabricated identical LFIAs and filters with different porosities. Fig. 4 
shows an example of porous flow-through filters tested with 10 μL of 
black dyed polystyrene microspheres with a size of 1000 nm. Each of the 
filters has a different level of porosity starting from a very porous (5.8% 
of pre-polymer in IPA) to a less porous filter (11.1% of pre-polymer in 
IPA) and each one was replicated and tested three times. As a reference, 
we provide the results of a blank filter (no pre-polymer added) which 
proved incapable of retaining the 1000 nm polystyrene microspheres 

and consequently allowed them to flow through the filter and into the 
LFIA. All the flow-through filters were positioned on the top of the front 
end of the LFIA during the testing process as shown in Fig. 2B and only 
removed after the end of the experiment to capture photos as presented 
in Fig. 4A. 

In Fig. 4A, we observe that a low porosity filter made with pre- 
polymer concentration at 11.1% is able to fully retain the polystyrene 
microspheres. However, using a higher porosity filter made with pre- 
polymer concentration between 9.1% and 7.7%, we are able to retain 
the microspheres in the porous filter and at the same time allow the 
deionized water, in which the microspheres are dispersed, to flow 
through the filter and end up in the LFIA. An even higher porosity filter 
made with pre-polymer concentration below 7.7%, is porous to 1000 nm 

Fig. 2. (A) Schematic showing the various steps 
involved in the fabrication and use of the porous filter 
with an LFIA: the creation of a solid polymeric 
structure on a porous substrate (stage 1), pipetting of 
10 μL of the diluted pre-polymer inside the solid 
polymeric structure (stage 2), laser light exposure of 
the diluted pre-polymer to create the flow-through 
filter (stage 3) and finally the position of this filter 
on the top of the front end of an LFIA (stage 4). (B) 
Three-dimensional schematic showing both the 
porous flow-through filter and the LFIA.   

Fig. 3. Images of (A) a flow-through porous filter and (B) an LFIA with their 
respective dimensions. A porous filter is able to retain particles larger than a 
specific size while allowing smaller particles to flow through and into the LFIA. 
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polystyrene microspheres thus enabling the flow of this particle size 
through the filter. As we can see in Fig. 4A, we have the formation of a 
dark region on top of the filters after the completion of the filtration 
process. This is a result of the porous filters which delay the flow of the 
samples and due to interaction forces between the polystyrene particles, 
the microspheres aggregate to form a complex bigger than the porosity 
of the filter and are therefore unable to flow through. Since for the filters 
with pre-polymer concentration at 9.1% and below the deionized water 
flows through (Fig. 4A), it is difficult to visualize whether the poly
styrene microspheres are retained by the filter or flowed into the LFIA. 
For that reason, photos of the same LFIAs were taken after the evapo
ration of the deionized water (Fig. 4B) in order to visually assess the 
ability of the porous flow-through filters to block particles larger than a 
specific size. Apart from testing with polystyrene microspheres with 
1000 nm size, we also tested the flow-through filters with polystyrene 
microspheres of different sizes namely 200 nm, 500 nm and 3000 nm, all 
dispersed in deionized water. For each of the different particle sizes and 
filter porosities, we fabricated and tested three identical devices and the 
results after testing each one of the devices with 10 μL of the solution are 
all depicted in Table 1. Based on the ability of the porous flow-through 
filters to block particles of different sizes, we defined a transitional range 
for the concentration (indicated with a red box in Table 1) for which the 
porous filters transition from being completely impermeable to being 
permeable to polystyrene particles of a specific size. Looking at this 
transitional range we observe that there is an increasing trend in terms 
of the v/v% concentration of the pre-polymer and the ability of the fil
ters to block particles decreasing in size. 

In Fig. 5, we have plotted the particle filtration efficiency of flow- 
through filters with different porosities after testing with polystyrene 
microspheres of varying sizes. The particle filtration efficiency is a 
measure of the performance of a porous flow-through filter when 
filtering out particles of a specific size. In order to calculate the values 
for the particle filtration efficiency, we performed colour analysis using 
Adobe Photoshop. Specifically, we used the RGB channel in the histo
gram function and measured the mean intensity value of the pixels in 
both the filters (Fig. 4A) and the LFIAs (Fig. 4B). 

We then used equation (1) to calculate the particle filtration effi
ciency (%) for the different filter porosities. A value of 255 corresponds 
to the pixel intensity for white, which is the background of both the 
flow-through filter and the LFIA before testing. We subtracted the mean 
colour intensities (for the total of three devices) of both the flow-through 
filters and the lateral flow-devices from this value in order to obtain the 
actual signal intensities. 

Using this methodology, we can use such flow-through filters and the 
principle of size exclusive filtration as an immunoassay for the detection 
of an analyte, and this is described in the subsequent sections. 

Fig. 4. Images showing flow-through filters tested with 10 μL of black dyed polystyrene microspheres of size 1000 nm. The LFIAs are all identical, but the flow- 
through filters are made with different pre-polymer concentrations ranging from 0% to 11.1% of pre-polymer in IPA. Images show (A) the flow-through filters 
and the LFIAs immediately after the testing process and (B) the same LFIAs after the evaporation of the deionized water. 

Table 1 
A range of flow-through filters with different porosities for which 
polystyrene microspheres of different sizes will pass through. For 
each polystyrene particle size, we have defined a transitional range 
of pre-polymer concentration (marked in red) in which the filters 
transition from being completely impermeable to being porous. 
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(1 − [(255 − colour intensity on device) / (255 − colour intensity on filter)]) × 100
(1)  

3.2. Flow-through filtration for analyte detection 

These porous flow-through filters were then used with standard 
LFIAs for the detection of an analyte using an immunoassay which is 
based on particle size selection. For this we made the flow-through filter 
and the lateral flow devices with materials commonly used in LFIAs such 
as cellulose paper (sample pad), nitrocellulose membrane (detection 
pad) and absorption pad. Unlike a standard LFIA configuration, in this 
case we do not make use of the sample or conjugate pads. Instead, we use 
a porous flow-through filter, which is located on the top of the front end 
of an LFIA and by altering its porosity, we can design it to retain particles 

above a certain size. The analyte detection is based on the filtration of 
different-sized Au-nanoparticles (40 nm) and latex beads (3 μm) that 
both bind to the same target analyte via antibodies. In this immuno
assay, the filters were designed to have a defined pore size bigger than 
the size of the Au-nanoparticles and thus the particles are able to flow 
through and reach the test line, whereas the latex beads which have size 
bigger than the effective pore size of the filters are blocked or retained in 
the filters. Both Au and latex particles are captured by the analyte and 
therefore if the analyte is present in the sample (positive sample) it will 
bind to both and form a complex (~3 μm in size), which is bigger than 
the pore size of the filter and as a result is unable to flow through and 
reach the test line. Only the unbound detection antibodies left in the 
sample will be able to flow through the filter and get captured at the test 
line of the LFIA producing a red-coloured line indicating the presence of 
the analyte in the sample. Similar to the principle of a competitive 
immunoassay, a test line displaying a clear signal means that the analyte 
is not present in the sample. For our filter-based immunoassay, an in
crease in the concentration of the analyte will result in a decrease of the 
number of unbound detection antibodies consequently captured at the 
test line, and this therefore will result in a decreased signal at the test 
line. In the schematic of Fig. 6 we describe the principle of operation of 
the filter-based immunoassay in the cases of no analyte, low and high 
analyte concentrations. 

In our first demonstration of this filtration-based immunoassay, we 
tested a sample that contained a 1:1:1 ratio of anti-mouse antibody 
labelled with 40 nm Au-nanoparticles (diluted in phosphate-buffered 
saline to have a concentration at 100 μg/ml used as a detection anti
body), 3 μm latex beads (labelled with streptavidin (stock concentra
tion) used as a filtration antibody) and finally a mouse biotinylated IgG 
antibody as the target analyte (tested in different concentration from 
0 μg/ml-500 μg/ml). In the channel of the LFIAs, we dispensed and 
immobilized mouse IgG antibody (stock concentration) as the test line 
(Figs. 6 and 7). There is no a-priori rationale for the choice of the use of 
the detection antibody, the filtration antibody, and the analyte on the 
tested sample in an equal ratio. However, we are well aware that any 
alteration of this ratio would change the interaction and binding of the 
target analyte with the detection and the filtration antibodies and 
therefore result in a change in the number of the complexes that are 

Fig. 5. Particle filtration efficiency of flow-through filters made with different 
pre-polymer concentrations and tested with polystyrene microspheres of vary
ing sizes. 

Fig. 6. Schematic representation of the method used for the detection of an analyte. For the case where the analyte in not present in the sample all the detection 
antibodies are captured at the test line producing a strong signal. However, as we increase the concentration of the analyte, the number of the unbound detection 
antibodies left in the sample decreases and this will result in a decrease of the signal at the test line. 
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being formed. In that case, the number of the unbound detection anti
bodies left in the sample would change, and this would not only affect 
the colour intensity of the test line of the LFIA but also the concentration 
range in which the analyte can be detected. 

For this immunoassay we fabricated and tested with a 20 μL sample a 
flow-through filter made with 7.7% pre-polymer concentration (Fig. 7). 
For this case we replicated and tested the devices three times. From the 
results in Fig. 7 we observe that on using a filter with 7.7% pre-polymer 
concentration that is capable of completely retaining particles with a 
size of 3 μm, we were able to detect the target analyte in a concentration 
ranging between 0.5 μg/ml and 500 μg/ml. In this case, we observe that 
an increase in the analyte concentration results in a decrease of the 
signal at the test line and Fig. 8 plots the colour intensity of the test line 
versus the analyte concentration. Each data point is the mean value from 
the total of three devices. As previously stated, the presence of the an
alyte in the sample will lead to the formation of the following complex: 
detection antibody, filtration antibody and mouse biotinylated IgG 
antibody and the increase in the concentration of the analyte will lead to 
an increase in the number of such complexes that are being formed. 
Testing the sample with a porous filter (7.7% pre-polymer concentra
tion) the complex thus formed is completely retained in the filter and 

only the unbound detection antibodies flow through and get captured at 
the test line indicating the presence of the analyte on the tested sample. 
The results presented in Figs. 4, Figs. 7 and Fig. 9 suggest that there is no 
associated non-specific binding of either the detection antibody or the 
filtration antibody with the porous filter. If that were the case, then the 
latex beads would not be able to flow through the porous filters unlike 
the case presented in Fig. 4. Additionally, in the cases illustrated in 
Figs. 7 and 9, some of the unbound detection antibodies would non- 
specifically bind to the porous filter and thus would not be able to 
flow through it and get captured by the capture antibodies at the test line 
of the LFIA. As a result, we would not be able to distinguish between a 
low and a high analyte concentration which has enabled us to detect the 
analyte over a broad concentration range. Lastly, we cannot be sure if 
the analytes can non-specifically bind to the polymeric structure of the 
flow-through filters, however this will have no effect to the immuno
assay as the appearance of the test line depends only on the number of 
the unbound detection antibodies left in the sample. 

3.3. Filter-based immunoassay for CRP detection 

The performance of the flow-through filters was tested using an 
immunoassay for the detection of the common inflammation marker C- 
reactive protein (CRP). Similar to the previous immunoassay, we used a 
sample which contains the following constituents mixed in a 1:1:1 ratio: 
human CRP (analyte) in concentrations ranging from 10 ng/ml to 
100,000 ng/ml, mouse anti-human CRP antibody labelled with 40 nm 
Au-nanoparticles (stock concentration) used as a detection antibody and 
mouse anti-human CRP biotinylated IgG antibody tagged with 3 μm 
latex beads labelled with streptavidin (stock concentration) used as a 
filtration antibody. The principle of operation of this immunoassay is the 
same as the one previously described. If the analyte, CRP, is present in 
the sample, it binds with both the detection antibody and the filtration 
antibody forming a complex with size bigger than the effective pore size 
of the filter. Hence this complex is unable to flow through and only the 
unbound detection antibodies left in the sample are able to flow through 
the filter and enter the LFIA where they are captured at the test-line (by 
the goat anti-mouse IgG antibodies) producing a red coloured line. The 
remaining part of the sample, which is not captured flows over the test 
line and accumulates in an absorbent pad located at the end of the LFIA 
(Fig. 9). The sample, which contains the analyte in different concen
trations, was tested on a filter with 7.7% pre-polymer concentration. 
Our choice to use a flow-through filter with the given porosity stems 
from the fact that such a filter is capable of completely retaining parti
cles with size bigger than 3 μm (see Table 1), and therefore is able to 
detect an analyte in a broad dynamic concentration range (Fig. 7). 

In Fig. 9, we present the results when 20 μL of sample containing the 

Fig. 7. Flow-through filter with pre-polymer concentration of 7.7% tested with 20 μL of a sample that contains anti-mouse antibody labelled with 40 nm Au- 
nanoparticles, 3 μm latex beads labelled with streptavidin and mouse biotinylated IgG antibody (analyte) at concentrations between 0 μg/ml and 500 μg/ml. 

Fig. 8. Colour intensity on the test line of LFIAs for different mouse bio
tinylated IgG (analyte) concentrations in the range between 0.5 μg/ml and 500 
μg/ml. The analyte was detected using a flow-through filter with 7.7% pre- 
polymer concentration. 
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CRP analyte in different concentrations (0–100,000 ng/ml) was tested 
on a porous flow-through filter and Fig. 10 depicts the respective colour 
intensity on the test line where the intensity of the control device (0 ng/ 
ml) corresponds to a mean value (from the total of three devices) at 
46.18 a.u. In this graph, each data point represents the mean value of 

three devices that were tested. As can be clearly seen, the colour of both 
the filter and the test line change according to the concentration of the 
analyte. Similar to our previous experiment, an increase in the CRP 
concentration will lead to an increase in the number of the complexes 
(CRP-detection antibody-filtration antibody) that are being formed thus 
leaving a smaller amount of unbound detection antibodies in the sample 
which flow through the filter and get captured on the test line of the 
LFIA. As a result, an increase in the concentration of the analyte will 
result in a decrease in the signal on the test line and using this filter- 
based method we are able to detect the CRP with a limit-of-detection 
found at 13 ng/ml. 

In order to measure the colour intensity in the test line of the LFIAs 
(Figs. 7 and 9) we used again the RGB channel in the histogram function 
of Adobe Photoshop and we measured the mean intensity value (from 
the total of three devices) of the pixels of the test line. This value was 
subtracted from the value of 255 which is the intensity value of the 
pixels corresponding to the background of the LFIAs (white) in order to 
obtain the actual signal intensities. For the calculation of the limit-of- 
detection we used equation (2) [33]: 

LOD= 3.3 × (σ / s) (2) 

where LOD refers to the limit-of-detection, σ refers to the standard 
deviation of the regression line and s refers to the slope of the calibration 
curve. The values of σ and s were both measured from the graph 
depicted in Fig. 10 and calculated at 4.3 and 1.1 respectively. 

Fig. 9. Images of flow-through filters made with 7.7% pre-polymer concentration and tested with 20 μL of a sample containing varying CRP concentrations from 0 
ng/ml to 100,000 ng/ml. Particles that flow through the filter end up in an LFIA where anti-mouse IgG antibodies have been dispensed and used as a test line. 

Fig. 10. Colour intensity on the test line of the LFIA for various CRP concen
trations in the range between 10 ng/ml and 100,000 ng/ml. 
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4. Conclusion 

We have reported a laser-based technique for the fabrication of 
porous flow-through filters, on a paper substrate, with different levels of 
porosity that are able to retain particles of a specific size while allowing 
smaller particles to flow through. The filtration properties and the par
ticle retention efficiency of the flow-through filters were studied by 
testing polystyrene microspheres of different sizes and we have suc
cessfully found the parameters to make filters able to completely block 
or allow the flow of the different particle sizes. This filtration technique 
was later used as an analyte detection mechanism based on the binding 
of the target analyte with two antibodies, each one tagged with a 
differently-sized label namely 40 nm Au-nanoparticles and 3 μm latex 
beads. The antibody-antigen interaction leads to the formation of a 
complex, which is unable to flow through the filter of a certain porosity 
when the analyte is present in the sample. Only the unbound detection 
antibodies with a size smaller than the porosity of the filter can flow 
through and get captured at the test line of the LFIA indicating the 
presence or absence of the analyte in the sample. The flow-through 
filtration method provides an alternative pathway compared to stan
dard LFIAs for the detection of analytes. Unlike other methods reported 
for the fabrication of standard LFIAs, our proposed technique uses a 
porous flow-through filter located on the top of the front end of an LFIA 
which is able to remove particles of a specific size. Using this method, we 
are able to detect analytes in a concentration range which is beyond the 
Hook effect threshold, thus avoiding this limiting factor that many an
alyte detection methods encounter. This method was tested for the 
detection of a CRP marker covering a broad concentration range be
tween 10 ng/ml and 100,000 ng/ml, with a limit-of-detection of 13 ng/ 
ml. We believe that this size-exclusive filtration method can be further 
studied for different applications. Apart from the detection of analytes 
the porous flow-through filters can also be used as a tool to remove 
particles which otherwise can be captured in the test line producing false 
negative results. This application has the potential to improve the per
formance as well as the limit-of-detection of the LFIAs and this will be 
part of our future work. 
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