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Abstract

Patterning is an important step in fabrication of multiplexed microfluidic devices. Various approaches including cutting,
photolithography, wax-printing, plotting and etching have been developed and tested. Recently, using threads has emerged
as a convenient and low-cost approach for fabrication of microfluidic devices. We explored the application of threads in
combination with nitrocellulose membrane to fabricate multi-channel immunochromatographic diagnostic devices. Micro-
fluidic channels were made using hydrophilic threads and nitrocellulose membrane strips. Household sewing needle was
used to weave hydrophilic thread into desired patterns through a double-sided mounting tape. Glass fibre discs were used as
conjugate pads while nitrocellulose membrane was used for immobilisation of capture antibodies. Patterned threads were
linked to nitrocellulose membrane strips by overlapping so that reagents flowing through threads were eventually transferred
to the membrane. The design was tested using IgG, H. pylori and Hepatitis B surface antigen. Continuous flow was observed
from hydrophilic threads to the nitrocellulose membrane, and a positive signal was visualised on the membrane within 5 min
of sample application. The observed limit of detection ranged between 30 and 300 ng/ml for H. pylori and Hepatitis B,
respectively. Using thread and tape offers a promising alternative for patterning of simple, low-cost multiplexed microfluidic
diagnostic devices with potential point-of-care applications in resource-limited settings.

Keywords Immunochromatographic - Thread-based diagnostics - Infectious diseases - Multiplex microfluidic devices -
Point-of-care - Low-cost diagnostics

1 Introduction

Membrane-based immunochromatographic lateral flow tests
(ILFTs) are the first and most widely applied point-of-care
tests currently in use (Boisen et al. 2015). These tests have
wide applications ranging from the earliest pregnancy test
strips (May 1991) to include sperm quality testing (Matsuura
et al. 2014), infectious diseases diagnosis for medical and
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veterinary fields (Nielsen et al. 2008; Rohrman et al. 2012;
Kamphee et al. 2015), food safety, e.g. detection of myco-
toxins, drug residues, food allergens, food-borne pathogens
(Shankar et al. 2010; Toldra and Reig 2006; Law et al. 2014;
Weng et al. 2016), urinalysis for non-infectious health bio-
markers, e.g. detection of glucose, proteins, ketones, drugs
of abuse, nitrite, bilirubin (Reches et al. 2010; Li et al.
2010; Martinez et al. 2007), bio-threats such as detection of
anthrax, plague, tularemia, nerve agents, ricin and botulism
(Zasada et al. 2015; Gessler et al. 2007; Shyu et al. 2002),
environmental safety monitoring, e.g. monitoring chemical
or microbial contaminations in soil, water and air (Hossain
et al. 2012; Sicard et al. 2015).

Typically, a test strip consists of the following compo-
nents: Sample pad; usually a filter paper or glass fibre pad
onto which the test sample is applied, Conjugate or reagent
pad; this contains antibodies specific to the target analyte
conjugated to coloured particles (usually colloidal gold par-
ticles, or latex microspheres), Reaction membrane; typically
a hydrophobic nitrocellulose or cellulose acetate membrane

@ Springer


http://orcid.org/0000-0002-7728-7981
http://crossmark.crossref.org/dialog/?doi=10.1007/s10404-018-2065-1&domain=pdf

45 Page 2 of 7

Microfluidics and Nanofluidics (2018) 22:45

onto which anti-target analyte and control antibodies are
immobilised in a line that crosses the membrane to act as
a capture zone or test line, and a Wick or waste reservoir;
an absorbent pad designed to draw the sample across the
reaction membrane by capillary action and collect excess
reagents and buffer.

The sample pad acts as deposition site for the sample and
may also help in filtration of particulate matters from the
sample which passes through this pad towards distal sec-
tions of the strip. The conjugate pad holds dried detection
antibodies conjugated to a reporter (like gold nanoparticle)
until when re-dissolved by the sample and buffer. However,
the reaction membrane binds protein more strongly so that
even after the sample and buffer flows through the test and
control zones, immobilised capture reagents (antibodies/
antigens) are not dislodged, hence forming a focal point
for signal development. This format of diagnostic meets
the minimum criteria set by the world health organisation
(WHO) for ideal diagnostics in developing nations which
requires such diagnostics to be affordable, sensitive, specific,
user-friendly, robust, equipment free, and deliverable to end
users, abbreviated as ASSURED diagnostics (Urdea et al.
2006; Peeling et al. 2006).

Designing multiplexed membrane-based tests involves
patterning of the sample and/or conjugate pads, and the
membrane itself to create channels that direct reagents
towards the multiple testing zones/points. The most com-
mon patterning methods are wax-printing for conjugate and
sample pads (Carrilho et al. 2009; Lu et al. 2009) and laser
cutting for conjugate pads and detection membrane (Fen-
ton et al. 2009). Although these approaches are relatively
simple to execute and are very promising in development of
ASSURED diagnostics, it may still be difficult in developing
countries to obtain the required equipment/machines such as
laser cutter, solid-ink/wax printer, and reliable power supply
to run the machines all the time.

Microfluidic thread-based analytical devices (WTADs)
have recently emerged as a possible solution to patterning
problems since thin threads can conduct solutions in micro-
volumes towards a target reaction zone. This is because
threads are flexible hence can be manipulated in any form
and direction without any problem, and with their small
diameter, can wick and transport very small amounts of
analyte (Li et al. 2010; Reches et al. 2010).

In this study, threads were used to create channels through
which sample, conjugate reagents, and reaction complexes
flow, thereby obviating the need for patterning necessary
for multiplexed paper-based diagnostic devices. Since the
membrane is an essential part for immobilisation of capture
reagents, this design will allow the analyte-detector (con-
jugate) complex flowing through threads to be delivered to
an underlying strip of nitrocellulose membrane containing
immobilised capture antibodies for signal development.
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2 Materials and methods
2.1 Materials

White polyester sewing thread (MH®, Ningbo, China)
and household sewing needle were purchased from local
textile dealers. Mounting tape (Fantastick (FK-M485)®,
China) and food dyes (Three Parrots®, L. Liladhar and
Co., India) were purchased from local stationery shops
and food markets, respectively. Nitrocellulose membrane,
glass fibre conjugate pads, sample pads and absorbent pads
were all supplied by Claremont Bio Solutions (CA, USA).
Detection (conjugate) and capture antibodies, and antigens
(Immunoglobulin G, Hepatitis B virus and Helicobacter
pylori) were all supplied by Arista Biologicals (Allentown,
PA, USA). Conjugate antibodies used were monoclonal
mouse anti-H. pylori colloidal gold conjugate, clone 4
(CGHPY-0704), monoclonal mouse anti-HBsAg colloidal
gold conjugate, clone 2 (CGHBS-0702), and goat anti-
human IgG colloidal gold conjugate (CGIGG-0500). All
conjugate antibodies were conjugated to a 40 nm colloidal
gold particle at a concentration of 10 pg/ml (OD540=10).
Capture antibodies used were mouse anti-H. pylori anti-
body (ABHPY-0403), goat anti-HBsAg (ABHBS-0500)
and goat anti-human IgG (ABIGG-0500). In vitro puri-
fied proteins from H. pylori, recombinant HBsAg strain
produced in pichia pastoris, and human IgG purified by
immunoaffinity from whole goat antisera, were used as
antigens for H. pylori, Hepatitis B and IgG, respectively.

2.2 Design fabrication using food dyes

Red, yellow and green food dye solutions were prepared,
and punched paper discs were immersed in the solutions
and allowed to dry at room temperature. A pair of scis-
sors was used to cut 2 X 10 mm strips of nitrocellulose
membrane. Using an ordinary household sewing needle,
a thread was sewn from the centre of the top side of a
double-sided mounting tape to the lower side and through
a dyed paper disc back to the top side of the tape further
distal. This was done for the rest of the discs as depicted in
Fig. la. A second layer of tape was applied to the bottom
side of the tape to laminate the discs thereby protecting
impregnated reagents from physical and chemical degra-
dation. A plain paper disc was attached at the top of the
sample inlet thread end at the centre to serve as sample
pad. Nitrocellulose membrane strips were stuck in con-
tact with thread ends emerging from below the tape, with
thread ends overlapping the membrane strips by 1-2 mm,
to facilitate transfer of solutions from threads to the mem-
brane. At the distal ends of membrane strips, absorbent
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Fig. 1 Reagent flow through threads and nitrocellulose membrane. a
Underside of tape indicating reagent-loaded paper discs (represented
by red, green and orange dyes). b Top view of the device after assem-
bly. ¢ Flow of dyes from the middle layer of the tape through the

pads were attached to facilitate wicking and draining of
excess solutions (Fig. 1b). To test the assembly, a few
drops of water were added to the sample pad and observed
for emergence of different dyes from under the tape via the
thread onto the nitrocellulose membrane and absorbent
pad further distal.

2.3 Immunochromatographic thread-based device

Glass fibre conjugate pad discs were each treated with 2.5 ul
of 10% BSA in PBS and allowed to dry at room temperature
for 5 min and then at 50 °C for 10 min. Stock conjugate anti-
body (OD10) was diluted one-fifth in conjugate buffer (2%
w/v BSA, 10% w/v sucrose and 0.1% v/v Tween 20 in Borate
buffered saline). This was followed by addition of 5 ul of
gold conjugate antibody, each with a specific antibody type
(anti-human IgG, anti-hepatitis B surface antigen and anti-H.
pylori). The pads were dried at room temperature for 5 min
and then at 50 °C for 10 min as above. Dried conjugate pads
were kept in sealed bags with desiccant ready for assembly.
Capture and control antibodies were diluted in PBS (pH 7.4)
to a concentration of 0.5 mg/ml. 5% methanol was included
to enhance fixation of antibodies to the membrane. Test and
control lines were drawn on nitrocellulose membrane by
using Lateral Flow Reagent Dispenser and Legato Syringe
Pump (Claremont Bio Solutions, CA, USA). The dispense
rate was 0.25 ml/min and voltage was set at 5v. After dis-
pensing, the sheet was dried at 50 °C for 30 min and cut into
2 x 10 mm strips using a pair of scissors. This was followed
by addition of 2 pl of blocking buffer (0.1% v/v Tween 20,
5% wiv sucrose and 1% w/v BSA) per strip. After blocking,
strips were dried as above and kept at room temperature in
sealed bags with desiccant. This step was carried out for all
capture antibodies (anti-human IgG, goat anti-Hepatitis B
and mouse anti-H. pylori) and control antibody (Goat anti-
mouse IgG).

Ao

4

Wicking/absorbent pad

nitrocellulose membrane at the top after addition of water (sample). d
Appearance of the membrane after all the dye has cleared out towards
the absorbent pad

3 Results

A four-arm design was demonstrated using food dyes, and
flow of solutions was observed. This design combines both
vertical and lateral flow across the layers of the device. The
thread transported the solution vertically downwards from
the sample pad at the top to the bottom of the tape. Then,
there was a lateral movement through punched paper discs
followed by a vertically upward movement of colour solu-
tion back to the top layer where lateral flow occurred along
the nitrocellulose membrane and absorbent pad. The time
interval between addition of water sample onto the sample
disc and emergence of dye solution from under the tape was
approximately 1-2 min.

Assembly of device for demonstration of reagent flow
using red, green and orange food dyes was done as indicated
in Fig. la—d. After addition of water drops at the sample pad
(middle), food dyes on paper discs dissolved to subsequently
flow to the top onto the nitrocellulose membrane. The mem-
branes were clear of dyes within 3-5 min (Fig. 1d). This
corresponds to the time required to drain excess sample and
reagents from the membrane, so the signal can be visualised.

After demonstration with food dyes, the device was tested
using antibodies to mimic actual test design for infectious
disease rapid diagnostics. Colloidal gold-labelled detection
antibodies were dried on glass fibre to make conjugate pads
(used in place of food dye discs). With the capture antibod-
ies immobilised on the NC membrane, introducing a sample
at the top disc initiated vertical and lateral flow of reagent
complexes that completed the test. A red line on the nitrocel-
lulose membrane at a position where capture antibodies were
immobilised indicated positive test, while a visible control
line represented a valid test. Figure 2 represents a duo device
for simultaneous detection of a bacterial and viral target
antigen. H. pylori and Hepatitis B represented here can be
substituted by any other target depending on the need and
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Fig.2 Duo-test device. Note that test A is positive for both H. pylori
(HP) and Hepatitis B surface antigen (HB), test B is positive for H.
pylori (HP) and negative for Hepatitis B (HB) while test B is negative
for both HP and HB

circumstances. The duo test signals began to show within
the first 5 min after addition of 30—40 pl of sample mixture,
and was ready for reading within 10 min. Positive and nega-
tive tests were clearly visible as described under Fig. 2a—c.

The lowest detectable antigen concentration for H. pylori
on naked strips was 300 ng/ml with 30 ng/ml indicating a
faint signal (Fig. 3a). For the case of Hepatitis B, the limit of
detection for single strips was 80 ug/ml (Fig. 3b). On assem-
bled devices, estimated limit of detection was observed to be
close to the above (below 100 and 400 ng/ml for H. pylori
and Hepatitis B, respectively), with signal intensity being
slightly lower (Fig. 3c).

Fig.3 Detection limit for H. pylori and Hepatitis B strips and duo
device. Tested concentrations on strips in a range from 30 pg/ml to
3 ng/ml while strips in b range from 80 pg/ml to 8 ng/ml. Tested con-
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The signal for multiplex design was read between 5 and
10 min and results are as presented in Figs. 4 and 5. Time for
development of test results was comparable to what is usu-
ally observed in all commercial lateral flow strip tests. Also,
there was no notable difference in time required by a duo test
(2 strips) or multiplex test (6 strips), although slightly higher
sample volume was required in case of multi-strip test rang-
ing between 30 and 50 pl per multiplex run while less than
30 pl was required by single or double strip tests.

4 Discussion

This study demonstrates the feasibility of combining hydro-
philic threads with other components of lateral flow tests
to create a multiplex device that can potentially be used at
point-of-care. Fabrication and assembly of this device pro-
ceeded in a three-dimensional format common for microflu-
idic analytical devices (Martinez et al. 2008), with the thread
forming a channel that can cross multiple layers back and
forth. The food dyes employed in these experiments reflected
the flow of sample and reagents during actual testing. The
discs were made of glass fibre using ordinary office punch-
ing machine. Polyester sewing thread used was hydrophilic,
therefore requiring no prior treatment to improve fluid wick-
ing. It took approximately 1 min for the dyes to emerge from
under the tape. The dyes were visible as they wicked along
the thread and membrane. The time taken by the dyes to
clear from the membrane strips (approximately 5—10 min)
could be equated to the time required to clear excess sample
and reagents from the nitrocellulose membrane to allow for
the signal to be clearly visible. Discs embedded between lay-
ers of mounting tape carry reagents that are necessary for the
test. It is expected that these layers of tape help in protection

centrations on the dual device (¢, d) were 100 and 400 ng/ml for H.
pylori and Hepatitis B, respectively
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Fig.4 Multichannel test device with interpretation of possible test
results. Negative results (a, d); positive results (b, f); doubtful (c);
invalid (e); C control, T test

Fig.5 Six-channel multiplex device. Note that the test is positive for
IgG and H. pylori (HP) but negative for Hepatitis B (HB). T test, C
control

of the reagent-loaded discs thereby increasing their shelf life
(Fenton et al. 2009).

Using the above design, a device was fabricated for detec-
tion of antigens in solution. Detection antibodies conjugated
to gold nanoparticles were dried on glass fibre conjugate
pad. On a nitrocellulose membrane, capture antibodies were
immobilised. The conjugate pads were laminated between
layers of mounting tape and connected to the sample pad and
nitrocellulose membrane above via hydrophilic threads. The
double-sided mounting tape served as an adhesive backing
for attachment of the sample pad and nitrocellulose mem-
brane. It also served as laminate for the conjugate pads, as
well as provide mechanical strength to the device. Under
resource-constrained settings, this tape could be used as sub-
stitute for hard cassettes and other forms of housing (Fenton
et al. 2009).

The designs fabricated and tested using antibodies for
detection of antigens (H. pylori, Hepatitis B and IgG) dem-
onstrate the potential of applying immunochromatographic
thread-based platforms in diagnosis of infectious diseases.
In previously described immunochromatographic assays on
thread (ICAT), threads were used as both wicking (transport)

and reaction surfaces (Zhou et al. 2012). Both the conju-
gate/detection and capture antibodies were immobilised on
threads or yarns. In the current design, threads are only used
to facilitate wicking of solution along the test platform as
detection antibodies are stored on glass fibre and capture
antibodies immobilised on nitrocellulose membrane just like
on typical lateral flow strip tests. With this design, only the
thread is introduced as a new component, other components
such as sample loading pad, conjugate pad, nitrocellulose
membrane and wicking pad remain the same.

Multiplexed platforms were made easy due to the flexibil-
ity and durability of threads (Ballerini et al. 2011). A desired
number of channels were created using a sewing needle.
Using threads like in the current platform facilitates multi-
plexing since threads can be modified to form complex net-
works without the need for complicated patterning. In paper-
based microfluidic analytical devices, patterning of paper
by various approaches such as wax-printing, laser cutting,
photolithography, etching and plotting is essential for mul-
tiplexing (Carrilho et al. 2009; Lu et al. 2009; Fenton et al.
2009; Martinez et al.2008; Abe et al. 2008; Bruzewicz et al.
2008). Using threads obviates the need for further patterning
making this approach a promising alternative for designing
low-cost multiplexed POC diagnostic devices. Hydrophilic
cotton, polyester, acrylic and other types of thread materials
are all suitable and can be used for this purpose although
there may be variations in the flow dynamics depending on
the type of fibres with which the threads are made (Nilg-
haz et al. 2014). If threads are hydrophobic they are usually
treated using hydrophilising agents before they can be used.
Since only simple tools such as sewing needles, threads and
tape are needed during fabrication process, these platforms
can simply be adopted as potential diagnostics manufactur-
ing alternative for the developing world.

To run a six-channel device, a sample volume of approxi-
mately 30-50 ul was required. This volume is expectedly
higher than what is normally required for a single test, e.g.
between 10 and 20 pl for malaria RDT (Foster et al. 2014)
because in multiplexed designs, the sample must be distrib-
uted along multiple channels. However, this volume is com-
parable to what has been reported for numerous other lateral
flow devices where the sample in the range of 15-200 pl has
been reported (Sharma et al. 2015). Threads used in this
design are thin (approximately 200-300 um in diameter),
resulting in minimal fluid/sample retention during testing.
Despite this fact, the flow rate was not compromised as the
sample travelled across the membrane to the absorbent pad
within 3 min, and signal started forming within the first
5 min and the test was ready within 15 min. This too, is
comparable to most lateral flow devices reported previously,
including single strip tests (Posthuma-Trumpie et al. 2009).

The lowest detection limit was found to be within the
range of 30-300 ng/ml, which is comparable to or vary
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slightly from other lateral flow tests described elsewhere
(Gessler et al. 2007; Jimenez et al. 2017), although the limit
was higher for Hepatitis B surface antigen. The dynamic
range for these devices may sometimes fall in the pico range
implying very high sensitivity. Reduced sensitivity may be
a result of many factors, including biological state of con-
jugate and capture antibodies, device assembly and storage
conditions for reagents and assembled devices. Laminating
the section of NC membrane with a transparent adhesive
tape caused fast flow of the reaction mixture, reducing the
time required to complete the test. However, it also reduced
the sensitivity of the test either by decreasing the intensity
of the test line or failure to develop the test line at normally
detectable analyte levels. This could probably be attributed
to the fast flow rate that reduces contact time between the
analyte-detector antibody complex and the capture antibody
at the test and control lines. Lamination offers protection to
the membrane against physical damages like scratching or
wetting. Therefore, alternative protective measures that do
not affect signal strength or sensitivity should be considered.

In this study, testing was done using purified antigens
diluted in wash buffer (0.05% Tween 20 in PBS). Body fluids
resembling this medium are such as serum, plasma, saliva
and urine. However, challenges in flow dynamics, reaction
time and membrane clearance time are expected when a
sample with different colorimetric and viscosity properties
such as blood, stool or pus is used. Evaluation of these sam-
ple media and associated flow parameters will be performed
at a later stage.

Targets for this study were of diverse nature: immuno-
globulins, bacterial antigen and viral antigens, a combination
that minimises the likelihood of cross reactivity between
the antigens. This selection was intended to demonstrate
that multiplex POC diagnostic devices can be designed to
detect pathogens that fall into diverse taxonomic groups.
This implies that if carefully designed it can incorporate
viral, bacterial, protozoal and fungal pathogens on one mul-
tiplex device for enhanced throughput and diversity. This is a
promising prospect for addressing the challenge of diagnos-
ing non-malarial febrile illnesses (NMFI), whose aetiology
has been reported to be significantly diverse, comprising of
bacterial, viral, fungal, protozoal and other causes (Kiemde
et al. 2016; Acestor et al. 2012; Bisoffi and Buonfrate 2013;
Okiro and Snow 2010; Mahende et al. 2014). To enable
accurate and timely diagnosis of such complex clinical pres-
entation, multiplexed diagnostic platforms will be explored
in the future.

During subsequent steps towards development of a proto-
type based on this platform, there are important issues that
will need to be taken into consideration including: choice of
thread type, standardisation of procedure for reagents/bio-
logicals preparation and device fabrication, standardisation of
assay time as well as sample size determination. Each of these
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is significant during evaluation of a prototype diagnostic test
as they may singly or collectively affect the sensitivity, and/or
specificity of the test.

Most of the items used for fabrication of this device such
as threads, needle, adhesive tape and papers are easily avail-
able and cheap. Conjugate and capture antibodies dried on the
glass fibre and nitrocellulose membranes can remain stable for
months. To run the test, the operator only applies the sample
on the sample pad and observes for only a few min to read the
results. These attributes will result in simple devices that are
affordable, user-friendly, robust, equipment free, and deliver-
able to end users. This platform has great potential towards
development of low-cost multiplex diagnostic tests for simul-
taneous detection of aetiologies for neonatal and maternal sep-
ticaemia as well as non-malarial febrile illnesses, which are of
significant importance in resource-limited settings.

5 Conclusion

Multiplexed immunochromatographic diagnostic platforms
can be designed using hydrophilic threads as fluid distribu-
tion channels. Using threads obviates the need for patterning of
paper that would otherwise require additional equipment like
solid-ink (wax) printer or carbon dioxide laser cutter. Combin-
ing glass fibre, thread, nitrocellulose membrane and mounting
tape produces a firm device that can be used at the point-of-
care. More work on these platforms is needed to transform the
concept into practical diagnostic solution to facilitate manu-
facture of low-cost devices for diagnosis of multiple illnesses
at the point-of care in resource-limited settings.
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