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ABSTRACT

Background: Accurate and timely diagnosis is usually the first step towards appropriate disease management. In
resource-limited settings, healthcare workers lack proper facilities to perform vital tests, and the diagnosis of disease
is often determined by non-specific, physiological symptoms alone. Simple and rapid tests are needed as prerequisite
tools for patient care and must conform to the criteria set out by the World Health Organization. To address the
challenge of specific diagnosis for diseases that present with similar symptoms, multiplex diagnostic platforms must
be designed.

Methods: Simple designs for multiplexed paper-based diagnostic platforms were developed. Laser cutting and wax
printing were used to create specific patterns on paper to guide the flow of sample and reagents towards reaction
zones. Multi-arm and single strip multiplex platforms were designed and tested using Human Immunoglobulin G,
Hepatitis B virus surface antigen (HBsAg), and Helicobacter pylori antigens.

Results: All designs produced promising results with the lowest limit of detection for antigens being 30ng/ml for
single strip designs.

Conclusions: The use of glass fibre conjugate pad was found to be more sensitive compared wax-printed
chromatography paper. Results from this study indicate great potential for further application in development of
diagnostic low-cost paper-based diagnostic devices.

Keywords: Assured diagnostics, low-cost diagnostics, Multiplex devices, paper-based diagnostic platforms, Point-of-
care diagnostics

INTRODUCTION

Appropriate patient care or disease management is highly
dependent on timely and accurate diagnosis, which is
insufficiently available in resource-limited settings,
culminating into symptomatic diagnosis and treatment
most of the time.>2 Simple and rapid tests are needed as
prerequisite tools for patient care and must conform to
the ‘ASSURED’ criteria set out by the World Health
Organization (WHO). An ideal test must be Affordable
by those at risk of infection, Sensitive (few false-negative
results), Specific (few false-positive results), User-
friendly (simple to perform by persons with little

training), Rapid/robust, Equipment-free and Deliverable
to those who need it.**®

In recent years, paper has emerged as an important
substrate for fabrication of low-cost, simple diagnostics
for use in limited-resource settings.5® Desirable features
of paper include its ubiquitous abundance, mechanical
strength, and flexibility. Paper can wick and distribute
aqueous fluids, and has been in use for a long time as an
analytical platform. Also, paper can be modified to
incorporate functional groups, can easily be transported
and stored, is compatible with most printing technologies,
and can easily be disposed of incineration.®!° Cellulose-
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based materials such as chromatography and filter papers
have found wide applications in making dipsticks and
microfluidic paper-based analytical devices.** while
nitrocellulose membranes are mostly used in Lateral flow
immunoassays.*?

There are cases where multiple diseases or conditions
need to be diagnosed together or differentiated, especially
if observable symptoms are similar. The best example is
the case of febrile illnesses in malaria-endemic regions.™*
17 Ppatients predominantly present with fever symptoms
and cannot be accurately diagnosed without a specific
test. When the most common etiology of fever (malaria)
is ruled out, identifying the exact cause of fever is usually
done clinically in most cases, or if resources allow,
through sequential testing of the likely fever etiologies to
reach definitive diagnosis.®

Designing multiplexed test devices is therefore very
important for enhancing timely diagnosis as well as
minimizing the cost that would otherwise be incurred if
sequential testing was to be performed.l” Using paper,
various patterning methods have been described and
tested in previous studies. These methods include cutting,
wax printing, photolithography, plotting, ink etching, and
plasma etching, among others.”!%* Apart from clinical
applications, other point-of-need applications for
multiplex paper-based devices may include their use in
qualitative/semi-quantitative detection of antimicrobial
residues in milk and other foods of animal origin where
other testing methods are currently being applied, and
screening for environmental contamination with heavy
metals.?>28 Of all the above applications, the use of these
devices for point-of-care diagnosis at health outlets to
facilitate patient care in the developing world remains the
most compelling. In this article, we describe simple
designs for multiplexed paper-based diagnostics where a
combination of laser-cutting and wax-printing was used
to create channels and barriers to direct the flow of
sample and reagents on paper. The designs were tested
using Human Immunoglobulin G, Hepatitis B virus
surface antigen (HBsAg), and Helicobacter pylori.

METHODS
Antibodies and antigens

Antibodies and antigens used in this study were obtained
from 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 40nm colloidal gold
particle at a concentration of 10pg/ml (OD540=10).
Capture antibodies used were mouse anti H. pylori
antibody (ABHPY-0403), Goat anti HBsAg (ABHBS-
0500) and Goat anti human 1gG (ABIGG-0500). Invitro
purified 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 1gG
respectively.

The device platforms were designed using glass fiber
pads, chromatography paper and nitrocellulose
membrane. Chromatography paper and fiberglass were
used as sample and conjugate pads while nitrocellulose
was used as capture membrane. Three different designs
are described in this paper.

Multi-channel multiplex designs

In the first design, conjugate pad and nitrocellulose
membrane were both cut using laser cutter per the plots
made on a computer using Corel 7 drawing software
(Figure 1). In the other design, a sketch drawn using
computer program were printed on chromatography paper
using Xerox 7560 solid ink (wax) printer to create
hydrophobic barriers and hydrophilic chambers and
channels for deposition and flow of conjugate reagents
and sample (Figure 1). Printed paper was heated in hot-
air oven for 30 seconds at 150°C with the printed side
facing up to melt the wax through the paper thereby
creating continuous channels and barriers. The designs
were tested by assembling a device for simultaneous
detection of Helicobacter pylori (bacteria), Hepatitis B
viral antigen S (virus), and Human Immunoglobulin G.
Each arm of the conjugate pad was treated with 2.5ul of
10% BSA in PBS and allowed to dry at room temperature
for 5 minutes and then at 50 °C for 10 minutes. Stock
conjugate antibody (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 5ul of gold conjugate antibody to
the conjugate pad, each arm with a specific antibody
type. The pads were dried at room temperature for 5
minutes and then at 50 °C for 10 minutes as above. Dried
conjugate pads were kept in sealed bags with desiccant
ready for device assembly.

The nitrocellulose (capture) membranes appropriately cut
to fit the design were treated with the specific capture
antibodies. Capture antibodies were diluted in PBS (pH
7.4) to a concentration of 0.5mg/ml, with 5% methanol
included to enhance fixation of antibodies to the
membrane. A total of 3ul were applied to the membrane
in small quantities (0.5ul per round). The membrane was
dried at room temperature for 2 minutes followed by 10
minutes at 50°C. This was followed by addition of 2 pl of
blocking buffer (0.1% v/v Tween 20, 5% w/v sucrose and
1% w/v BSA) per arm, and then dried as above.

Assembly of the multichannel device was accomplished
by first sticking the nitrocellulose membrane on an
adhesive tape/plastic backing card placed on a flat
surface. At the distal end of each arm, appropriately cut
absorbent filter papers were placed on top of the
membrane in an overlapping fashion to serve as wicking
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or absorbent pads. This was followed by overlaying the
conjugate (or conjugate cum sample) pad at the center
position on top of the membrane. For the first design
(Figure 3A), a sample pad was placed on top of the
fiberglass conjugate pad to complete the device assembly.
Assembled devices were tested using a serially diluted
mixture of target antigens to establish the limits of
detection of each against respective antigens.

Single channel multiplex design

The aim was to assess the possibility of combining tests
for various analytes on a single strip, comprised of a
single conjugate pad and capture (nitrocellulose)
membrane. In this design, gold-conjugated antibodies
specific to target antigens Human Immunoglobulin G,
Hepatitis B, and H. pylori (all from Arista Biologicals,
Allentown, PA, USA) were blotted on a single piece of
glass fiber pad either individually or as pooled solution.
In the first approach 5ul of each gold conjugate was
applied on the pad, followed by the next until all were
added. The pad was dried between additions, first at room
temperature for 5 minutes, followed by 2 minutes at 50°C
in an oven. After the final addition, the conjugate pad was
dried for a further 10 minutes at 50°C and kept dry until
use. Alternatively, all conjugates were mixed together to
make one pooled solution. About 10-15 pl of the
conjugate mixture was applied to the conjugate pad and
dried as above. Prior to addition of conjugates, the glass
fiber pad was pre-treated with 5ul of 10% BSA and dried
as described above. Capture antibodies were diluted in
PBS (pH 7.4) and 5% methanol to a working
concentration of 0.5mg/ml. A total of 3ul of each
antigen-specific capture antibody were applied in small
quantities (0.5ul per round) at specifically identified test
zones on the membrane. The membrane was dried at
room temperature for 2 minutes followed by 10 minutes
at 50°C. The membrane was blotted with 2 pl of blocking
buffer (0.1% v/v Tween 20, 5% w/v sucrose and 1% w/v
BSA) and dried as above. The two methods of conjugate
pad treatment were compared by running a sample of
antigen mixture at the concentration of 30ug/ml and
response was observed within 10 minutes after sample
addition.

RESULTS
Determining optimal conjugate dilution

To determine optimal dilution for conjugate, stock
conjugates with optical density (OD) of 10 at 540nm
wavelength were diluted serially and then applied to
conjugate pads. The concentration of capture antibodies
on nitrocellulose membrane was fixed at 0.5mg/ml, and
3ul of each antibody were applied in several rounds of
small quantities (0.5ul) at test zones. The pads and
membranes were dried at room temperature for 5
minutes, then at 50°C for 10 minutes. Stock antigens were
diluted to a mixture concentration of 30pg/ml and applied

to the device after assembly. The response was as shown
below (Figure 4).

Desigrn T

Figure 1: Components of four-channel multiplex
designs (laser-cut and wax-printed). Sample pad (a),
conjugate pad (b), lateral flow nitrocellulose
membrane (c), and absorbent pad (d). Note that for
design 2, both the sample and conjugate pads are
printed with wax on same paper.
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Figure 2: Schematic representation of different layers
(exploded view) of the multiplex device showing flow
of reagents and fluids between layers when a test is
performed.

Using fiberglass conjugate pad

Each of the three positive arms showed response at
various level of conjugate dilution. Reaction signal was
clear up to the 1/8th dilution of the conjugates (Figure
4C) but signal strength decreased upon further dilution.
The highest working conjugate dilution was found to be
8-fold.
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Using chromatography paper as both sample and
conjugate pad

From the above image panel (Figure 5), signal can be
observed up to the 1/4th dilution of the conjugates
(Figure 5B). The conjugate part was found to still contain
some residual conjugate even after sample and buffer
wash. Overall, it appears that the glass fiber conjugate
pads offer complete conjugate release compared to
chromatography paper, hence could be a better medium
for multiplex rapid diagnostic devices.

Absorbent pad

Nitrocellulose membrane

Sample pad

Conjugate pad

HB: Hepatits B; HP: Helicobacter pylors; 1¢G: Human immunoglobulin G

Figure 3: Device assembly before sample application.
A) Radial design with glass fiber conjugate pad and
separate sample pad cut from Whatman filter paper.
B) Conjugate and sample pads printed on
chromatography paper.

Determining the limit of detection

Antigens were mixed together and serially diluted to
determine the limit of detection of the device. Serial
dilution followed a hundred-fold initial dilution of stock
antigens to approximately 300ug/ml followed by ten-fold
dilutions up to 30ng/ml. Antigen mixture at each level of
concentration was used to test the devices. Results are
presented in the panel below (Figures 6 and 7).

v

A 1/2x dilution B 1/4x dilution

C 1/8x dilution D 1/16x dilution

Figure 4: Determining optimal conjugate dilution for
use on glass fiber conjugate pads. Note the decrease in
signal intensity from A to D.

Using glass fibre conjugate pad,
Using Chromatography paper conjugate.

Test signal was observable for all three analytes up to the
antigen concentration of 300ng/ml when glass fibre
conjugate pad was used. In this case, only 1gG showed
positive signal at lower antigen concentration of 30ng/ml
(Figure 6D). On devices made using chromatography
paper as sample and conjugate pads, sensitivity was
lower as the antigen limit of detection was found to be
3.0pg/ml except for 1gG which was detected even at
30ng/ml (Figure 7D). Based on these results, the average
limit of detection could be around 300ng/ml as shown in
Figure 6. Only I1gG showed response at lower
concentrations.

A 1/2x dilution B 1/4x dilution C 1/8x dilution

Figure 5: Determining optimal conjugate dilution for
use on wax-printed chromatography paper conjugate
chambers. The signal intensity decreases with
increasing conjugate dilution, only visible up to 4x
dilution.
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Conjugate optimization and limit of detection for single
strip design

For single strip test, evaluation of optimal method for
conjugate application revealed no difference in signal
intensity or time taken for signal to develop, whether
conjugates are pooled or added one-by-one onto the
conjugate pad (Figure 8A). Optimal conjugate dilution in
this case was found to be 1/4th of the original
(OD540=10) stock (Figure 8B). Positive signal was
observed shorter than five minutes since sample addition.
Signal was clear at antigen concentration 300ng/ml and
above, although much lower antigen concentration (30
ng/ml) still produced visible signal (Figure 9).

on (30ng/ml)

C 1/10x dilution (300ng/ml) D 1/10°5x diluti

Figure 6: Limit of detection for devices employing
glass fiber conjugate pads.

DISCUSSION

Simple  designs for multiplexed lateral flow
immunochromatographic tests were tested in this study.
Materials used have already been described and tested
previously for similar purposes and results were
promising.232102° Different designs were compared with
respect to their potential as diagnostic prototypes. The
study has demonstrated the possibility of using paper
devices to simultaneously diagnose or detect multiple
analytes in fluids. These may be applied in detection of
disease-causing pathogens in people seeking healthcare at
health facilities especially in developing countries where
resources for advanced diagnosis may be limited.5

. o

C: 1/10-4x dilution (300ng/m|) D: 1/10-5x dilution (30ng/ml)

Figure 7: Limit of detection for designs employing

chromatography paper conjugate pads. Note: HP:

Helicobacter pylori; HB: Hepatitis B; 1gG: Human
Immunoglobulin G.

.

B1 B2 B3

Figure 8: Conjugate optimization. Pooling of
conjugate (Al), conjugate added one by one (A2),
optimal conjugate dilution: 1/2x (B1), 1/4x (B2), and
1/8x (B3).
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10 minutes 15 minutes 20minutes 30 minutes
xet | xd® |

Az 30 ug/ml Y
B: 3 ug/ml
C: 300 ng/mi
D: 30 ng/mi u w

‘9

IsCG HB HP

Figure 9: Limit of detection after 10, 15, 20, and 30
minutes. Note significant signal visible up to 30ng/ml
(1IgG: Immunoglobulin G; HB: Hepatitis B HP: H.

pylori).

One example where multiplexed devices could be of
great importance is in the diagnosis of non-malarial
febrile illnesses, mostly observed in malaria-endemic
tropical countries. In this case, specific identification of
febrile etiologies has proven to be a great challenge,
forcing clinicians to resort to clinical diagnosis or
symptomatic treatment or encouraging a trial-and-error
sequential diagnosis of all possible causes of fever once
malaria, the most common cause has been ruled out.*8

Simple diagnostic devices that can help differentiate
between malarial and non-malarial fevers simultaneously
will greatly facilitate timely management of patients with
fever not due to malaria. Other areas of application
include detection of antimicrobial residues in animal-
derived foods and detection of environmental
contaminants in soil and water.

Two multi-arm designs were tested in this study, one that
uses glass fiber conjugate pads and the one that uses wax-
printed chromatography paper as conjugate pad.
Although both designs could show satisfactory test signal
results, fiberglass was superior over chromatography
paper, as the former afforded complete conjugate release

as compared to the later when compared back-to-back.
This makes fiberglass a better conjugate pad although
chromatography paper offers more versatility for
multiplexing due to its wax-patterning potential.

Apart from the above, a single strip multiplex design was
also tested using similar analytes and proved to be
simple, sensitive and even more convenient than the other
two. In this case, there was no difference in signal
response whether the conjugate antibodies were pooled
before being applied to the conjugate pad or added to the
conjugate pad individually (Figure 8A). One common
feature for all designs is that despite being able to detect
multiple analytes, and with potential for further
multiplexing, testing is done through one step only, i.e.
the operator needs to add the sample and some buffer,
without any more technical requirement. Therefore, such
tests can ideally be performed by persons with no
advanced training and is thus useful for developing
countries where resources are limited.

The limit of detection for tested antigens was found to be
300ng/ml for multi-arm designs, and 30ng/ml for single-
strip device. However, lower detection limits can still be
achieved if the methodology is slightly modified. Other
paper devices tested using different analytes indicated
more sensitivity as shown by comparatively lower limits
of detection. 303!

The most probable reason for reduced sensitivity in this
study could be poor concentration of capture antibodies at
the nitrocellulose membrane reaction zone due to
dispersion of antibody solution around the point of
application using handheld pipette. This problem could
be overcome if a special lateral flow reagent dispenser or
material printer is used to draw compact lines on the
membrane instead of hand application. This line will
have high and uniform concentration of capture
antibodies resulting in a high intensity test signal.

CONCLUSION

This study demonstrated that a variety of multiplex
designs for paper-based rapid diagnostics can be
developed to improve diagnosis of common diseases and
conditions in resource-limited settings. This approach
promises a potential alternative to the more time-
consuming and rather expensive sequential testing in
circumstances where diseases presenting with similar
symptoms cannot be told apart clinically.

Challenges encountered during this designing phase, like
low signal will be addressed in subsequent phases by
using antibody dispenser for capture antibody application
on the membrane. More optimization will be conducted
to establish the maximum number of multiple analytes
that could be incorporated on one device while retaining
the minimum sensitivity and specificity required for
point-of-need diagnostic purposes.
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