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Allergen screening bioassays: recent
developments in lab-on-a-chip and

lab-on-a-disc systems

Allergies occur when a person’s immune system mounts an abnormal response with
or without IgE to a normally harmless substance called an allergen. The standard skin-
prick test introduces suspected allergens into the skin with lancets in order to trigger
allergic reactions. This test is annoying and sometimes life threatening. New tools such
as lab-on-a-chip and lab-on-a-disc, which rely on microfabrication, are designed for
allergy testing. These systems provide benefits such as short analysis times, enhanced
sensitivity, simplified procedures, minimal consumption of sample and reagents and
low cost. This article gives a summary of these systems. In particular, a cell-based assay
detecting both the IgE- and non-IgE-type triggers through the study of degranulation
in a centrifugal microfluidic system is highlighted.

An allergy is a hypersensitivity disorder of
the immune system. Allergies can be caused
by a variety of normally harmless substances
called allergens, such as pollens, molds,
insects, drugs, food and environmental pol-
lutants. ‘Allergy’ is derived from the Greek
words ‘allos’ (different or strange) and ‘ergos’
(activity or reaction). The word was first
used in 1906 by Clemens Freiherr von Pir-
quet (1874-1929), an Austrian scientist
and pediatrician, to describe both the ben-
eficial protection and the hypersensitivity in
patients after the second injection of horse
serum. von Pirquset also suggested that the
word ‘allergen’ should be used to describe the
agent that induced the ‘changed reactivity’,
such as skin rashes or lymph node swellings,
which occurred after one or more injections
(1]. Although the word ‘allergy’ is no longer
used as originally intended to describe both
protection and hypersensitivity, von Pir-
quet’s concept of ‘changed reactivity laid
the foundation of modern immunology’s
understanding of allergies.

Allergic response & its mechanism

An allergy is a serious and often life-threaten-
ing health disorder affecting all age groups.
The incidence and prevalence of allergic dis-

eases have increased dramatically in recent
decades. According to a survey conducted
by the WHO in 2004, approximately 22%
of the global population suffered from some
form of allergic disease [2]. The symptoms of
allergies are characterized by tissue- or organ-
specific effects, including constriction of air-
ways in the lungs (asthma), reactions in the
gut (food allergic reactions), ‘wheal-and-flare’
reactions in the skin (atopic dermatitis or
eczema) and vascular collapse in severe cases
(anaphylaxis).

Mechanistically, an allergy is mediated by
the soluble factors released from Th2 lym-
phocytes and the IgE antibody released from
B cells in an allergen-specific manner. Th2
cells form a subpopulation of helper T cells
that normally provide host protection against
extracellular pathogens, such as bacteria and
parasites. In pathological conditions, overac-
tivation of Th2 cells often leads to an allergy.
In the first phase of an allergy, known as aller-
gic sensitization, uptake of an allergen causes
the activation and expansion of allergen-
specific Th2 cells for the secretion of inter-
leukins (e.g., IL-4, IL-5 and IL-13), which
are used for the IgE antibody production.
Among the five antibody classes in the blood,
IgE (identified in 1967) has the shortest half-
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manner.

Allergy: A hypersensitive response to an antigen called an allergen as a result
of the production of the IgE antibody against that allergen in a highly specific

Allergen: A normally harmless substance such as a milk protein that induces an
abnormal immune response.

IgE: Cross-linking of the antigen binding sites of IgE antibodies bound to the
cell surface Fc receptors on mast cells or basophils by its allergens releases
soluble mediators from cellular granules, leading to the development of allergic
symptoms.

Lab-on-a-chip: A compact device of several square centimeters in size that
brings several laboratory operations in one microarray for various biomedical
applications, such as allergy testing.

life (2 days) and lowest concentration — normally 0.1
ug/ml. However, its concentration in the blood can be
increased tenfold in patients with an allergy or a para-
site infection. The biological events leading to allergies
are mediated primarily by the binding of allergens to
the antigen-binding sites of the IgE antibody, and the
binding of the IgE Fc region to the high-affinity IgE
Fc receptors (FceRI) on the cell surface of mast cells or
basophils (Figure 1). An FceRI not occupied by IgE has
a short half-life of 1 day, whereas receptors that are IgE
bound appear to be kept for the rest of the life of the
cell, and these cells are called sensitized mast cells and
basophils (Figure 1) [3].

Within minutes of contact with the same allergen
in a subsequent exposure (i.e., after sensitization), the
allergens cross-link adjacent IgE molecules that are
bound to the FceRI on the cell surface of the sensitized
mast cells and basophils. The cells then degranulate
and release both the preformed (e.g., histamine) and
newly synthesized mediators (e.g., prostaglandins,
leukotrienes and platelet-activating factor) by exocy-
tosis for the early allergic response. These mediators
promote vascular permeability, smooth muscle con-
traction and mucus production, leading to different
allergic symptoms (Figure 1) [4].

Despite enormous efforts made to improve our
understanding of the molecular mechanism of aller-
gies, this knowledge has not been fully translated into
new treatment protocols. Currently, the treatment
strategy for allergies involves using cell-permeant small
molecules (e.g., R-788, PCI32765 and TF002) to block
the signal transduction pathways in the mast cells and
basophils after their exposure to allergens. Alterna-
tively, one can eliminate IgE in the blood by using the
IgE-specific human monoclonal antibody omalizumab
(licensed in the USA) [5]. As only 200-500 FceRI bind-
ings out of 250,000 receptors/basophils are required
for meaningful degranulation and secretion to occur
(6], the sensitivity of cells to stimuli becomes the major
issue for this treatment approach.

Allergy testing
It is said that an ounce of prevention is worth a pound
of cure. Avoiding exposure to known allergens is still
the best way to treat an allergy. Therefore, finding out
what patients are allergic to is important. Diagnosis
of an allergy begins with a comprehensive physical
examination and a clinical history. Once symptoms are
matched with an allergic disorder, a blood test or skin
test for IgE and allergens can be conducted in order to
provide confirmation of the diagnosis. Classical allergy
tests to identify allergens are the skin-prick test and
the patch test. The skin-prick test is a primary diag-
nostic tool that introduces a number of testing aller-
gens to the skin in order to identify which allergens the
patient is sensitive to. A sterile lancet is used to press
a drop of solution with the allergen extract through
the skin without inducing bleeding to allow the aller-
gen to penetrate into the epidermal layer. A histamine
is also used as a positive control to exclude negative
findings that are the result of the test subject taking
interfering medications, such as glucocorticosteroids.
Normally, a wheal with a diameter 23 mm will be seen
at the site of the positive control and that of the real
allergens 15-20 min after pricking [7]. Remarkably,
the interpretation of the results of the skin-prick test
requires experience. For example, medications such as
antihistamines can interfere with the results. A wom-
an’s menstrual cycle also affects the outcome of the test
8]. Moreover, life-threatening anaphylaxis occurs from
time to time in patients who take the skin-prick test [9].
For this reason, the test should be performed by trained
medical practitioners who can provide resuscitation in
case of emergent anaphylaxis. Furthermore, the posi-
tive reactions in a skin test cause extremely uncom-
fortable and annoying sensations. These shortcomings
indicate the need for new assays for allergy testing.
Unlike the skin-prick test, the patch test does not
use lancets. Instead, a suspected allergen is applied to
an adhesive tape that is then placed on the skin of the
patient for 48 h. For the patch test, 20-30 patches with
different test substances (e.g., latex, fragrances or tex-
tile dyes) are applied to the upper back of the patient.
This test indicates contact dermatitis if the skin shows
a rash, thickening or swelling after contact with the
testing agent. Unlike the skin-prick test, the patch
test only detects contact dermatitis, which is primarily
mediated by the delayed-type hypersensitivity through
the overactivation of helper T cells, but not IgE [10].
Other allergy tests, such as fluoroenzyme immu-
noassay (FEIA) or ELISA, are currently conducted in
clinical laboratories. They measure the total amount of
IgE in the blood. In the FEIA or ELISA, a capturing
antibody specific to the Fc region of IgE is immobilized
on a solid surface and is used to capture the IgE from
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Figure 1. The biochemical pathway of an allergy in basophils and mast cells. Degranulation in mast cells or
basophils occurs after cross-linking the IgE that is bound on the cell surface FceRI by allergens. Neuropeptide
substance P, complement proteins C3a, C4a and C5a, estrogen and environmental estrogen and bisphenol A
can also stimulate degranulation in the absence of IgE. The release of allergic mediators such as serotonin and
histamine causes edema, increased vascular permeability, smooth muscle contraction and bronchoconstriction,
which lead to allergic responses such as allergy, asthma and anaphylaxis.

the sample. After washing, a second reporter antibody,
directed to another epitope of IgE, is added linked to
an enzyme or a fluorochrome in order to detect the
amount of captured IgE. Figure 2A illustrates the basic
principles for the FEIA or ELISA in the conventional
(e.g., 96-well plate) or lab-on-a-chip (LOAC) formats.
The minimal amount of detectable serum IgE using
this approach is usually 0.5-1.0 pg/l. This method is
useful for monitoring the effectiveness of omalizumab
in lowering the free IgE serum level in treatments for
allergic asthma [11].

There are many other assay formats that can be used
to determine the level of serum IgE specific to known
allergens. Most of these assays are available in a sin-
gleplex format that detects the IgE serum level of the
allergens extracted from raw biological materials. Over
the years, with the advances in recombinant protein
and microarray technology, the development of a mul-
tiplexed assay that tests the IgE against hundreds of
highly purified recombinant allergens simultaneously
has become possible [12]. For example, IMMULITE®
2000/2500 (Siemens Healthcare Diagnostics, Erlan-
gen, Germany), ImmunoCAP® 250/1000 (Phadia AB,
Uppsala, Sweden) and HYTEC™ (Hycor-Agilent,

IN, USA) are high-throughput serologic IgE assay sys-
tems. The core principle used in these assays is to detect
the IgE molecules that bind to the allergens immobi-
lized on a solid surface, then the amount of bound
IgE is reported by the anti-IgE antibody or aptamer
conjugated with fluorochromes [13]. Microarray and
bead-based suspension arrays are two commonly used
approaches [12,14]. Alternatively, the level of IgE cap-
tured by the allergens can be determined by label-free
techniques, such as surface plasmon resonance (SPR)
ina 1D or 2D manner for signal reporting [15,16]. How-
ever, the results of these assays are usually influenced
by the amount and quality of the allergen bound to
the solid support, the affinity of the IgE antibody to
the allergen, the degree of nonspecific binding, the
degree of allergen binding by a blocking antibody and
the cross-reactivity of the IgE from patients. It is not
unusual to see variations in the level of allergen-specific
IgE determined by the assays. These make comparison
among systems difficult and affect the clinical deci-
sion-making process for the patients with allergies [17].

Notably, the serum level of a specific IgE only reflects
the free circulating IgE. Its amount may not have any
significant correlation with the severity of allergic dis-
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Figure 2. Different strategies in lab-on-a-chip approaches for allergy testing. In a LOAC system, reagents flow unidirectionally for
allergy testing. (A) An antibody specific for IgE that is immobilized inside the channel captures the IgE from the patient’s serum

After washing, the amount of IgE is reported by a second antibody with an enzyme, fluorochrome or nanoparticle. (B) An antibody
or allergen is coated on magnetic beads to capture the IgE; a second antibody is added and the beads are held by the magnetic field

for sensing. (C) Known allergens are immobilized in different regions of the channel to identify the IgE's specificity. (D) Cytokines for
an allergy are tested by antibody-antigen reactions. (E) Activation of basophils is tested by cytokine release and the expression of

surface markers (e.g., CD203c) or adhesion molecules
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Figure 2. Different strategies in lab-on-a-chip approaches for allergy testing (cont.). In a LOAC system, reagents flow unidirectionally
for allergy testing. (A) An antibody specific for IgE that is immobilized inside the channel captures the IgE from the patient’s serum.
After washing, the amount of IgE is reported by a second antibody with an enzyme, fluorochrome or nanoparticle. (B) An antibody
or allergen is coated on magnetic beads to capture the IgE; a second antibody is added and the beads are held by the magnetic field
for sensing. (C) Known allergens are immobilized in different regions of the channel to identify the IgE’s specificity. (D) Cytokines for
an allergy are tested by antibody-antigen reactions. (E) Activation of basophils is tested by cytokine release and the expression of
surface markers (e.g., CD203c) or adhesion molecules.

LOAC: Lab-on-a-chip.

eases, such as allergic asthma. The results of recent seen in other disorders, such as parasitic infections, viral
investigations indicate that increased IgE levels are also  infections and immunodeficiency diseases [18]. There-
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Basophil activation test: An in vitro assay designed for the identification of
IgE- or non-IgE-type allergy triggers by measuring the degree of degranulation
or cell activation in basophils.

Lab-on-a-disc: A microfluidic disc device with chambers, valves and channels
that integrates laboratory operations in one platform using centrifugal, inertial
and Coriolis forces generated by spinning for fluidic pumping, reagent mixing
and metering for detecting disease markers.

fore, measuring the total IgE level in serum is not a
specific diagnostic assay for a given allergic disease. For
allergen screening, the skin-prick test, the double-blind,
placebo-controlled oral food challenge test and the
drug provocation test are all 7z vivo tests for the clini-
cal assessment of allergen sensitivity and disease sever-
ity (19]. These tests are tedious, costly and have the risk
of adverse allergic reactions. Apart from the exposure
to allergens, there are many risk factors affecting the
degree and prevalence of allergies. An allergic response
can also be triggered by nonantigenic stimuli, such as
complement proteins, substance P, synthetic polyamines
and estrogen, without the involvement of IgE [20.21]. For
example, a dramatic increase in the prevalence of child-
hood allergies in developed countries in the past two
decades is a result of environmental pollution [22,23]. For
instance, bisphenol A, an environmental estrogen that
is a substrate of the plastics used to manufacture baby
milk bottles and the aluminium lining of food cans, is
believed to increase mast cell degranulation and thus
to trigger childhood allergies. Moreover, many small
molecules such as heparin [24] and radiocontrast agents
(25] are able to directly induce nonreceptor-mediated
degranulation. To date, our understanding of this non-
IgE type of allergy is poor.

Clearly, a safe and relevant test for the assessment of
allergic diseases should measure the degree of activa-
tion of mast cells/basophils isolated from patients with
specific IgE and allergens. The basophil activation test
(BAT) is such an assay: it directly measures the baso-
phil responses, rather than simply determining the
presence or absence or the amount of IgE in the blood.
The BAT is a cell-based, flow cytometric analysis that
determines the upregulation of cell surface activation
markers upon an ex vivo allergen challenge [2627]. As
basophils can be isolated from blood more easily than
mast cells in tissues, the BAT has been recently used for
the assessment of drug allergies, anaphylaxis and the
efficacy of immunotherapy in clinical settings [26,27].

Two predominant approaches can be used to mea-
sure the activation of basophils: the release of allergic
mediators (e.g., histamine) or the expression of an
activation marker on the cell surface. For the second
approach, commercial BAT assays are available for
the testing of activation markers, such as CD63 (dis-

covered in early 1990) 28] or CD203c¢ (Figure 3) [23].
Basically, CD63 is translocated from the membrane of
granules to the plasma membrane during degranula-
tion upon stimulation in basophils. Similarly, the pro-
tein translation and expression of CD203c on a cell
surface are upregulated upon activation. However,
these surface markers have different responses to dif-
ferent stimuli. For example, CD203c¢ seems to be more
sensitive than CDG63 for the diagnosis of amoxicillin
allergy [29], whereas in another study, CD63 had better
sensitivity to muscle relaxants [30].

However, the expensive BAT commercial kits usu-
ally use IL-3 in order to enhance the assay’s sensitivity,
yet its addition may distort the testing result profile.
In addition, basophils represent only 1% of the circu-
lating leukocytes and only 20,000 basophils can be
obtained from 1 ml of blood from a typical donor, with
onerous isolation steps. Therefore, more blood samples
are required for extensive testing using the conven-
tional approach. Moreover, basophils isolated from
patients are preferably assayed within 4 h because their
reactivity starts to decline 4 h after blood taking [31].

LOAC for allergy testing

In view of these problems and deficiencies, microfluidic
systems for integrated biomedical assays have attracted
much attention in recent years [32-37]. In a LOAC, lab-
oratory operations such as reagent storage and release,
solution translocation and metering, sample mixing
and reaction and signal generation are integrated into a
tiny chip ranging in size from a few square millimetres
to a few square centimetres. In most of these formats,
a micro-injector or -pump is used to generate a unidi-
rectional driving force that allows the reagents, solu-
tions and testing sample, which are loaded in different
compartments, to flow through microchannels with
valves and to react to each other. In 2002 and 2004,
Kurita et al. and Matsubara ez al. independently devel-
oped the first generation of LOAC: for the detection of
histamine released from a rat basophilic cell line [38,39].
In 2009, Ohashi ¢z a/. built a micro-ELISA platform to
measure the IgE level in patients” serum [40]. In 2010,
Love and colleagues described a LOAC assay to deter-
mine the responses of individual immune cells to aller-
gens. In Love’s approach, cells taken from patients were
placed into approximately 100,000 individual wells by
microengraving. Interleukins such as IL-2, IL-6, IL-17,
IFN-y and TNF-o were determined from individual
cells after exposure to allergens [41]. The major advan-
tage of this approach is that it can analyze individual
immune cells from patients and measure the response
profile to each allergen at the single-cell level. How-
ever, the results are difficult to interpret, and it requires
expertise to run the assay and draw a conclusion.
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With the demand for better healthcare constantly
increasing, many strategies using LOACs for allergy
testing have been developed in the past few years.
Table 1 summarizes the different existing LOAC for-
mats and strategies for testing allergies. As can be seen,
the testing formats can be grouped into three catego-
ries, namely the immunoassays, cytokine assays and
cell-based assays. In the immunoassays, the IgEs in
the sample serum are captured in the reaction chamber
by the immobilized antibodies against the Fc region
of the IgE. After washing, a secondary antibody (tar-
geting another IgE epitope) is conjugated with an
enzyme, fluorochrome or nanoparticle and added in
order to react with the captured IgE molecules. The
signals for the total amount of IgE can then be mea-
sured by light transmittance, fluorescence or SPR,
similar to the method used in conventional ELISA/
FEIA or SPR assays (Figure 2A). In some designs, the
IgE-capturing antibody or suspected allergen is immo-
bilized on the surface of magnetic beads. After reac-
tion and washing, the magnetic beads in suspension
are held by a magnetic field and the signals are then
determined, as shown in Figure 2A, by an antibody—
antigen reaction (Figure 2B). In other LOAC:, different
allergens of known identity are immobilized in differ-
ent regions of the microchannel in order to allow the
allergen-specific IgE to react. After washing and signal
generation, it is possible to identify which allergen(s)
the patients is sensitive to (Figure 2C). For the cytokine
assays, the principle is similar to the ELISA/FEIA/
SPR format, except that the IgE-capturing antibody
is replaced with the antibody-targeting cytokines for
the allergy (e.g., IL-4). The cytokines are then labeled
with fluorochrome or recognized by a second antibody
(Figure 2D). For the cell-based assays, cell activation
after challenging with stimuli can be tested by the
amount of allergic mediator released (e.g., histamine),
activation markers translocated to the cell surface (e.g.,
CD63 or CD203c) or the number of cells adhered to
the extracellular matrix protein (Figure 2E).

Lab-on-a-disc (LOAD), or the centrifugal micro-
fluidics platform, is a recent variant of LOAC [52-56].
LOAD alleviates the need for active pumping by
introducing centrifugal forces, capillary forces, Euler
forces and Coriolis forces. The main benefit is that the
forces are present everywhere on the disc for solution
translocation, reagent mixing, target separation and
for changing the direction of solution movement. This
means that sample propulsion is always at the user’s dis-
posal. Sample movement can be controlled by varying
the spinning speed, spinning direction, valves or rota-
tion-actuated barriers through different combinations
of centrifugation force, capillary force, Euler force and
Coriolis force. Recent reviews by Nolte (s3], Madou

et al. 54 and Gorkin ez al. [55] offer a comprehensive
summary of the device’s physics and the applications
of centrifugal microfluidics. Simple operations, includ-
ing flow control using passive capillary valves, single-
use active valves based on the melting-wax technique,
siphoning, volume metering, mixing and flow switch-
ing, have also been demonstrated [s3;55]. Applications
such as nucleic acid amplification based on PCR [s7],
loop-mediated isothermal amplification (s8], ELISA
(59.60], cell counting [é1], cell lysing [62], cell staining
(63], single-cell entrapment (64.65] and DNA hybridiza-
tion [66] have been reported. It is evident that LOAD
is a viable platform for practical bioassays, including
allergy testing. For example, Samsung Advanced Insti-
tute of Technology (Suwon, Korea) developed an inte-
grated immunoassay that used LOAD to test for the
hepatitis B virus antigen using whole blood in 2009
(60]. In their approach, all of the reagents are preloaded
on the disc and the total process can be finished in
30 min. In addition, the detection limit was compa-
rable to that of the conventional ELISA [¢0]. On the
same platform, DNA can be extracted from the whole
blood in one step in order to test for infection with
the hepatitis B virus (67]. In this connection, recent
developments indicate that with an inertial mechanical
structure and power coupling, bidirectional flow con-
trol within channels of LOAD and on-chip, real-time
heating are possible for DNA amplification using PCR
(68]. Therefore, LOAD provides a compact setup that
enables the full integration of complicated biochemi-
cal reactions that require multiple-step fluid handling,
including DNA amplification using PCR.

Recently, we developed a LOAD system for allergy
testing [51]. Our disc design, with a diameter of 10 cm,
contains four identical units for testing allergens
(Figure 4A & inset). The channels (500-pum width and
250-pum depth) and chambers are made of polydimeth-
ylsiloxane, which is moulded with an SU-8 master
made from photolithography; the siphon valve region
is modified with titanium dioxide. The polydimethyl-
siloxane layer is attached to a flac polymethylmethac-
rylate (PMMA) disc. This disposable LOAD platform
integrates reagent metering, mixing, reaction, analyte
selection and signal generation and detection in an
automated fashion.

In our LOAD system, a human basophil cell line
KU-812 carrying human IgE Fc receptors is used
in the assay to substitute for a patient’s basophils.
KU-812 cells are surface nonadherent cells and so
they do not stick to the channel surface, thus pro-
viding good responses to stimulations in the LOAD
system. As reported previously, KU-812 cells showed
good time- and dose-dependent responses by measur-
ing the release of histamine and PB-hexosaminidase as
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an index of degranulation [69]. In order to reduce the
system complexity, a fluorescent reporter — acridine
orange (AO) — is used as a mimetic to study degranula-
tion and exocytosis, as described in other studies [70.71].
Mechanistically, AO enters acidic granule compart-
ments as a weak base. The uncharged AO molecules
inside the granules are protonated and thus entrapped,
and emit red fluorescence. Another feature of AO is
its strong green emission when bound to a DNA mol-
ecule. Therefore, AO is a versatile reporter for labeling
acidic granules in basophils and probing DNA with
different light emission colours. When the AO-loaded
cells are activated by the stimuli, the AO molecules are
released from the granules into the extracellular buffer
through degranulation in a Ca**-dependent manner.
Practically, KU-812 cells loaded with AO in cham-
ber 1 (Cl1) are mixed with the patient’s serum (C2) and
the allergen being tested (C3) in the reaction chamber
(C5) using sequential spinning (Figure 4B). Superna-
tant with the AO released from the KU-812 cells after
degranulation is transferred into the detection chamber
(C6) with the fixed cells from C4 in order to provide
DNA for measuring the amount of AO released from the
KU-812 cells. After spinning, fixed cells labelled with
AO are pulled down at the tip of C6 for sensing. Waste
is transferred to the waste chambers (C8 and C9), where

Non-IgE-type allergy: Many environmental pollutants trigger degranulation
directly in the mast cells and basophils in the absence of IgE production.

V7 is a siphon valve (Figure 4B). Using the DNA of the
fixed HepG2 cells, but not the KU-812 cells, to gener-
ate green fluorescence increases the signal-to-noise ratio.
Table 2 shows the spinning procedures and Figure 4C
shows the detection setup. Using this approach, the dif-
ference in the degree of degranulation between the con-
trol and the activated KU-182 cells can be determined.
Figure 4D shows a kinetic study in real time. As can be
seen, the AO fluorescence increased significantly after
the challenge of the AO-loaded KU-812 cells with well-
known degranulation triggers such as N-formyl-methio-
nyl-leucyl-phenylalanine (fMLP), ionomycin and phor-
bol 12-myristate 13-acetate (PMA). Taken together, this
BAT assay is a reliable, sensitive, cost-effective and simple
approach to allergy testing. However, more quantitative
tests are required in order to provide good correlations
with existing diagnostic tests and assays.

Conclusion

The cell-based microfluidic LOAC and LOAD sys-
tems are an emerging biomedical tool for identifying
triggers of IgE-mediated and non-IgE-type allergies.
With carefully designed pumping strategies or spin-
ning speeds, assays with different testing formats can
be executed in a sequence of liquid operations and reac-
tions. The LOAD system mentioned in this article,
together with the AO-loaded KU-812 cells, is an easy,
fast and cost-efficient cell-based system that provides
a method for IgE and non-IgE-type allergy testing for
clinical diagnosis and research purposes. We strongly
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Table 1. Different lab-on-a-chip formats.

Assay type Description/format Features Ref.
Immunoassay A personalized food allergen testing platform (iTube) A fast and point-of-care in vitro diagnostic [42]
running on a smartphone using a commercially available platform
food allergen testing kit to test the presence or absence  Using a smartphone as a detection device
of an allergen (e.g., peanuts) by colorimetric assay
(Figure 2A)
A single-channel microchip using a magnetic field to keep With a large surface area-to-volume ratio [43]
magnetic core-shell nanoparticles coated with allergens  in the microchannel for immunoreactions,
in order to capture corresponding IgE for allergy it is reported that this approach improves
diagnosis by measuring the fluorescence from the second the analyte capture kinetics by 1000 times
antibody against human IgE (Figure 2B) compared with conventional methods
A micropillar array replacing gel for the separation of This micropillar system coupled with (44]
protein allergens (e.g., B-lactoglobulin) by isoelectric immunoblotting uses a small sample
focusing. Allergens are then transferred to a volume for allergen testing
nitrocellulose membrane for immunoblotting with serum Similar to the conventional western blot
from the allergic patient analysis
An automated microfluidic system with five channels that This system, which is available (45,46]
pumps reagents unidirectionally from individual storage commercially, shows a good correlation
chambers into a common reaction chamber where with ImmunoCAP® in the diagnosis of
allergen extracts are immobilized at different regions allergen sensitivity according to the
of the channel and the serum-specific IgE is tested by patient’s clinical history
chemiluminescence (Figure 2C) The assay system is similar to the
conventional ELISA format
An automated micro-ELISA system measuring serum IgE  Uses a small sample volume (5 pl) and has a [47]
with enzymatic reactions on polystyrene microbeads with fast analysis time (12 min)
allergen immobilization under stopped-flow conditions
(Figure 2B)
Cytokine A chip-based system captures allergy-related cytokines This system can show the differences (48]
assay from human biopsies using immobilized receptors. in various stages of atopic dermatitis in
After labeling with fluorescent probes, the target was human patients and can run four to six
then separated electrophoretically and detected by a samples per hour
fluorescence detector (Figure 2D)
Cell-based A microchannel system coated with recombinant A cell-based assay examines the drug [49,50]
assay human VCAMs in order to study the adhesion profile of  effects in eosinophils under flow
resting and GM-CSF-stimulated human eosinophils by conditions
microscopic imaging (Figure 2E)
A centrifuge-based lab-on-a-disc system to examine the A cell-based assay examines the IgE [51]
allergic responses of live basophils using acridine orange allergen or the non-IgE-type degranulation
as a fluorescent probe in order to report degranulation in live basophil cells
for allergen testing (Figure 4) With the use of house dust mite protein
and its corresponding IgE, the efficiency
of the lab-on-a-disc system is 80.6%,
comparable to other conventional methods
believe that this trend towards the use of a cell-based  takes a long time to complete the cycle. In this context,
LOAC platform and centrifugal microfluidics will LOAC diagnostic devices have the potential and tool-
continue and more formats will be developed in the set to improve the situation so that the test turnaround
field of allergy testing. time and number of steps can be shortened and reduced,
respectively. This will increase the chance of a successful
Future perspective outcome because therapeutic interventions can be exe-
It is estimated that a traditional medical diagnostic cycle  cuted earlier. The concept of the LOAC is to miniatur-
involves 56 steps [72]. Most of these steps are conven-  ize clinical laboratory tests, integrating them into a tiny
tionally performed by trained personnel using expensive  microfluidic device using a small amount of samples
equipment. However, errors are frequently made and it and expensive reagents. This semiautonomous platform
fsg future science group www.future-science.com 2013
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Figure 4. The basic lab-on-a-disc design for allergy testing. (A) LOAD design and its photograph. (B) Spinning
procedures for sensing. (C) LOAD reader for signal detection. Details are available in [51]. (D) Degree of basophil
degranulation determined by LOAD using the AO released from the KU-812 cells and the DNA from the gluta-
raldehyde-fixed HepG2 cells after the challenge of the KU-812 cells with fMLP (1 uM), ionomycin (1 uM) and PMA

(20 nM) or the medium alone. Dotted line: fMLP; dashed line: ionomycin + PMA; solid line: control (no allergen).

AO: Acridine orange; LOAD: Lab-on-a-disc; fMLP: N-formyl-methionyl-leucyl-phenylalanin; PMA: Phorbol 12-myristate
13-acetate.
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Table 2. Reagents and spinning procedures in lab-on-a-disc for allergy testing.

Procedure’

(C5)

Reagents/spinning conditions

Step 1 The following reagents were loaded into chambers 1-4
(C1-C4):
C1: AO-loaded KU-812 cells (40 x 10° cells/ml, 10 pl)
C2: Phosphate-buffered saline (10 pul)
C3: Medium alone or stimulus (e.g., ionomycin [1 uM] plus
PMA [20 nM] or fMLP [1 pM], 10 pl)
C4: Glutaraldehyde-fixed HepG2 cells (40 x 106 cells/ml, 10 pl)

Step 2 Rotation speed was set at 500 rpm (6 x g) for 20 s.
Acceleration speed was generated from the motor
AO-loaded KU-812 cells in C1 entered the reaction chamber

Glutaraldehyde-fixed HepG2 cells entered the detection
chamber (C6) at 500 rpm (10 x g)

Step 3 Rotation speed was set at 1100 rpm (24 x g) for 20 s
Stimulus and phosphate-buffered saline entered the reaction
chamber (C5)

Step 4 Rotation speed was set at 800 rpm (28 x g) for 20 s, then
200 rpm (2 x g) for 10's
Siphon valve was filled with solution

Step 5 Rotation speed was set at 800 rpm (28 x g) until the end of
the assay
Supernatant in C5 was transferred to C6 in order to label the
DNA of the HepG2 cells
Signals were acquired in a real-time manner at 1-min time
intervals

*Procedures (steps 1-5) correspond to the panels shown in Figure 4B.
AO: Acridine orange; fMLP: N-formyl-methionyl-leucyl-phenylalanine; PMA: Phorbol 12-myristate 13-acetate.

would consist of different modules, such as chambers,
channels, valves and surface properties, in order to pro-
vide answers and solutions for patients in a more timely
and cost-effective manner. However, a number of chal-
lenges still need to be addressed. For example, further
improvement in chip geometries and sensing techniques
are required in order to improve the assay sensitivity and
reliability, with the emphasis on high-throughput, mul-
tiplexed, and yet simple operation platforms for person-
alized medicine. In this regard, LOAD is one potential
solution because all of the steps can be controlled simply
by spinning and it is easy to couple it with some other
components for local heating, magnetic field generation
and wireless data communication. We expect that a sub-

set of the LOAC or LOAD will be widely adopted for its

convenience, reliability and highly adaptable utility in
healthcare and point-of-care systems.
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Executive summary

of allergies.

e The incidence and prevalence of allergic diseases have increased dramatically in recent decades.

¢ |dentifying the IgE and non-IgE-type triggers is a crucial step in allergy prevention and treatment.

e Lab-on-a-chip and lab-on-a-disc systems are emerging as powerful tools for allergy testing.

e Cell-based assays (e.g., the basophil degranulation test) can determine both IgE-mediated and non-IgE types

e Hardware (lab-on-a-chip/lab-on-a-disc) and software (e.g., immunoassay or cell-based assay) developments
will continue to refine and simplify the process of allergy testing.
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