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A B S T R A C T

A simple and easy to handle biosensing technique for in vitro detection of HSA-DNP antigen induced allergen
reactions in patients has been developed through the detection of sensitized basophils expressed with anti-IgE
receptor (FcεRI) by using human serum albumin-dinitrophenol (HSA-DNP) antigen-anchored liquid crystal (LC)
microdroplets emulsion. The radial to bipolar transition in nematic 4-cyano-4′-pentyl biphenyl liquid crystal
molecules (5CB) confined in HSA-DNP antigen anchored LC microdroplets (8.5 pg HSA-DNP/LC microdroplet) is
found to be sensitive in PBS solution in detection of allergen sensitized basophils expressed with a minimum
amount of anti HSA-DNP (anti-IgE) receptor (≥4.5 pg/basophil). The detection of allergen sensitized basophils
was possible within a contact time of 30min in presence of control cells and with 10% solution of human blood
plasma. The HSA-DNP antigen anchored LC microdroplets in presence of macrophages or non-sensitized baso-
phils did not show radial to bipolar transition in 5CB molecules in PBS or solution with 10wt% human blood
plasma. Thus HSA-DNP antigen anchored LC microdroplets biosensor may be used for in vivo detection of stage I
allergen reaction basophils in blood samples.

Introduction

The allergen induced reactions in patients are mostly diagnosed by
clinical history, skin testing, and by detecting the presence of allergen
specific antigen (IgG) in biological fluids. But in patients without clin-
ical history, the sensitive detection of antigen sensitized basophils is
only a method for the diagnosis of allergy in them [1]. Currently, the
accepted test for detection of sensitized basophils is based on detection
of anti-IgE receptor (FcεRI) or CD63 marker, which are over expressed
on antigen sensitized basophils in allergic patients [2]. Since the life of
CD63 marker is found to be very short (∼20min); hence the detection
of sensitized basophils through high affinity anti-IgG receptor (FcεRI) is
found to be more reliable in patients with allergic reactions. The sen-
sitized basophils have high binding affinity to IgG antigen [3] and on
binding cross-linking reactions with IgG antigen they start releasing the
stored or newly formed mediators or effectors molecules such as cyto-
kines (IL-4, IL-6 and IL-13), histamine [4], and chemokines [5]. The
release of these mediators in blood by sensitized basophils on binding
with IgG antigen is considered responsible in showing anaphylaxis in
humans [6,7]. Since basophils are not tissue dwelling cells, hence

mostly they remain in blood or spleen and also able to infiltrate into
inflamed tissue in skin dermatitis or in patient's airways with re-
spiratory allergies [8,9]. The sensitized basophils are always found in
patients suffering with autoimmune diseases such as asthma, rhinitis,
eczema, urticaria, dermatitis, or autoinflammatory disease and in pa-
tients with parasitic infections by helminthes and tapeworms [10].
Clinically, the allergies are diagnosed by skin prick or sera test methods
by detecting the presence of allergen specific antibodies expressed on
sensitized basophils. Though skin prick testing method is considered a
primary option for the detection of allergen-specific IgG antigen in
clinics [11] but serum immunoassaying of IgG antigen is found to be
more sensitive and without side effect to the patients. Similarly, the
antibodies labeling methods such as radio allergosorbent test (RAST)
and enzyme linked immunoassaying (ELISA) test are found to be simple
in immunoassaying of IgG antigen in sera but sensitivity of these
methods is found to be poor in comparison to skin prick testing methods
[11]. The ELISA test based on IgG antigen is also used in detection of
anti-IgG receptor antibody in patients suffering from atopic, non-atopic
dermatitis [12], and chronic urticarial [13]. The sensitivity of ELISA
test in detection of anti-IgG receptor antibody in sera of schistosomiasis
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patients was improved by 62% on removing the interference of IgG
antibodies with protein G immobilized Sepharose beads [14]. The
signal amplification power of immuno-polymerase chain reaction
(IPCR) in combination with ELISA has also been used in detection of
IgG antigen in the sera for a concentration range from 187.5 pg/mL to
12 ng/mL with a lower detection limit of 5.7 pg/mL or sometime 1 fg/
mL [15]. In comparison to other methods such as ELISA, RAST, and
community acquired pneumonia (CAP) systems for the detection of IgG
antigen, the IPCR immunoassaying needs a small volume (0.3 μl) of
human sera for detection of IgG antigen. In addition to ELISA, the flow
cytometry alone [16–19] or in combination with mass spectrometry
[20] has also been used for the detection of sensitized basophils in
whole blood sample without their separation. The real time surface
plasmon resonance (SPR) sensors also found useful in detection of
sensitized basophils in school going children diagnosed with food al-
lergies [21–24] and in patients with allergic reactions [25]. The sen-
sitivity of fluorogenic [26,27] or enzymatic amplification methods
[28–30] in detection of IgG antigen in serum is found to be in between
0.5 and 1 ng/mL. Thus allergic reactions in patients have been mon-
itored either by detection of allergen specific polyvalent IgG antigen in
sera or by detection of anti-IgE receptor (FcεRI) antibody on sensitized
basophils by using ELISA, flow cytometry, surface plasmon resonance,
and fluorogenic methods. But these methods are found to be either time
consuming or costly in recording their response to sensitized basophils.
At the same times many of these methods are not used for the detection
of HSA-DNP antigen induced basophils expressed with anti-HSA-DNP
(IgE) receptor. Recently in various studies, the long range orientation
order of liquid crystal molecules has been used successfully to develop
biosensors for label free detection of proteins and cancer-specific anti-
gens using interfacial events at solids [31] or water–liquid crystal in-
terfaces [32]. In comparison to layered liquid crystal molecules at in-
terface, the confined liquid crystal molecules as microdroplets have
shown high sensitivity in detection of interfacial events involving in-
teractions with chemicals [33,34] or viruses [35]. The fabrication and
handling of liquid crystal based biosensor is very easy and economical
in comparison to other methods of detection of protein and metal ions.
The LC microdroplets emulsion is able to generate optical signal by the
orientation transition from bipolar to radial or vice versa in 5CB mo-
lecules on interactions with antigen in solution, which can be detected
by using simple polarized light microscope. Thus considering the op-
tical properties of 5CB liquid crystal molecules, we have developed
biosensors for naked eye detection of cancer cells [36] and antigens
[37]. The literature survey has indicated that so far no report is avail-
able for in vitro detection of HSA-DNP antigen sensitized basophils by
using LC microdroplets emulsion anchored with HSA-DNP antigen.
Therefore, in these studies an effort has been made to develop a bio-
sensor based on optical properties of LC microdroplets as a tool for in
vitro detection of HSA-DNP antigen sensitized basophils in PBS solution
and in presence of human blood plasma without any interference from
blood IgG antibodies.

Experimental section

Materials and methods

Poly(styrene-b-acrylic acid) (PS-b-PA) (Mw, 8000 gmol−1), 98%
nematic 4-cyano-4′-pentyl biphenyl liquid crystal (5CB) (Mw, 249.15
gmol-1, m.p. 24 °C), 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide
hydrochloride (EDC) (Mw, 155.25 gmol−1), N-hydroxysuccinimide
(NHS) (Mw, 115.09 gmol−1), sodium dodecyl sulfate (SDS) (Mw,
288.38 gmol−1), folic acid (FA) (Mw, 441.40 gmol−1), human serum
albumin dinitrophenol (HSA-DNP) antigen (Mw, 66 kDa), and o-
phthalaldehyde were purchased from Sigma-Aldrich Chemical
Company, USA and used as received. The macrophages (Oral squamous
cells) and basophils were purchased from Korean cells bank. The α-
minimum essential medium (α-MEM) (Gibco BRL, Grand Island, NY,

USA) supplemented with 10% fetal bovine serum (FBS; Gibco), 1.0%
penicillin G-streptomycin was used to culture macrophages at 37 °C
under 5% CO2 atmosphere. Basophils were cultured for 24 h in com-
plete RPMI-1640 culture medium containing 2mM L-glutamine and
25mM Hepes (Biochrom), 10% heat-inactivated fetal calf serum (FCS)
(Seromed) and antibiotics (100 IU/mL penicillin, 100 μg/mL strepto-
mycin) and cells were used after 4–8 passages throughout the study.
One day before the experiment for sensitization, the basophils were
harvested using trypsin solution and then sensitized with HSA-DNP
antigen to produce anti-IgE receptors at their surfaces [25]. To record
optical micrographs, the glass bottom dish cultured basophils were
stimulated by adding 50 ng/mL HSA-DNP antigen and fixed with 4%
paraformaldehyde for 15min. Following two times washes, the cells
were treated with phosphate-buffered saline (PBS) solution containing
0.1% Triton X-100 and 5% bovine serum albumin for 30min. All
measurements were carried out in PBS solution (0.01M phosphate
buffer, 0.0027M potassium chloride, and 0.137M sodium chloride) at
pH 7.4. The UV–vis spectra were recorded using double beam spec-
trophotometer (Jasco-650, UV–vis spectrophotometer, USA). The size
distribution of LC microdroplets was determined using optical micro-
scope (Nikon Eclipse TS100, Japan) and particle size analyzer
(Beckman coulter, N/LS-1332, USA). The optical and polarized light
micrographs of LC microdroplets were recorded using Olympus IX 71
inverted fluorescence microscope in cross-polarization and transmis-
sion modes. The upright fluorescence microscope (Olympus BX61,
Olympus America Inc., USA) with fluorescent filter tube above the
objective lenses coupled with digital camera was used to record FITC
fluorescence (λEx, 519 nm) images of LC microdroplets to confirm the
conjugation of HSA-DNP antigen on LC microdroplets. The ultrapure
water was prepared using Milli-Q system and used in experimental
work. The HSA-DNP antigen and HSA-DNP-FITC conjugate anchored LC
microdroplets were synthesized by anchoring HSA-DNP antigen and
HSA-DNP-FITC conjugate on LC microdroplets after using EDC and NHS
as activators.

Preparation of LC microdroplets

To prepare LC microdroplets emulsion, 10mg (1.4 μmol) of PS-b-PA
block copolymer was added to a 100mL round bottom flask containing
10mL PBS solution and 10mg (35 μmol) of sodium dodecyl sulfate
(SDS). The mixture was magnetically stirred for about 30min at
1100 rpm to obtain a homogeneous solution of SDS with amphiphilic
PS-b-PA block copolymer. In homogeneous solution of PS-b-PA block
copolymer and SDS surfactant, 50mg (200 μmol) of 98% nematic 4-
cyano-4′-pentyl biphenyl liquid crystal molecules (5CB) were added
drop-wisely. The mixture so obtained was stirred continuously at
11,000 rpm for about 24 h to obtain a homogeneous dispersion of LC
microdroplets. The resultant homogeneous dispersion of LC micro-
droplets was centrifuged at 800 rpm in PBS solution (pH 7.4) to sepa-
rate out LC microdroplets from unused 5CB, SDS, and PS-b-PA block
copolymer. After removing the supernatant having small-sized LC mi-
crodroplets (< 10 μm diameter), the centrifuged LC microdroplets were
dispersed in PBS solution and centrifuged again to collect size-selected
samples of LC microdroplets. These LC microdroplets were preserved in
PBS solution for anchoring HSA-DNP antigen and to study their inter-
actions with HSA-DNP antigen sensitized basophils in PBS solution. The
size distribution of LC microdroplets was determined using optical
microscope (Nikon Eclipse TS100, Japan) and particle size analyzer
(Beckman coulter, N/LS-1332, USA). To confirm the orientational state
of 5CB molecules in LC microdroplets, the polarized light micrographs
of LC microdroplets were recorded using Olympus IX 71 inverted
fluorescence microscope, which was able to operate in cross-polariza-
tion and transmission modes.
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Anchoring of HSA-DNP antigen on LC microdroplets

To synthesize HSA-DNP antigen anchored LC microdroplets, the
carboxylic groups of polyacrylic acid blocks in amphiphilic block co-
polymer (PS-b-PA) in LC microdroplets were activated by taking 1.0 mL
LC microdroplets emulsion (1×104 microdroplets/mL) having average
microdroplet size of 27 ± 2 μm in a round bottom flask containing
10mL PBS solution. To this solution, 100mg (320 μmol) of NHS and
100mg (870 μmol) of EDC was added and solution was kept for 1 h in
dark at 5 °C. To this solution, 100 ng of HSA-DNP antigen was added
under stirring and left for overnight at 5 °C. The resultant mixture was
dialyzed using regenerated cellulose nitrate membranes (MWCO,
12 kDa) to remove unused EDC, NHS, HSA-DNP antigen, and other
impurities. Finally, HSA-DNP antigen anchored LC microdroplets were
washed with PBS till pH 7.2 and preserved in PBS solution (5.0×104

microdroplets/mL) for sensing experiments with sensitized basophils.
The anchored amount of HSA-DNP antigen on LC microdroplets was
determined by analyzing the solution for remaining amount of HSA-
DNP antigen at 360 nm (Bradford method) using calibration curve,
which was drawn using standard dilute solutions of HSA-DNP antigen.
The anchoring of HSA-DNP antigen on LC microdroplets was found to
be ∼85% (8.5 pg HSA-DNP antigen/LC microdroplet).

Anchoring of HSA-DNP-FITC conjugate on LC microdroplets

To confirm the anchoring of HSA-DNP antigen on LC microdroplets,
first of all HSA-DNP-FITC conjugate was prepared. The HSA-DNP-FITC
conjugate was prepared by drop-wise addition of 10mL PBS solution
containing 0.1 μg (0.1 μmol) of HSA-DNP antigen to a 100mL round
bottom flask containing 100mg each of EDC and NHS dissolved in
10mL PBS solution to activate the carboxyl groups of HSA-DNP an-
tigen. After 2 h, a freshly prepared 10mL solution of FITC (0.5 μg) in
dimethyl sulfoxide was added and mixture was left in dark at 5 °C. After
8 h, the reaction mixture was dialyzed using regenerated cellulose
acetate membranes (MWCO, 14 kDa) and PBS solution. Finally, HSA-
DNP-FITC conjugate was washed with PBS solution and lyophilized to
obtain a powdery white solid. The conjugation of FITC with HSA-DNP
antigen was confirmed by recording UV–vis spectra of HSA-DNP an-
tigen, FITC, and HSA-DNP-FITC conjugate using UV–vis spectro-
photometer. To anchor HSA-DNP-FITC conjugate on LC microdroplets,
a 10mL PBS solution containing 100 ng of HSA-DNP-FITC conjugate
was added to a 100mL round bottom flask containing 1.0mL LC mi-
crodroplets (1× 104 microdroplets/mL) and activating agents (EDC
and NHS, 100mg each). The mixture of HSA-DNP-FITC and LC mi-
crodroplets was centrifuged at 8000 rpm for 10min. The mixture was
left in dark at 5 °C and after 8 h, the supernatant was removed. The
HSA-DNP-FITC conjugate anchored LC microdroplets were washed with
PBS solution to remove unused HSA-DNP-FITC, EDC and NHS. The
anchoring of HSA-DNP-FITC conjugate was confirmed by recording
green fluorescent images of HSA-DNP-FITC conjugated LC micro-
droplets (λEX, 519 nm) using upright fluorescence microscope
(Olympus BX61, Olympus America Inc., USA) with fluorescent filter
tube above the objective lenses coupled with a digital camera. The
anchoring of HSA-DNP-FITC conjugate on LC microdroplets was found
to be around 72% (i.e., 7.2 pg HSA-DNP-FITC/LC microdroplet). The
orientation state of 5CB molecules in HSA-DNP-FITC conjugated LC
microdroplets was determined by recording polarized light micro-
graphs of LC microdroplets using Olympus IX 71 inverted fluorescence
microscope, which was able to operate in cross-polarization and
transmission modes.

Detection of basophils by HSA-DNP antigen anchored LC microdroplets

The detection of sensitized basophils has been carried out under
different experimental conditions to confirm the selectivity of HSA-DNP
antigen anchored LC microdroplets for allergen sensitized basophils

expressed with anti-IgG-receptor.

Detection of sensitized basophils in absence of control cells

To evaluate the optical sensitivity of HSA-DNP antigen anchored LC
microdroplets in detection of allergen sensitized basophils, first of all
basophils were cultured for 4–6 passages and then sensitized by seeding
1.0 mL basophils (1× 104 basophils/mL) with 100 ng HSA-DNP an-
tigen for 2 h in incubator at 37 °C in presence of 5% CO2. The sensitized
basophils were washed with PBS solution to remove unused HSA-DNP
antigen and other impurities. The analysis has indicated for 90% con-
sumption of HSA-DNP antigen in stimulation of 1× 104 basophils (i.e.,
4.5 pg of HSA-DNP antigen was used per basophil). Thus considering
the amount of HSA-DNP antigen used in stimulation of basophils, each
basophil was expressed with ∼4.5 pg of anti-IgE receptor to interact
with HSA-DNP antigen anchored LC microdroplets. This results has also
supported 1:1 mass stoichiometry between receptor and antigen. For
detection of sensitized basophils, 1 mL solution of PBS containing LC
microdroplets (1× 104 microdroplets/mL) anchored with HSA-DNP
antigen was added in a culture dish containing 1.0 mL sensitized ba-
sophils (1× 104 basophils/mL). The dish was incubated for 30min at
30 °C in presence of 5% CO2.Parallel control experiments were also
performed by adding HSA-DNP antigen anchored LC microdroplets
(1× 104 microdroplets/mL) in culture dishes having either macro-
phages or non-sensitized basophils and after the optimized contact time
of 30min, the optical and polarized light micrographs of incubated
HSA-DNP antigen anchored LC microdroplets were recorded to visua-
lize the contact of incubated cells with HSA-DNP antigen anchored LC
microdroplets and to analyze the effect of their contacts on orienta-
tional state of 5CB molecules in HSA-DNP antigen anchored LC mi-
crodroplets.

Detection of sensitized basophils in presence of control cells

For selective detection of anti-IgE receptor bearing basophils by
HSA-DNP antigen anchored LC microdroplets, the sensitized basophils
were co-cultured with macrophages or non-sensitized basophils in
culture dish and allowed to interact with HSA-DNP antigen anchored
LC microdroplets. To carry out the selective detection of sensitized
basophils, the sensitized basophils and methylene blue stained macro-
phages were mixed in equal cells density (5×103 cells/mL). The
macrophages were stained using 10% methylene blue for 30min at
37 °C and this staining of macrophages was found to be useful to make
their contacts distinct with HSA-DNP antigen anchored LC micro-
droplets in presence of sensitized basophils. The density of sensitized
basophils and methylene blue stained macrophages was determined
using hemocytometer. The sensitized basophils mixed with methylene
blue stained macrophages were seeded for 2 h at 37 °C in presence of
5% CO2 in α-DMEM medium containing 10% FBS and 1% penicillin-
streptomycin. After incubating sensitized basophils and methylene blue
stained macrophages for 2 h, the culture dish was washed with PBS
solution to wash out the residual medium and unattached cells from
culture dish. To carry out the selective detection of basophils, 1.0 mL
PBS solution containing HSA-DNP antigen anchored LC microdroplets
(1× 104 microdroplets/mL) was added into culture dish containing
sensitized basophils, and methylene blue stained macrophages, and
then HSA-DNP antigen anchored LC microdroplets were allowed to
contact for 30min. After 30min, the optical and polarized light mi-
crographs were recorded to visualize the contact of basophils with HSA-
DNP antigen anchored LC microdroplets and to analyze the effect of
interactions of anti-IgG receptor bearing basophils on orientation state
of 5CB molecules in HSA-DNP antigen anchored LC microdroplets.
Blank experiments were also carried out by adding 1.0mL of HSA-DNP
antigen anchored LC microdroplets (1× 104 microdroplets/mL) in a
dish seeded with macrophages alone or macrophages with non-sensi-
tized basophils. To simulate in vivo detection of basophils by HSA-DNP
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antigen anchored LC microdroplets in real system, the optical response
of HSA-DNP antigen anchored LC microdroplets was also studied in
presence of 10% blood plasma solution. The optical and polarized light
micrographs of HSA-DNP antigen anchored LC microdroplets recorded
in presence of basophils co-cultured with macrophages in 10% blood
plasma were used to compare with micrographs of basophils co-cul-
tured with macrophages in presence of PBS.

Results and discussion

Human basophils are important tools for the detection of allergic
reactions in patients as they release a variety of mediators e.g., hista-
mine, leukotriene on interactions with allergens. Though sensitized
basophils have been detected by various methods such as; flow cyto-
metry [16–19] and enzyme based [28–30] methods but in vitro detec-
tion of sensitized basophils is usually not possible with these methods.
Currently, liquid crystal based methods have been used successfully in
detection and assaying of various chemicals [31–37], viruses [38], and
cancer cells [39–41] by recording optical signals shown by liquid
crystal molecules at solids [42–45] and liquid-water interfaces [46–48].
These studies have provided a basis to develop antigen anchored LC
microdroplets emulsion for detection of sensitized basophils through
visibly seen radial to bipolar optical transitions in 5CB molecules in LC
microdroplets (Scheme 1). The 5CB molecules in nanosized LC micro-
droplets are quite sensitive for detection of antigen-antibody interac-
tions by showing radial to bipolar or vice versa transitions [46–48].

Thus considering the importance of 5CB molecules in detection of
sensitized basophils in allergen reactions, the HSA-DNP antigen an-
chored LC microdroplets have been developed and used after char-
acterization as a optical sensor for detection of sensitized (Scheme 1a)
and non-sensitized basophils or macrophages (Scheme 1b) in PBS so-
lution.

Characterization of LC microdroplets

The LC microdroplets, which were prepared by using a constant
amount of 5CB liquid crystal molecules (50mg, 200 μmol), PS-b-PA
block copolymer (10mg, 1.4 μmol) and SDS surfactant (10mg,
35 μmol) in PBS solution, were found to be with radial configuration as
confirmed from their polarized light micrographs (Fig. 1b). This has
indicated that 5CB molecules were able to stabilize initially in radial
orientations in prepared LC microdroplets having fixed size distribu-
tions (Fig. 1b).

The size distribution of LC microdroplets was determined by par-
ticle size analyzer (Beckman coulter, N5/LS-13320, USA), which in-
dicated a maxima in size distribution curve of LC microdroplets at
27 ± 2 μm (Fig. 2). The bright field micrographs of LC microdroplets
recorded with Olympus IX 71 inverted fluorescence microscope have
also supported the average size distribution of LC microdroplets
(Fig. 1a) as determined by particle size analyzer.

Anchoring of HSA-DNP antigen on LC microdroplets

To introduce anti-IgG receptor sensitivity in LC microdroplets for
the detection of sensitized basophils, first of all prepared LC micro-
droplets were anchored with HSA-DNP antigen. To anchor the HSA-
DNP antigen on LC microdroplets, 100 ng HSA-DNP antigen was used to
react with LC microdroplets (1× 104droplets/mL) in PBS solution
having EDC and NHS as activating agents to activate carboxylic acid
groups of acrylic acid of PS-b-PA block copolymer in LC microdroplets.
The analysis has indicated that ∼85% HSA-DNP antigen was anchored
on LC microdroplets. The amount of antigen anchored on LC micro-
droplets was determined by analyzing spectrophotometrically the re-
maining amount of HSA-DNP antigen in solution at 360 nm and using
calibration curve, which was drawn by using diluted standard solutions
of HSA-DNP antigen as per Bradford method [37]. To analyze the effect
of anchoring of HSA-DNP antigen on orientational state of 5CB mole-
cules in LC microdroplets, the polarized light micrographs of HSA-DNP
anchored LC microdroplets were recorded using inverted fluorescence
microscope operating both in polarization and transmission modes. To
get an average view of orientation state of 5CB molecules in LC mi-
crodroplets, the micrographs of LC microdroplets were recorded at 3–4
places of culture dish.

The polarized light micrographs of HSA-DNP antigen anchored LC
microdroplets have shown radial orientation of 5CB molecules (Fig. 3b)
as was found in pristine LC microdroplets (Fig. 1b).

On anchoring of HSA-DNP antigen no significant size variation in LC
microdroplets was observed as confirmed from optical micrographs
(Figs. 1a and 3a).

Synthesis of FITC-conjugated HSA-DNP antigen

To confirm the anchoring of HSA-DNP antigen on LC microdroplets,
the HSA-DNP antigen was conjugated with FITC before it was anchored
on LC microdroplets. For this purpose, 100 ng of HSA-DNP antigen was
conjugated with FITC (500 ng), which was activated by using 100mg

Scheme 1. Orientational variation in HSA-DNP antigen anchored LC microdroplets on interactions with sensitized basophils (a) and non-sensitized basophils (b).

H. Shin et al. Analytical Biochemistry 558 (2018) 1–11

4



each of EDC and NHS in PBS solution. The formation of HSA-DNP-FITC
conjugate was confirmed by analyzing its UV–vis spectrum (Fig. 4). The
appearance of absorption peak at 495 nm in UV–vis spectra of HSA-
DNP-FITC conjugate has confirmed the formation of FITC anchored
HSA-DNP antigen. The formation of HSA-DNP-FITC conjugate has
shown a blue shift in comparison to absorption band of pure FITC
(Fig. 4). After confirming the formation of FITC conjugate with HSA-
DNP antigen, 50 ng of HSA-DNP-FITC conjugate was used for anchoring
on LC microdroplets (1× 104 microdroplets/mL) in PBS solution.

To confirm the anchoring of HSA-DNP-FITC conjugate on LC mi-
crodroplets, the fluorescent microscopic images of HSA-DNP-FITC
conjugated LC microdroplets were recorded using excitation and
emission wavelengths as 492 nm (λEx) and 515 nm (λEm) respectively.
To confirm the orientation state of 5CB molecules in HSA-DNP-FITC
conjugated LC microdroplets, the polarized light micrographs were
recorded (Fig. 5).The polarized light micrographs of HSA-DNP-FITC
conjugated LC microdroplets have shown radial state of 5CB molecules
(Fig. 5a), as was observed with pristine LC microdroplets (Fig. 1b),

Fig. 1. Optical (a) and polarized light (b) micrographs of pristine LC microdroplets.

Fig. 2. Size distribution curve of LC microdroplets in PBS solution.

Fig. 3. Optical (a) and polarized light (b) micrographs showing orientational state of 5CB molecules in LC microdroplets after conjugated with HSA-DNP antigen.

Fig. 4. UV–vis spectra of FITC, HSA-DNP, and HSA-DNP-FITC conjugate.

H. Shin et al. Analytical Biochemistry 558 (2018) 1–11

5



which clearly indicated that the interactions forces of HSA-DNP-FITC
conjugate was not sufficient to bring any orientational transition in 5CB
molecules; hence, the 5CB molecules remained in radial state as they
were in pristine LC microdroplets. The green fluorescent image of HSA-
DNP-FITC conjugated LC microdroplets has further confirmed the an-
choring of HSA-DNP-FITC conjugate on LC microdroplets (Fig. 5b).

These results have clearly indicated that the interaction forces of
HSA-DNP antigen and its FITC conjugate were very weak at the inter-
face of LC microdroplets and not sufficient to cause orientational
transition in 5CB molecules in LC microdroplets.

In vitro detection of basophils using antigen anchored LC microdroplets

The presence of anti-IgE receptor antibody on sensitized basophils
in allergic reactions is highly useful for their detection by recording
optical transition in 5CB molecules confined in HSA-DNP antigen an-
chored LC microdroplets. To confirm the importance of anti-IgE re-
ceptor in in vitro detection of basophils by HSA-DNP antigen anchored
LC microdroplets, first of all sensitized basophils expressed with dif-
ferent amounts of anti-IgE receptor were obtained by sensitizing baso-
phils in PBS solution taking different amounts of HSA-DNP antigen
ranging from 0 to 50 ng/mL. After sensitization, the anti-IgE receptor
bearing basophils were allowed to interact at 30° C for 30min with LC
microdroplets (1× 104 microdroplets), which were conjugated with
100 ng/mL of HSA-DNP antigen (8.5 pg HSA-DNP antigen/micro-
droplet). To determine the optical response of HSA-DNP antigen an-
chored LC microdroplets for basophils with different amounts of anti-
IgE receptor, the bright fields and polarized light micrographs of LC
microdroplets were recorded after seeding for 30min at 30 °C in a dish
along with basophils (Fig. 6a and b). The optical light micrographs
recorded for basophils sensitized with 50 ng/mL of HSA-DNP antigen
(i.e., basophil expressed with 4.5 pg of anti-IgE-receptor/basophil) have
indicated that one basophil was contacting with LC microdroplet as
marked with red circle (Fig. 6a) and contacting basophil was able to
induce orientational transition in 5CB molecules in LC microdroplet as
indicated by red circle in its polarized light micrograph (Fig. 6b). But on
using basophils sensitized with 0 ng/mL of HSA-DNP antigen (i.e., ba-
sophils without anti-IgE receptor) and recording their optical and po-
larized light micrographs, it was clear that there was a contact of ba-
sophil with LC microdroplet as shown with red circle in its optical light
micrograph (Fig. 6c) but this contacting LC microdroplet was found to
be with radial orientational as shown with a red circle in its polarized
light micrograph (Fig. 6d).

This has clearly indicated that LC microdroplet, which was con-
tacting with basophil sensitized with 50 ng/mL of HSA-DNP antigen
(i.e., basophil expressed with 4.5 pg of anti-IgE receptor/basophil) was

able to show orientational transitions in 5CB molecules from radial to
bipolar (Fig. 6b). These basophils were having sufficient density of anti-
IgE receptors on their surfaces (4.5 pg of anti-IgE receptor/basophil),
which was able to cause enhanced interactions with HSA-DNP antigen
anchored LC microdroplets and were able to cause efficient interactions
to show orientational transition in 5CB molecules in contacting LC
microdroplet. In other case, the interactions of basophils (Fig. 6c)
sensitized with 0 ng/mL of HSA-DNP antigen was poor and was not able
to show orientational transition in 5CB molecules in LC microdroplets.
These basophils were not having anti-IgE receptor on their surfaces,
hence their interaction forces with HSA-DNP antigen anchored LC mi-
crodroplets were not sufficient to cause orientational transition in 5CB
molecules in LC microdroplets (Fig. 6d). These results have suggested
that LC microdroplets anchored with 100 ng/mL amount of HSA-DNP
antigen (8.5 pg HSA-DNP antigen/LC microdroplet) could be used for
the detection of basophils sensitized with ≥50 ng/mL of HSA-DNP
antigen. The basophils sensitized with ≥50 ng/mL of HSA-DNP antigen
were expressed with sufficient amount of anti-IgE receptor (i.e., ex-
pressed with 4.5 pg of anti-IgE receptor/basophil) on their surfaces;
otherwise their interactions with LC microdroplets would have been
poor to cause orientation transition in 5CB molecules in LC micro-
droplets (Fig. 6d).

Detection of sensitized basophils and macrophages

To evaluate the selectivity of HSA-DNP antigen anchored LC mi-
crodroplets in detection of sensitized basophils, the detection of sensi-
tized basophils by HSA-DNP antigen anchored LC microdroplets has
been carried out in presence of macrophages. To carry out these de-
tections of sensitized basophils by LC microdroplets, the macrophages
and basophils were seeded at 30 °C in separate culture dishes and after
washing the seeded cells with PBS solution, 1.0mL of HSA-DNP antigen
anchored LC microdroplets emulsion (1×104 microdroplets/mL) was
added. After a contact time of 30min, the optical and polarized light
micrographs were recorded at 3–4 places of the culture dishes to get an
average view of contacting HSA-DNP antigen anchored LC micro-
droplets with seeded basophils or macrophages (Fig. 7). The optical
micrographs of basophils (Fig. 7a) and macrophages (Fig. 7c) in culture
dish have indicated that one basophil was contacting with LC micro-
droplet as shown by red circle (Fig. 7a) and three macrophages also
became successful in making contacts with LC microdroplets as shown
by red circles (Fig. 7c). But the orientation state of 5CB molecules in LC
microdroplets after interactions with macrophages remained in radial
state (Fig. 7d) in comparison to LC microdroplet, which was contacting
with basophil (Fig. 7a) and shown orientation transition from radial to
bipolar in 5CB molecules as shown by red circle (Fig. 7b).

Fig. 5. Polarized light (a), and fluorescent microscope (b) images of HSA-DNP-FITC conjugated LC microdroplets.
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Though LC microdroplets anchored with HSA-DNP antigen (8.5 pg
HSA-DNP antigen/microdroplet) were allowed to interact equally for a
contact time of 30min but contacting macrophages were not able to
cause any orientational transition in 5CB molecules confined in LC
microdroplets due to the absence of anti-IgE receptor on their surfaces
in comparison to sensitized basophils, which were sufficiently

expressed with anti-IgE receptor (4.5 pg anti-IgE receptor/basophil) to
interact with HSA-DNP antigen anchored LC microdroplet and to pro-
duce sufficient interaction forces to cause orientational transition in 5
CB molecules. These results have suggested that HSA-DNP antigen an-
chored LC microdroplets were sensitive in detection of those basophils,
which were expressed sufficiently with anti-IgE receptor but remained

Fig. 6. Optical (a, c) and polarized light (b, d) micrographs showing orientational transitions in HSA-DNP anchored LC microdroplets on contacting with basophils
sensitized with 50 ng/mL (a, b) and 0 ng/mL (c, d) of HSA-DNP antigen for a contact time of 30min.

Fig. 7. Optical (a, c) and polarized light (b, d) micrographs of LC microdroplets seeded with basophils (a, b) and macrophages (c, d) in PBS with 1× 104/mL of LC
microdroplets for a contact time of 30min.
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insensitive to cells without anti-IgE receptor such as macrophages or
un-sensitized basophils.

Selective detection of basophils co-cultured with control cells

To evaluate the selectivity of LC microdroplets for sensitized baso-
phils in complex environment, the detection of sensitized basophils has
been carried out in presence of control cells such as; non-sensitized
basophils or macrophages. The sensitized basophils and methylene blue
stained control cells (each 5×103 cells/mL) were cultured together in
a dish in presence of 5% CΟ2 at 37 °C in α-DMEM medium. After co-
culturing these cells for 24 h, the culture dish was washed with PBS
solution. After removing free cells from the culture dish, 1.0 mL PBS
solution containing HSA-DNP antigen anchored LC microdroplets
(1× 104 microdroplets/mL) was added gently. After contacting for
30min, the optical and polarized light micrographs were recorded to
visualize the contacts of seeded cells with HSA-DNP antigen anchored
LC microdroplets and to analyze the effect of interactions of seeded cells
on orientational state of 5CB molecules in HSA-DNP antigen anchored
LC microdroplets. The optical micrograph has indicated that a non-
sensitized cell marked as 1 by red circle was able to contact with LC
microdroplet (Fig. 8a1) but it could not cause orientational transition in
5CB molecules in LC microdroplet as indicated by its polarized light
micrograph (Fig. 8 b1). The orientation state of 5CB molecules in LC
microdroplet remained in radial state as similar to pristine LC micro-
droplets (Fig. 1b) as shown by magnified subset in Fig. 8b.

On the other hand, the contacts of HSA-DNP anchored LC micro-
droplets with sensitized basophils marked as 2, 3, 4 by red circles in
their optical micrograph (Fig. 8a 2, 3, 4) found to be effective in causing
orientational transition from radial to bipolar in 5CB molecules in LC
microdroplets as indicated by red circles in their polarized light mi-
crograph (Fig. 8 b 2, 3, 4), which was recorded to visualize the optical
state of LC microdroplets on interactions with seeded sensitized and
macrophages. This has clearly indicated that the interactions of HSA-
DNP antigen anchored LC microdroplets were quite selective and sen-
sitive in showing orientational transition in 5CB molecules on con-
tacting with sensitized basophils, which were expressed sufficiently
with anti-IgE receptors at their surfaces; otherwise the interactions of
HSA-DNP antigen anchored LC microdroplets remained insensitive as
found on interaction with non-sensitized basophils (Fig. 8 b1). Similar
to non-sensitized basophils, the selectivity of HSA-DNP antigen an-
chored LC microdroplets for sensitized basophils was also determined in
presence of macrophages by co-culturing sensitized basophils along
with macrophages at same cell density (5×103 cells/mL). The detec-
tion of sensitized basophils in presence of macrophages was carried out
by adding 1mL of PBS solution containing HSA-DNP antigen anchored
LC microdroplets (1× 104microdroplets/mL) in a culture dish. After
seeding for 30min, the optical and polarized light micrographs were
recorded (Fig. 9) to confirm the contacts of macrophages with HSA-
DNP antigen anchored LC microdroplets and to analyze the effect of
their interactions on orientational state of 5 CB molecules in contacting

LC microdroplets. The red circle 1 as shown in optical micrograph
(Fig. 9 a1) has indicated that a HSA-DNP antigen anchored LC micro-
droplet was contacting with a macrophage cell but this contact of
macrophage cell with HSA-DNP antigen anchored LC microdroplet did
not cause any orientational change in 5CB molecules, hence 5CB mo-
lecules in LC microdroplet remained in pristine radial configuration as
shown by red circle 1 in polarized light micrograph (Fig. 9 b 1). On the
other hand, the contacts of HSA-DNP antigen anchored LC micro-
droplets with sensitized basophils as shown by red circles 2 and 3 in
optical micrograph (Fig. 9a 2, 3) have caused orientational transition
from radial to bipolar in 5CB molecules in LC microdroplets as shown
by red circles 2 and 3 in polarized light micrograph (Fig. 9 b 2, 3) and
by attached magnified subsets.

This has clearly suggested that HSA-DNP antigen anchored LC mi-
crodroplets were only interacting effectively with sensitized basophils
and interaction force between HSA-DNP antigen anchored LC micro-
droplet and anti-IgE receptor expressed on sensitized basophils were
sufficiently enough to cause orientational transition in 5CB molecules
in LC microdroplets (Fig. 9 b 2, 3). The interaction forces produced by
the contacts of macrophage cell (Fig. 9 a1) with HSA-DNP antigen
anchored LC microdroplets were weak and could not cause orienta-
tional transition in 5CB molecules in LC microdroplets. These results
have suggested that HSA-DNP antigen anchored LC microdroplets were
able to interact selectively with sensitized basophils and were able to
show optical transition in 5CB molecules in presence of macrophages as
they were able to detect sensitized basophils in presence of non-sensi-
tized basophils (Fig. 8). The macrophages were similar to non-sensi-
tized basophils as both were lacking detectable anti-IgE receptor at
their surface, hence their interactions with HSA-DNP antigen anchored
LC microdroplets were ineffective to cause orientation transition in 5CB
molecules.

Detection of sensitized basophils by HSA-DNP anchored LC microdroplets in
PBS solution containing human blood plasma

To simulate the selectivity and response time of HSA-DNP antigen
anchored LC microdroplets in detection of sensitized basophils in real
system, the selective detection of sensitized basophils (4.5 pg anti-IgE
receptor/basophil) by LC microdroplets (8.5 pg HSA-DNP antigen/LC
microdroplet) has been carried in PBS solution containing 10% blood
plasma and macrophages. To carry out the detection of basophils,
1.0 mL solution of PBS solution containing HSA-DNP antigen anchored
LC microdroplets (1× 104 microdroplets/mL) was added in a culture
dish containing basophils and methylene blue stained macrophages in
PBS solution containing 10% human blood plasma. The HSA-DNP an-
tigen anchored LC microdroplets were allowed to interact with seeded
cells for different time intervals at 30 °C and then optical and polarized
light micrographs were recorded (Fig. 10).

The optical light micrographs of HSA-DNP antigen anchored LC
microdroplets for contacting basophils as marked by red circle 2
(Fig. 10 a 2) or contacting macrophages as marked by red circles 1 and

Fig. 8. Optical (a) and polarized light (b) mi-
crographs of HSA-DNP anchored LC micro-
droplets on contacting for 30min with co-cul-
tured basophils sensitized with 50 ng/mL
(white) and 0 ng/mL (blue) of anti-IgE receptor.
(For interpretation of the references to colour in
this figure legend, the reader is referred to the
Web version of this article.)
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3 (Fig. 10a 1, 3) have indicated that sensitized basophils co-cultured
with macrophages in PBS solution containing 10% human blood plasma
were able to show orientation transition in 5CB molecules but at a
delayed contact time of 40min (Fig. 10 b 2). On the other hand, the
contacting macrophages cells (Fig. 10a 1, 3) remained ineffective in
causing any orientation transition in 5CB molecules in HSA-DNP an-
tigen anchored LC microdroplets at 40min (Fig. 10 b 1, 3) and even
could not cause orientation transition in HSA-DNP antigen anchored LC
microdroplets on keeping the macrophages in contact for 24 h. These
results have suggested that HSA-DNP antigen anchored LC micro-
droplets also remained selective in detection of sensitized basophils in
presence of macrophages in PBS solution containing 10% human blood
plasma as they were selective in PBS solution except variation in re-
sponse time from 30min to 40min in detection of sensitized basophils
in 10% human blood plasma. This variation in contact time from
30min to 40min might be due to the interference from human blood
plasma proteins that reduced the migration of sensitized basophils.
These results have suggested that HAS-DNP anchored LC microdroplets
can be used in detection of allergen sensitized basophils in biological
fluids without any interference from macrophages or plasma proteins.
The characteristics of prepared HAS-DNP antigen anchored LC micro-
droplets biosensor are summarized in Table 1.

Conclusions

The HSA-DNP antigen anchored LC microdroplets with radial or-
ientation of 5CB molecules have been prepared successfully using PS-b-
PA block copolymer and SDS surfactant as surface modifiers. The pre-
pared LC microdroplets were characterized successfully for their size
distributions by particle size analyzer, which shown maxima at
∼27 μm. The LC microdroplets anchored with sufficient amount of
HSA-DNP antigen (8.5 pg HSA-DNP antigen/LC microdroplet) were
able to detect allergen sensitized basophils expressed with detectable
amount of anti-IgE receptor (4.5 pg anti-IgE receptor/basophil) both in

PBS solution and in presence of 10% human blood plasma proteins.
Though detection of anti-IgE receptor by HSA-DNP antigen anchored
LC microdroplets is quite comparable to other methods [20] but they
were found capable in detection of sensitized basophils within a contact
time of 30min. The selective interactions of HSA-DNP antigen anchored
LC microdroplets with sensitized basophils have produced naked eye
detectable optical signal by showing radial to bipolar transition in 5CB
molecules in LC microdroplets. The basophils expressed with minimum
amount of anti-IgE receptor (≥2.5 pg) at their surfaces were able to
cause orientation transition in 5CB molecules in prepared HSA-DNP
antigen anchored LC microdroplets through antigen-antibody interac-
tions. The HSA-DNP antigen anchored LC microdroplets remained in-
sensitive to basophils, which were expressed poorly with anti-IgE re-
ceptor (< 2.5 pg of anti-IgE receptor/basophil) or to non-sensitized
basophils in PBS solution. The HSA-DNP antigen anchored LC micro-
droplets retained selectivity in detection of sensitized basophils in
presence of macrophages or in presence of non-sensitized basophils in
BPS solution as well as in presence of 10% human blood plasma. These

Fig. 9. Optical (a) and polarized light (b) micrographs of HSA-DNP antigen anchored LC microdroplets after contacting for 30min either with basophils (white) or
macrophage cell (blue) in PBS solution. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 10. Optical (a) and polarized light (b) mi-
crographs showing orientation transitions in
HAS-DNP antigen anchored LC microdroplets
(1× 104 microdroplets/mL) on contacting for
40min with co-cultured basophils (white) and
macrophages (blue) in PBS solution with 10%
human blood plasma. The sensitized basophils
were expressed with 4.5 pg anti-IgE receptor/
basophil. (For interpretation of the references to
colour in this figure legend, the reader is re-
ferred to the Web version of this article.)

Table 1
Specifications of HSA-DNP antigen anchored LC microdroplets biosensor*.

Specification of HSA-DNP antigen
anchored LC microdroplets

PBS solution
without blood
plasma

PBS solution with
blood plasma

1 Lower detection limit for anti-
IgE receptor on basophils

≥2.5 pg IgE
receptor/basophil

≥5.5 pg IgE
receptor/basophil

2 Detection range for IgE
receptor on basophils\

4.5–10 pg IgE
receptor/basophil

4.5–10 pg IgE
receptor/basophil

3 Response time 30min 40min
4 Selectivity in presence of
control or macrophage cells\

High High

Average size of LC microdroplets= 27 μm, HSA-DNP antigen=8.5 pg per LC
microdroplet. Initial orientations of 5CB molecules in LC microdroplets were
radial.
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studies have clearly indicated that HSA-DNP antigen anchored LC mi-
crodroplets could be used as economical and time saving biosensor for
the detection of sensitized basophils in biological fluids in place of time
consuming and costlier methods based on enzymatic immunoassaying
of sensitized basophils. The prepared HSA-DNP antigen anchored LC
microdroplets is found to be quite sensitive in detection of one basophil
per milliliter of liquid. However, there are still sufficient scopes to
improve the sensitivities of LC microdroplets for the detection of ba-
sophils which are expressed poorly with anti-IgE receptor (< 2.5 pg of
anti-IgE receptor/basophil) or for the detection of sensitized basophils
in presence of other control cells. These improvements are possible by
anchoring basophils specific proteins on LC microdroplets and by
controlling their surface properties.
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