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The present study utilizes antibody—protein interactions to develop an LC microdroplet based biosensor
for naked eye detection of SK-BR3 human breast cancer cells. The herceptin antibody-conjugated LC
microdroplets were fabricated using 4-cyano-4'-pentyl biphenyl (5CB) as the liquid crystalline phase and
sodium dodecyl sulfate (SDS) as the surfactant. The poly (styrene-b-acrylic acid) amphiphilic block co-
polymer (PS-b-PA) played a role as a modifier for the liquid crystalline interfaces. The 5CB molecules in
the herceptin antibody-conjugated LC microdroplets have shown an orientation transition from radial to
bipolar on selective interactions with targeted SK-BR3 breast cancer cells, which are over expressed by
the human epidermal growth factor receptor 2-positive (HER2). The herceptin antibody-conjugated LC
microdroplets are found to be highly selective in the detection of SK-BR3 cancer cells in the presence of
control cells, such as KB cancer cells and fibroblast (FB), and also in the presence of 10% human blood
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plasma. The interaction forces of the SK-BR3 cancer cells were only effective in causing orientation tran-
sitions in 5CB molecules in the LC microdroplets, which clearly suggested that the herceptin antibody-
conjugated LC microdroplets could be used as a selective biosensor for a real-time detection of SK-BR3

www.rsc.org/biomaterialsscience cancer cells in biological fluids.

by the interactions of molecules at LC/water interfaces, which
played a significant role in the fabrication of biosensors.**

1. Introduction

Liquid crystalline materials and technology have contributed
significantly to the development of label-free, highly sensitive
real-time detection devices without using complex and expen-
sive instrumental paraphernalia. Liquid crystal (LC) surfaces
and interfaces are potentially useful in sensing applications as
their associated long range interfacial interaction forces are
sufficiently high enough to extend deeply into the bulk liquid
crystalline mesophase to create an optical signal. Liquid crys-
talline materials are very convenient for the fabrication of
sensors for transduction of interfacial chemical/biological
events into visible optical signals.” The long-range orien-
tation ordering transitions and LC phase fluidity are triggered
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Surfactant anchored LC phase sensors have been developed
for selective detection of cholic acid binding,> enzyme specific
reactions,®® protein adsorption,'®™® environmental pollu-
tants,"'®  antigen-antibody immunoassaying,'®'” DNA
hybridization'®'® and DNA oligonucleotides interactions.>
With the increasing incidences of breast cancer amongst
women, early detection and diagnosis has become a necessity
to reduce the rate of mortality and to enhance the chances of
patient survival.>** In the absence of an effective sensing
system, it has become difficult to diagnose breast cancer at an
early stage. Though mammography has improved and is the
clinical diagnosis for the detection of breast cancer, this tech-
nique is still inefficient and cannot detect 10-25% of tumors
in women.>** Significant progress has been made in tumor
detecting markers, but predictive markers for breast cancer are
still elusive. The commonly used breast cancer drugs, such as
tamoxifen or raloxifene, are ineffective in curing the patients
suffering from breast cancer in advanced stages.>® In compari-
son to estrogen expressing (ER) breast cancers, the human epi-
dermal growth factor receptor 2-positive (HER2) expressing
breast cancers have shown the worst prognosis.*® The anti-
HER2 humanized recombinant monoclonal antibody (hercep-
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tin) has shown considerable clinical utility in inhibition of
HER2 overexpression both in anti-metastatic*”*®* and
adjuvant®®>' chemotherapies, which significantly improved
the prognosis of women with breast cancer. A double mastect-
omy is also another preventative measure amongst women
with a high-risk of breast cancers. Numerous medical imaging
methods, such as radionuclide imaging®> > and magnetic reso-
nance imaging (MRI),>® have been utilized for the detection
of cancer. Radionuclide imaging is poor in spatial resolution
and it requires radioactive compounds, which intrinsically
have a limited half-life and expose the patient and practitioner
to ionizing radiation. Early radionuclide imaging studies have
demonstrated a high sensitivity in detection of palpable
lesions but late stage radionuclide imaging has limited sensi-
tivity for the detection of small lesions.’” *° The routine mag-
netic resonance imaging (MRI) in the detection of breast
cancer is also ineffective in the detection of cancers at an early
stage. However, MRI detection has been improved using
avidin-gadolinium complexes as contrast agents*>*' for the
detection of cancers efficiently in mice, but it is still ineffective
for early detection and diagnosis of breast cancer in women.
Therefore, the development of a sensor for early detection of
breast cancer is of great significance. The monoclonal anti-
bodies are cancer-targeting agents as the cancer cells are over
expressed with cancer specific antigens. Among the latest tools
in the detection of cancer, aptamers have gained an increasing
importance in fighting cancers because of their high affinity
and specificity for the antigens. However, thus far no aptamer
based system has been effective for the detection of SK-BR3
cancer cells in comparison to the antibody based system**™*®
because of the problems with their cell internalization.
The liquid crystal-based biosensors are part of a recent
sensing technology in which the LC acts as an efficient trans-
ducer for interfacial biomolecular interactions and biological
events,®>*! turning them into optical signals visible with the
naked eye.® The liquid crystal-based biosensors have been
used in the detection of chemicals’*>* and interfacial reac-
tions.>>*® Our recent studies have indicated that liquid crystal-
line molecules confined in a microdroplet are more sensitive
in showing orientation transitions®” in comparison to the stra-
tified layered structures of LC on planner solid surfaces.”®*° So
far no study is available on the detection of SK-BR3 cells using
herceptin antibody-conjugated LC sensors; hence, the present
study has been carried out to develop an antibody-conjugated
LC-microdroplets biosensor for early detection of SK-BR3
breast cancer cells in biological fluid. The antibody-conjugated
LC microdroplets are more efficient in forming optical signals
via interactions with cancer cells without using additional
devices for signal transduction. The 5CB molecules at the LC
microdroplets interface after interactions with the SK-BR3
cancer cells were able to induce orientation transitions
throughout the bulk phase of the LC microdroplets. The orien-
tation transitions in the 5CB molecules in LC microdroplets
upon interactions with SK-BR3 cancer cells have produced
naked eye detectable, real time signals, which have been moni-
tored using a crossed-polarizing system. The major goal of the
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present study has been to develop herceptin antibody-conju-
gated LC microdroplets for in vitro targeted and sensitive
detection of SK-BR3 cancer cells in simulated biological fluids
in the presence of KB cancer cells and other cell lines for early
diagnosis. This can lead to effective therapies for patients
suffering from SK-BR3 human breast cancers.

2. Experimental section
2.1 Materials and chemicals

The nematic liquid crystal, 4-cyano-4’-pentyl biphenyl (5CB)
(MW, 249.15 g mol™", m.p. 24 °C) was purchased from Tokyo
Chemical Company Ltd Japan and used without further puri-
fication. Poly(styrene-b-acrylic acid) (PS-b-PA) (MW, 8 x 10°
g mol™", PS: PA 0.6:1.0, PDI < 1.1) was received from Sigma-
Aldrich Chemical Company, USA. The N-(3-dimethyl-
aminopropyl )-N'-ethylcarbodiimide (EDC), N-hydroxysuccinimide
(NHS), sodium dodecyl sulfate (SDS) (MW, 288.38 ¢ mol ™), rhod-
amine 6G (MW, 479 g mol™'), and methylene blue (MW,
319.85 ¢ mol™') were purchased from Sigma-Aldrich Chemical
Company, USA, and used as received without further puri-
fication. Plasma from humans was purchased from Sigma-
Aldrich Chemical Company. Herceptin antibody (MW, 145.5 x
10° g mol™') was obtained from Roche Pharma Ltd, Basel,
Switzerland. Cell culturing reagents, RPMI-1640 medium
(RPMI-1640), Eagle’s minimum essential medium (EMEM),
Dulbecco’s modified eagle medium (DMEM), fetal bovine
serum (FBS), penicillin streptomycin G sodium (PGS) (50 units
per mL and 50 mg mL™', respectively), TrypLETM Express
(0.25% trypsin, 0.02% EDTA, TE) and Dulbecco’s phosphate
buffered saline (DPBS, pH 7.4) were purchased from Gibco,
USA. The dialysis cellulose membranes (size: 43 mm x 27 mm,
MWCO: 12 264) were purchased from Sigma-Aldrich, Chemical
Company, USA. The SK-BR3 cancer cells (human breast cancer
cells) and KB cells (epithelial cancer cells) were procured from
American Type Culture Collection (ATCC), Manassas, VA, USA.
FB cells (fibroblast cells) were procured from a cells bank in
South Korea.

2.2 Formation of 5CB LC microdroplets

The O/W system was used to form LC microdroplets emulsion.
In previous studies, the surfactant was used to control the
stability of the LC microdroplets by preventing the coalescence
of LC microdroplets"®*®* and controlling the interfacial
tension of the LC microdroplets emulsion. However, in our
studies, the PS-b-PA block copolymer played the role of surfac-
tant because of its amphiphilic nature.®® To prepare the LC
microdroplets emulsion, 10 mg (2.50 x 10~* mmol) of PS-b-PA
was dispersed in a 10 mL solution of DPBS in a 30 mL stop-
pered conical flask. To this solution, 50 mg (0.173 mmol) of
SDS was added under constant stirring at 500 rpm for about
1 h. After proper mixing of the PS-b-PA block copolymer and
SDS surfactant, the LC microdroplets emulsion was prepared
by drop-wise addition of 50 mg (0.2 mmol) of 5CB molecules
to this mixture, and the resultant mixture was allowed to stir
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vigorously for about 10 minute using a high speed homo-
genizer at 19000 rpm to obtain monodispersed micrometer
sized LC microdroplets. The resultant LC microdroplets emul-
sion was allowed to equilibrate for about 30 min, and then, the
supernatant liquid containing extremely small sized LC micro-
droplets, unused SDS and PS-b-PA block copolymers was separ-
ated. The separated LC microdroplets were rinsed twice with
fresh DPBS solution and finally stored in a DPBS solution for
experimental work.

2.3 Conjugation of herceptin antibody with 5CB LC
microdroplets

After fabrication of the 5CB LC microdroplets, the binding of
herceptin was carried out using activated herceptin. To anchor
the herceptin on the LC microdroplets, the carboxyl groups of
the polyacrylic acid segments (PA) of the PS-b-PA block copoly-
mer in the LC microdroplets were activated by adding EDC (0.4
M) and NHS (0.1 M) solutions and allowing them to react for
about 1 h. The activated 5CB LC microdroplets then dispersed
in a 10 mL DPBS buffer solution containing 500 pg herceptin
and allowed to incubate for about 12 h at room temperature to
obtain herceptin-anchored LC microdroplets. The herceptin
antibody-anchored LC microdroplets were then rinsed with a
PBS buffer solution (pH, 8.0) to remove any unused free her-
ceptin. Finally, herceptin-anchored LC microdroplets were
stored in a DPBS buffer solution for cell -culturing
experiments.

2.4 Size measurement and fluorescent imaging of 5CB LC
microdroplets

To evaluate the size of the LC microdroplets and orientation of
the 5CB molecules in the LC microdroplets before and after
conjugation of herceptin, 1.0 mL of the LC microdroplets
emulsion was placed in a dish 1.0 cm in diameter with the
DPBS solution, and then, bright field and polarized optical
microscopic (POM) images were recorded using a polarized
optical microscope (Leitz, ANA-006, Germany) attached to a
CCD camera (Samwon, STC-TC83USB, Korea). The charge
density on the LC microdroplets was measured using zeta-
potential (Zetasizer Nano ZS90, Malvern Instruments Ltd UK).
To confirm the binding of herceptin on the polyacrylic acid
segment of the PS-b-PA in the LC microdroplets, the
herceptin-rhodamine-6G conjugate was also used to anchor
on the LC microdroplets. The labeling of herceptin with rhod-
amine 6G was carried out by modifying the method as reported
by Khan et al.* Briefly, 1.0 mg mL ™" solution of herceptin was
prepared in a DPBS buffer solution (pH, 7.4), and the carboxyl
groups of herceptin were activated by reacting EDC (0.4 M) and
NHS (0.1 M) solutions at 0 °C for about 1 h. To this solution,
1.0 mg of rhodamine 6G was added, and the solution was
stirred for about 12 h in the dark at room temperature. To stop
the reaction, a saturated aqueous solution of ammonium
sulfate (0.5 ¢ mL™") was added, and the mixture was allowed to
incubate for about 2 h at a low temperature. The resultant her-
ceptin-rhodamine-6G conjugate was purified using a cellulose
membrane (MWCO, 12264) until the dialyzing fluid (DPBS)
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was clear. Finally, the herceptin-rhodamine-6G conjugate was
stored in the dark in a quartz cuvette at 4 °C. Subsequently,
the prepared herceptin-rhodamine-6G conjugate was anchored
on the 5CB LC microdroplets following the procedure applied
for binding the herceptin to the 5CB LC microdroplets. To
remove the unused amount of herceptin-rhodamine-6G conju-
gate, the herceptin-rhodamine-6G conjugated LC micro-
droplets were washed with the DPBS buffer solution. To confirm
the anchoring of the herceptin-rhodamine-6G conjugate on
the LC microdroplets, the fluorescence images of the hercep-
tin-rhodamine-6G conjugated LC microdroplets were captured
using a fluorescence microscope (Olympus BX61) equipped
with a fluorescent filter cube turret above the objective lenses
and a digital camera. The fluorescence imaging of the LC
microdroplets was carried out in triplicate at three different
locations of the optical cell to get an average view of the LC
microdroplets.

2.5 Cell culture

The cell culture base media for the SK-BR3 cancer cell line
(RPMI-1640), KB cancer cell line (EMEM) and FB cell line
(DMEM) were procured from Thermo Fisher Gibco. These cells
were cultured at 37 °C in an incubator containing 5% CO,
using a 10 mL base medium supplemented with 10% FBS and
1% PGS. The cell medium was changed every two days. In the
sub-culturing experiments, the cells were washed twice with a
DPBS buffer solution and after culturing, the cells were har-
vested using a TE solution for 4.0 min at 37 °C. The harvested
cells were washed twice with a DPBS buffer solution and re-
dispersed in complete media after centrifugation for reseeding
and growth in fresh culture dishes. The morphology of the
3 day cultured cells was recorded at a cell density of 5 x 10"
cells per mL in a 10 mL petri dish using an optical microscope
(Nikon Eclipse TS100, Japan).

2.6 Invitro cells sensing using herceptin-conjugated 5CB LC
microdroplets

In vitro cell interactions with LC microdroplets emulsion were
evaluated by culturing selected cells with herceptin anchored
5CB LC microdroplets emulsion. In the present study, the
SK-BR3 cancer cells, KB cancer cells and FB cells were cultured
in polystyrene dishes in the presence of seeding media. After
culturing the cells for 3 days, the cells were harvested using a
TE solution and centrifuged at 800 rpm for 4 min. The har-
vested cells were rinsed with sterile DPBS media (pH, 7.4) con-
taining calcium chloride (10 mM) and magnesium chloride
(5 mM). These cells were re-dispersed in DPBS media (pH, 7.4)
and the cell density was measured using a hemocytometer. To
maintain a fixed density of cells (5000 cells per mL) in a
culture dish containing the LC microdroplets emulsion, a cal-
culated volume of medium of known cell density was added to
the dish containing the herceptin-conjugated LC microdroplets
to maintain a final cell density of 5000 cells per mL. This
was incubated in the presence of a 10% human blood plasma
solution for a contact time of 3 h at 30 °C in the presence of
5% CO,. To confirm the interactions of the herceptin-anchored
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LC microdroplets with the SK-BR3 cancer cells, KB cancer cells
and FB cells, the bright field and POM micrographs were
recorded after incubation for a period of 3 h. To analyze the
selectivity of the herceptin-conjugated LC microdroplets for
the detection of SK-BR3 cancer cells in the presence of KB
cancer cells and FB cells, a calculated volume of SK-BR3, KB
and FB cell medium of known cell density was used, and the
density of each cell line was maintained at 2000 cells per mL
in a culture dish containing the herpectin-conjugated LC
microdroplets emulsion. To differentiate the interactions of
the KB cancer cells, FB cells and SK-BR3 cancer cells with the
LC microdroplets, the 10% methylene blue stained SK-BR3
cancer cells were incubated along with the herceptin-conju-
gated LC microdroplets. The KB cancer cells, FB cells and
SK-BR3 cancer cells were incubated for 3 h in presence of 5%
CO, at 30 °C with the herpectin-conjugated LC microdroplets
in the presence of 10% human blood plasma. All the solutions
were prepared in triple distilled water for experimental work.
The optical and polarized light microscopic images of the LC
microdroplets were recorded using a polarized optical micro-
scope (Leitz, ANA-006, Germany) attached to a CCD camera
(Samwon, STC-TC83USB, Korea).

3. Results and discussion

This study reports on the development of an antibody-conju-
gated LC microdroplets biosensor for the detection of SK-BR3
cancer cells rather than using stratified layered structures of
LC molecules on solid surfaces.®®> In comparison to the solid
surface based LC biosensors, the microdroplets confined LC
biosensors are more efficient in transmitting the antibody-
protein binding interactions throughout the LC microdroplets
and in forming optical signals without using additional
devices. In these studies, the 4-cyano-4’-pentyl-biphenyl (5CB,
nematic liquid crystal) based microdroplets emulsion was
prepared using an O/W emulsion system. The PS-b-PA block
copolymer was used to stabilize the 5CB LC microdroplets
emulsion because of its amphiphilic nature. The hydrophobic
styrene block of the amphiphilic PS-b-PA block copolymer was
assumed to be miscible with the hydrophobic parts of the 5CB
molecules, which formed an inner core of LC microdroplets.
Whereas, the hydrophilic polyacrylic acid block of the amphi-
philic PS-b-PA block copolymer formed an outer shell around
the LC microdroplets.®® The herceptin antibody is conjugated
with the polyacrylic acid segment of the amphiphilic PS-b-PA
block copolymer to target the SK-BR3 cancer cells through
HER?2 receptors overexpressed on SK-BR3 cancer cell mem-
branes. In the PS-b-PA block copolymer based LC micro-
droplets system, the polystyrene segments of the PS-b-PA block
copolymer interacted strongly with the 5CB molecules in the
LC microdroplets through permeation; whereas, the hydro-
philic polyacrylic acid segments of the PS-b-PA block copoly-
mer remained free at the surface of the LC microdroplets to
control the interfacial tension of the LC microdroplets and to
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prevent the coalescence of LC microdroplets through electro-
static interactions.®

The herceptin-conjugated LC microdroplets upon inter-
action with the SK-BR3 cancer cells have shown orientation
transitions in the 5CB molecules from radial to bipolar due to
the antigen-antibodies interactions (Scheme 1).>”

The bare 5CB LC microdroplets dispersed in an aqueous
medium are stable in bipolar orientations,®*® but the
observed radial orientation of the 5CB molecules in the pre-
pared LC microdroplets (Scheme 1) is assumed to be due to
the adsorption of the hydrophobic tail of the surfactant on the
5CB molecules. However, the hydrophilic head of the surfac-
tant remained free at the interface of the LC microdroplets
and did not influence the orientation of the 5CB molecules in
the microdroplets.®®%”

3.1 Optical and polarized light micrographs of LC
microdroplets with and without herceptin antibody

To confirm the orientation of the 5CB molecules in the
LC microdroplets and herceptin conjugated LC microdroplets,
the optical and polarized light images were recorded, as
shown in Fig. 1. The optical (top) and polarized (bottom)
images of the LC microdroplets with 5CB molecules encapsu-
lated with SDS and the PS-b-PA block copolymer confirmed the
radial orientation of the 5CB molecules in the LC microdro-
plets (Fig. 1a and c).

This was assumed to be due to the permeation of the hydro-
phobic part of the SDS molecule through a layer of the PS-b-PA
block copolymer and its interactions with the 5CB molecules
in the LC microdroplets. Thus, the presence of SDS played a
significant role in controlling the orientation of the 5CB mole-
cules in the LC microdroplets.®®®” The optical (top) and polar-
ized (bottom) images of the LC microdroplets with 5CB
molecules encapsulated with SDS and herceptin-conjugated
PS-b-PA block copolymer are shown in Fig. 1b and d. These LC
microdroplets also show 5CB molecules in a radial orientation,
even after conjugating the herceptin antibody on the activated
carboxylic groups of the PS-b-PA block copolymer.

This result suggested that the chemical binding of hercep-
tin on the PS-b-PA block copolymer did not influence the
radial orientation of the 5CB molecules in the LC micro-
droplets. The decreasing trend in the zeta potential of the 5CB
LC microdroplets from —75.8 mV to —89.8 mV upon conjugation
of the PS-b-PA block copolymer with the LC microdroplets and
increasing trend in the zeta potential to —36.7 mV after conju-
gation of herceptin on the LC microdroplets confirmed the
formation of layers of the PS-b-PA block copolymer and
anchoring of herceptin with the PS-b-PA block copolymer on
the 5CB molecules in the LC microdroplets. The polyacrylic
acid block of the PS-b-PA copolymer has been considered to be
responsible for the decrease in the zeta potential from
—75.8 mV to —89.8 mV; whereas, the binding of herceptin
increased the zeta potential to —36.7 mV. To further confirm
the binding of herceptin with the polyacrylic acid segment of
the PS-b-PA block copolymer in the LC microdroplets, the
herceptin-rhodamine-6G conjugate was used to conjugate on
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Scheme 1 Schematic illustration showing herceptin-HER2 interaction induced configuration transitions in LC microdroplets.

Fig. 1 Optical (top) and polarized light (bottom) images showing the configuration of the 5CB molecules in the LC microdroplets (a, c), and hercep-

tin conjugated LC microdroplets (b, d).
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the LC microdroplets following the procedure used for binding
herceptin on the 5CB LC microdroplets. The resultant hercep-
tin-rhodamine-6G conjugated microdroplets were used to
record their fluorescence micrographs using a fluorescence
microscope coupled with a digital camera, as shown in Fig. 2a.
To record their optical and polarized light micrographs, the
CCD camera (Samwon, STC-TC83USB, Korea) attached to a
polarized optical microscope (Leitz, ANA-006, Germany) was
used (Fig. 2b and c). The LC microdroplets were clearly visible
as green spheres in the fluorescence image of herceptin-
rhodamine-6G conjugated LC microdroplets (Fig. 2a).

The background of the optical images of the LC micro-
droplets suggests that herceptin was successfully anchored on
the polyacrylic acid segments of the PS-b-PA block copolymer
in the LC microdroplets. The herceptin-rhodamine-6G conju-
gated LC microdroplets retained the radial configuration of
the 5CB molecules after anchoring of the herceptin-rhod-
amine-6G conjugate, as confirmed by the polarised light
micrographs (Fig. 2c¢). The anchoring of the herceptin-rhod-
amine-6G conjugate on the 5CB LC microdroplets is further
confirmed by recording a UV-Vis spectrum of the herceptin-
rhodamine-6G conjugated LC microdroplets (Fig. 3a) and by
comparing the spectrum with the UV-Vis spectra of pure rhod-
amine 6G (Fig. 3b) and herceptin (Fig. 3c). The presence of
rhodamine 6G in herceptin-rhodamine-6G conjugated LC
microdroplets is confirmed due to appearance of strong
absorption band at 527 nm (Fig. 3a), which was present in UV
spectrum of pure rhodamine 6G (Fig. 3b). The blue shift in the
characteristic peak of herceptin from 228 to 207 nm also
helped confirm its anchoring at the PS-b-PA block copolymer
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Fig. 3 UV-Vis spectra of herceptin-rhodamine-6G conjugated LC
microdroplets (a), rhodamine 6G (b), and herceptin (c).

by forming an amide bond between the carboxylic acid of the
polyacrylic acid segment of the PS-b-PA block copolymer and
amino group of the herceptin.

These data confirmed the labeling of herceptin on the PS-b-
PA block copolymer in the LC microdroplets. To evaluate the
effect of the binding amount of herceptin on the orientation
of the 5CB molecules in the LC microdroplets, the LC micro-
droplets were also loaded with different amounts of herceptin
using herceptin-rhodamine-6G  conjugate solutions of
different concentrations (1, 10, 20, 50 ug mL™"). The binding
amount of the herceptin-rhodamine-6G conjugate on the

o. é
Qo % Qo o
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Fig. 2 Fluorescence (a), optical (b) and polarized light (c) images of herceptin—rhodamine-6G conjugated LC microdroplets.
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Fig. 4 Fluorescence (top) and polarized light (bottom) images of the 5CB LC microdroplets anchored with different amounts of herceptin using
herceptin-rhodamine-6G conjugate solutions of different concentrations, 1 pg mL™ (a), 10 pg mL™* (b), 20 pg mL™* (c) and 50 pg mL™* (d).

LC microdroplets increased upon increasing the concentration
of the herceptin-rhodamine-6G conjugate but no variation in
the orientation state of the 5CB molecules in the LC micro-
droplets was observed. Upon loading a higher amount of the
herceptin-rhodamine-6G conjugate, the LC microdroplets
appeared to be brighter and deep green in color, as shown in
the fluorescence images of the LC microdroplets (Fig. 4).

This result also suggested that more herceptin can be con-
jugated on the LC microdroplets using a concentrated solution
of herceptin without altering the orientation of the 5CB mole-
cules in the LC microdroplets. The LC microdroplets retained
the radial configuration of the 5CB molecules irrespective of
the loaded amount of herceptin, which suggested that the
interaction forces of the conjugated herceptin were too weak to
bring any configuration transition to the 5CB molecules in the
LC microdroplets.

3.2 Optical response of herceptin-conjugated LC
microdroplets for studied cells

To evaluate the sensing response of the herceptin-conjugated
LC microdroplets on interactions with the SK-BR3 cancer cells,
1.0 mL of the herceptin conjugated LC microdroplets emulsion
was cultured with SK-BR3 cancer cells, KB cancer cells and FB
cells in 10% human blood plasma for 3 h at 30 °C with a cells
density of 5000 cells per mL. The bright field and polarized
light (crossed polar) images of the herceptin-conjugated LC
microdroplets were recorded, as shown in Fig. 5, along with
the director profile of the 5CB molecules in the LC micro-
droplets. The bright field images of the herceptin-conjugated
LC microdroplets in the presence of SK-BR3 cancer cells, KB
cancer cells and FB cells (Fig. 5a, ¢ and e) confirmed the inter-
actions of the herceptin-conjugated LC microdroplets with KB

This journal is © The Royal Society of Chemistry 2016

cancer cells (Fig. 5¢), FB cells (Fig. 5¢) and SK-BR3 cancer cells
(Fig. 5a) as marked by the red circles. To evaluate the effect of
cell interactions on the orientation state of the 5CB molecules
in the LC microdroplets, the polarized light micrographs
(POM) of herceptin-conjugated LC microdroplets were exam-
ined for SK-BR3 cancer cells, KB cancer cells and FB cells
(Fig. 5b, d and f). The POM images of the herceptin-conju-
gated LC microdroplets recorded in the presence of SK-BR3
cancer cells indicated a change in orientation in the 5CB mole-
cules in the LC microdroplets from radial to bipolar (Fig. 5b).
However, the interactions of the KB cancer cells and FB cells
with herceptin-conjugated LC microdroplets did not influence
an orientation transition in the 5CB molecules from radial to
bipolar (Fig. 5d and f).

These results clearly indicated that the interactions of the
SK-BR3 cancer cells with herceptin-conjugated LC micro-
droplets were effective and selective to show an orientation
transition from radial to bipolar in the 5CB molecules in the
LC microdroplets (Fig. 5a and b); whereas, KB cancer cell
(Fig. 5¢ and d) and FB cell (Fig. 5e and f) interactions were
found to be ineffective. Hence, herceptin-conjugated 5CB LC
microdroplets can be used for the selective detection of
SK-BR3 cancer cells in biological fluids.

3.4 Effect of cell membrane morphology on the optical
response of herceptin-conjugated LC microdroplets

To evaluate the effect of cellular morphology on the optical
response of herceptin conjugated LC microdroplets, SK-BR3
cancer cells, KB cancer cells and FB cells were cultured in their
media for a long time until the cell’s membranes were spread
completely, and these cells were cultured with 1.0 mL of the
herceptin-conjugated LC microdroplets emulsion for 3 h at

Biomater. Sci.
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Polarized

Fig. 5 Optical (left) and polarized light (right) images of herceptin-conjugated LC microdroplets showing interactions with the SK-BR3 cancer cells

(a, b), KB cancer cells (c, d) and FB cells (e, f) in 10% human blood plasma.

30 °C with a cells density of 5000 cells per mL in 10% human
blood plasma. To evaluate the effect of the cell membrane
morphologies on the optical response of the herceptin-conju-
gated LC microdroplets, the bright field and polarized light
(crossed polar) images of the herceptin-conjugated LC micro-
droplets were recorded, as shown in Fig. 6, along with the
director profile of the 5CB molecules in the LC microdroplets.
The bright field images of the SK-BR3 cancer cells, KB cancer
cells and FB cells (Fig. 6a, ¢ and e) have confirmed the inter-
actions of the herceptin-conjugated LC microdroplets with
SK-BR3 cells (Fig. 6a), KB cancer cells (Fig. 6c), FB cells
(Fig. 6e), as indicated by the red marked circles.

To evaluate the effect of the cell membrane morphology on
the orientation of the 5CB molecules in the LC microdroplets,
the polarized light micrographs (Fig. 6b, d and f) of herceptin-
conjugated LC microdroplets interacting with SK-BR3 cancer
cells, KB cancer cells and FB cells were examined. The polar-
ized light images of herceptin-conjugated LC microdroplets
interacting with SK-BR3 cancer cells (Fig. 6b) indicated an
orientation transition from radial to bipolar in the 5CB mole-
cules. However, no orientation transition in the 5CB molecules
in the herceptin-conjugated LC microdroplets was observed

Biomater. Sci.

upon interacting with KB cancer cells (Fig. 6d) and FB cells
(Fig. 6f).

These studies clearly indicated that the variation in the cell
membrane morphologies of the SK-BR3 cancer cells, KB
cancer cells and FB cells was ineffective in varying the
responses of the herceptin-conjugated LC microdroplets, and
the orientation states of 5CB molecules remained the same as
those observed with fresh SK-BR3 cancer cells, KB cancer cells
and FB cells (Fig. 5). These results indicated that the orien-
tation transitions in the 5CB molecules in the herceptin-conju-
gated LC microdroplets remained selective to SK-BR3 cancer
cells (Fig. 6a and b), which provides a strong basis to use her-
ceptin-conjugated LC microdroplets for selective detection of
SK-BR3 cancer cells in biological fluids.

3.5 Selectivity of herceptin-conjugated LC microdroplets for
SK-BR3 cancer cells

To evaluate the selectivity of the herceptin-conjugated LC
microdroplets for detection of SK-BR3 cancer cells, the detec-
tion of SK-BR3 cancer cells by herceptin-conjugated LC micro-
droplets was carried out in the presence of KB cancer cells and
FB cells in 10% human blood plasma. To determine the

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Optical (left) and polarized light (right) images of herceptin-conjugated LC microdroplets showing interactions with membrane spread
SK-BR3 cancer cells (a, b), KB cancer cells (c, d) and FB cells (e, f) in 10% human blood plasma.

selectivity of the herceptin-conjugated LC microdroplets, the
SK-BR3 cancer cells at a fixed density of 2000 cells per mL were
co-cultured with 1.0 mL of the herceptin-conjugated LC micro-
droplets emulsion in the presence of KB cancer cells and FB
cells at 30 °C for 3 h in 10% human blood plasma. To make a
visible distinction between the SK-BR3 cancer cells and KB
cancer cells or FB cells, the 10% methylene blue-stained
SK-BR3 cancer cells were co-cultured with herceptin-anchored
LC microdroplets and their images were recorded. The bright
field images of the herceptin-conjugated LC microdroplets co-
cultured with methylene blue-stained SK-BR3 cancer cells and
unstained controlled cells (KB and FB cells) have confirmed
the contact of the herceptin-conjugated LC microdroplets with
methylene blue-stained SK-BR3 cancer cells (Fig. 7a). The
interactions of the SK-BR3 cancer cells (blue colored) with her-
ceptin-conjugated LC microdroplets (Fig. 7a) were able to
induce orientation transitions in the 5 CB molecules from
radial to bipolar in the herceptin-conjugated LC microdroplets
as confirmed by their polarised light micrograph (Fig. 7b). The
orientation transitions from radial to bipolar in the 5CB mole-
cules in the polarised light micrograph of the herceptin-conju-
gated LC microdroplets are shown by red circles in Fig. 7b,

This journal is © The Royal Society of Chemistry 2016

and the same is shown by two lower subsets marked by an
arrow in Fig. 7b. These orientation transitions from radial to
bipolar in the 5CB molecules upon interactions with the
SK-BR3 cancer cells (blue colored) with herceptin-conjugated
LC microdroplets have clearly confirmed that herceptin-conju-
gated LC microdroplets are able to interact selectively with
SK-BR3 cancer cells and the interaction forces are sufficiently
strong to cause orientation transitions from radial to bipolar
in the 5CB molecules (Fig. 7b).

On the other hand, the interacting KB and FB control cells
(white colored) with herceptin-conjugated LC microdroplets
remained ineffective at inducing any orientation transition in
the 5CB molecules in the herceptin-conjugated LC micro-
droplets as shown by the red circle in the polarised micro-
graph (Fig. 7b) and also by the red arrow marked top subset in
Fig. 7b. These studies clearly indicated that the herceptin-
conjugated LC microdroplets interactions remained quite
selective and effective for the SK-BR3 cancer cells without
any interference from the co-cultured KB cancer cells and
FB control cells.

To exclude the effect of methylene blue staining in the
detection of the SK-BR3 cancer cells by the herceptin conju-

Biomater. Sci.
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Polarized

Fig. 7 Optical (left) and polarized light (right) images of herceptin-conjugated LC microdroplets co-cultured with unstained FB cells (white), KB
cells (white), and methylene blue stained SK-BR3 cells (blue) (a, b); and herceptin-conjugated LC microdroplets co-cultured with stained FB cells
(blue), KB cells (blue), and unstained SK-BR3 cells (white) (c, d) in 10% human blood plasma.

gated LC microdroplets, another set of experiments was also
performed by co-culturing the methylene blue stained
control cells (KB and FB) and unstained SK-BR3 cancer cells
with herceptin-conjugated LC microdroplets at 30 °C for 3 h
in 10% human blood plasma, and optical and polarised light
micrographs were recorded (Fig. 7c and d) to confirm the
contact of the cells and orientation state of the 5CB mole-
cules in the herceptin-conjugated LC microdroplets. The red
circled interactions (Fig. 7c) of the herceptin-conjugated LC
microdroplets with SK-BR3 cancer cells (white colored) were
able to induce an orientation transition in the 5CB mole-
cules from radial to bipolar, as shown by circles in the
polarised light micrograph (Fig. 7d) and by the red arrow
marked top and bottom subsets in Fig. 7d. On the other
hand, the red circled interactions (Fig. 7c) of the herceptin-
conjugated LC microdroplets with the KB cancer cells and FB
cells (blue colored) remained ineffective at inducing any
orientation transition in the 5CB molecules in the herceptin-
conjugated LC microdroplets, as shown by the red circles in
the polarised light micrograph (Fig. 7d) and by the red arrow
marked two middle subsets in Fig. 7d. These results clearly
indicated that the selectivity of the herceptin-conjugated LC
microdroplets remained unchanged upon staining the
SK-BR3 cancer cells with methylene blue, and the selectivity
of the herceptin-conjugated LC microdroplets remained
unaltered in the presence of KB cancer cells, FB normal cells
and 10% blood plasma. The selectivity of the herceptin-
conjugated LC microdroplets for the detection of SK-BR3
cancer cells is comparable to an aptamer based electro-
chemical biosensor®® used for the detection of SK-BR3
cancer cells in the presence of other control cancer cells

Biomater. Sci.

such as human prostate cells, HER2 poorly expressed breast
cancer cells, and colon tumors cells.

4. Conclusions

A SK-BR3 human breast cancer cell selective biosensor has
been developed using the herceptin-conjugated LC micro-
droplets emulsion. The optical properties of the 5CB
molecules were utilized to develop cell selective signals based
on antibody-antigen interactions.’”®® The SDS surfactant
played a significant role in controlling the orientation of the
5CB molecules in the LC microdroplets®®” and herceptin-
conjugated PS-b-PA block copolymer also added SK-BR3 cancer
cells selectivity as it acted as a sensitive transducer for trans-
mitting the interfacial interaction forces to the core of the LC
microdroplets to develop naked eye detectable signals via an
orientation transition in the 5CB molecules. These studies also
confirmed that herceptin is able to interact effectively and
selectively with the HER2+ biomarker expressed on
SK-BR3 human breast cancer cells without any interference
from other control cells such as KB cancer cells, FB normal
cells and without interference from blood plasma proteins.
The antibody anchored LC microdroplets emulsion approach
is potentially useful for the development of a label free optical
biosensor for in vitro detection of SK-BR3 human breast cancer
cells in biological fluids without wasting time on sample
preparation. Further work is in progress to develop LC micro-
droplets based biosensors for the detection of other cancer
cells and biomolecules using functional polymers and surfac-
tants with different properties.

This journal is © The Royal Society of Chemistry 2016
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