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Abstract: The use of fluorescence is ubiquitously found in the detection of 
immunoreaction; though with good sensitivity, this technique requires 
labeling as well as other time-consuming steps to perform the measurement. 
An alternative approach involving liquid crystals (LCs) was proposed, 
based on the fact that an immunocomplex can disturb the orientation of 
LCs, leading to an optical texture different from the case when only antigen 
or antibody exists. This method is label-free, easy to manipulate and low-
cost. However, its sensitivity was low for practical usage. In this study, we 
adopted a high-birefringence liquid crystal (LC) to enhance the sensitivity 
for the immunodetection. Experiments were performed, targeting at the 
cancer biomarker CA125. We showed that the larger birefringence (Δn = 
0.33 at 20 °C) amplifies the detected signal and, in turn, dramatically 
improves the detection limit. To avoid signal loss from conventional rinsing 
steps in immunodetection, CA125 antigen and antibody were reacted before 
immobilized on substrates. We studied the specific binding events and 
obtained a detection limit as low as 1 ng/ml. The valid temperature ranges 
were compared by using the typical single-compound LC 5CB and the 
high-birefringence LC mixture. We further investigated time dependency of 
the optical textures and affirmed the capability of LC-based 
immunodetection in distinguishing between specific and nonspecific 
antibodies. 
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1. Introduction 

Detection of cancer biomarkers serves as an important measure in cancer prevention and early 
screening as well as in cancer diagnosis and prognosis. Cancer biomarkers are proteins or 
molecules secreted by cancer cells having an increasing level in cancer tissue or serum with 
the cancer progression. Clinical assays of various cancer biomarkers are therefore established 
to monitor the early development, progression or possible recurrence of cancer, assessing a 
patient’s response to cancer treatment and assisting in physical examination. The biomarker 
CA125, namely, mucin 16 (MUC16), is one of the earliest and most extensively studied 
biomarkers for cancer [1]. It is expressed as a membrane glycoprotein on cell surface, but 
may be released as soluble form in blood. CA125 plays a role in cell-mediated immune 
response, and CA125 derived from tumor cells is suggested to suppress anti-tumor immune 
response [2,3]. Elevated level of CA125 provides an indication of early- and advanced-stage 
ovarian cancer, which is also observed in other malignancies such as breast and gastric 
cancers [4–7]. 

The level of CA125 is commonly determined by a sandwich assay—an immunoassay 
based on the specific binding of the CA125 antigen by two types of anti-CA125 primary 
antibodies, followed by detection with a fluorescence-labeled or enzyme-conjugated 
secondary antibody [8–10]. The immunodetection is also achieved by labeling one of the 
primary antibodies with fluorophores, thus eliminating the use of secondary antibodies. 
Although extensively applied in biochemical analysis, one of the disadvantages of sandwich 
assays is the unavailability of matched pairs of primary antibodies, which must recognize 
different epitopes on the antigen so that the binding of each individual antibody is not 
hindered by its counterpart. Another drawback of label-based assays lies in the labeling 
procedure, which often involves chemical modification that may affect the activity or binding 
efficiency of the labeled antibody. The use of labeling reagents and the reaction of antigen–
antibody immunocomplexes with labeled antibodies also increase the cost and time of the 
assay. Furthermore, cross-reactivity of secondary antibody with antigen is an issue that may 
result in nonspecific binding and false-positive results. Consequently, various label-free 
assays are developed to simplify the immunodetection procedure without the use of labeled 
antibodies. Direct and label-free biosensing approaches such as surface plasmon resonance 
[11], whispering gallery mode resonance [12,13] and various electrochemical methods [14–
17] have been reported to detect CA125 alone or together with several other cancer 
biomarkers. Other platforms using techniques including silicon nanowires or microchips are 
designed for label-free detection of cancer biomarkers such as human epidermal growth factor 
receptor 2 (HER-2), prostate-specific antigen (PSA), carcinoembryonic antigen (CEA) and 
carcinogenic antigen 15.3 (CA15.3) [18–22]. 

Liquid crystals (LCs) in their various mesophases are technologically important electro-
optical materials as they possess many unique and useful physical and optical properties. 
Recently, application of LCs in biological sensing has received increasing attention [23,24]. 
LC-based biosensing exploits the birefringent properties of the anisotropic mesogenic 
molecules, whose orientation is disturbed in the presence of biomolecules or during the 
process of a biological event, giving rise to the change in optical appearance of the LC used 
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[25]. The spontaneous assembly of phospholipids at the interface between the nematic LC 4’-
n-pentyl-4-cyanobiphenyl (5CB) and an aqueous phase alters the nematic alignment from the 
planar to homeotropic (i.e., vertical) configuration, causing the optical texture of 5CB to 
change from dark to bright when observed under a polarized optical microscope (POM) with 
crossed polarizers [26]. With similar principles, LCs have been applied in the recognition of 
the orientation of immobilized proteins [27,28], the signal amplification of binding between 
proteins and immobilized peptides [29] and real-time monitoring of enzymatic reactions 
[30,31]. Thermotropic LCs of low cytotoxicity are used to support the growth of human 
embryonic stem cells, which induce the reorganization of extracellular matrix and alter the 
orientational order of LCs during growth and differentiation [32]. Moreover, the ordering of 
LCs may serve as a signature to distinguish between lipid bilayer-enveloped and 
nonenveloped viruses [33], and may be used to identify endotoxins released from Gram-
negative bacteria for the detection and diagnosis of sepsis [34]. These findings demonstrate 
the potential of clinical applications with LC biosensing, which is advantageously rapid, 
label-free, low-cost, and may be developed as point-of-care (POC) diagnostics [20]. 

Among the various biomedical applications of LCs, studies of the immunodetection of 
specific binding between antigens and antibodies by LCs are relatively scarce. It is known 
that the uniform orientation of 5CB by rubbed films of covalently immobilized bovine serum 
albumin (BSA) is disturbed after interaction with anti-BSA IgGs [35]. Lyotropic LCs are also 
used to detect the immunocomplex formed between antibodies and immobilized antigens 
[36]. A quantitative LC-based microfluidic immunoassay has been developed to correlate the 
antibody concentration with the length of bright region in the LC texture resulting from the 
interaction of antibodies with immobilized antigens [37]. It has been also proposed that the 
optical texture of LCs is related to the concentration of proteins or antibodies, and there exists 
a critical concentration to induce the dark-to-bright response for each individual protein or 
antibody [38]. In a study on the LC-based immunoassay of hepatitis B, it is reported that the 
immunocomplex formed between hepatitis B surface antigen (HBsAg) and hepatitis B 
antibody (anti-HBsAg) disrupts the homeotropic alignment of 5CB, rendering the planar 
texture observed under crossed polarizing filters. Moreover, the detection limit of anti-HBsAg 
decreases from 150 nM to 15 nM when a secondary antibody specific for anti-HBsAg is 
added to increase the size of the immunocomplex and, in turn, creates greater disturbance in 
LC orientation [39]. Nevertheless, a large discrepancy in sensitivity exists between LC-based 
immunodetection and conventional label-based methods used clinically, which demands a 
detection limit of 10 ng/ml (or lower), corresponding to an antibody concentration of 0.067 
nM. Therefore, improving detection sensitivity is urgently needed in the development of LC-
based immunoassays. 

In an attempt to enhance the sensitivity of LC-based immunodetection without the use of 
secondary antibodies for simplicity, we exploited a eutectic mesogenic mixture exhibiting 
large anisotropy in refractive index (∆n = 0.333 at 20 °C) in the detection of the cancer 
biomarker CA125. Presumably, a LC of higher birefringence responds more sensitively to the 
binding events of antigens and antibodies, thus pushing the LC-based immunoassay to a 
lower detection limit. Unlike the single-compound LC 5CB with a very narrow nematic range 
of merely ~11 °C and thus strongly susceptible to the ambient temperature, the intrinsically 
wider nematic range of a eutectic mixture also suggests the optical texture produced to be 
more stable and reproducible, making the LC-based immunodetection more clinically 
feasible. Our previous studies have shown that by using LCs with larger birefringence, the 
sensitivity of immunodetection was drastically enhanced compared to 5CB, and the detection 
limit was 0.01–0.1 μg/ml for CA125, which was significantly lower than that of label-based 
fluorescence immunoassay [40]. It was proposed that by mixing the antigen and antibody 
without eliminating unbound or unreacted biomolecules through washing, signal loss can be 
avoided, and a simplified procedure for faster LC-based immunoassay can be established, 
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Table 1. Materials Properties of HTW and 5CB 

Liquid crystal Nematic range (°C) Birefringence (at 589 nm) 
HTW < −30.0–95.0 0.333 (20 °C) 
5CB 24.0–35.1 0.179 (25 °C) 

 

Fig. 1. Schematic illustration of sample preparation: (a) preparation of a DMOAP-coated slide, 
(b) dispensing the protein solution, (c) drying in shade to immobilize the protein, (d) 
dispensing 5.1-µm spacers on four corners then covering the slide with another DMOAP-
coated slide, (e) sealing four corners with adhesive, and (e) introducing LC into the cell. 

giving rise to a higher optical response using a high-Δn LC mixture compared to 5CB [41]. 
This study attempts to further demonstrate the detection sensitivity of the no-wash procedure 
in relation to reaction time and in the presence nonspecific antibodies. As the change in 
optical textures of LCs can only provide qualitative description of the immunoreaction, this 
study is also the first to propose a quantification method for the optical response of LCs. 

2. Experimental 

2.1 Materials 

Display-grade glass slides (15 mm × 20 mm) were received from Mesostate (Taiwan). 
Ethanol and the aligning agent N,N-dimethyl-n-octadecyl-3-aminopropyltrimethoxysilyl 
chloride (DMOAP) dissolved in methanol were both purchased from Acros Organics. 
Antibodies (150 kDa) against CA125 and spermidine/spermine N1-acetyltransferase (SSAT) 
were provided by Santa Cruz Biotechnology. Recombinant human CA125 (~110 kDa) was 
manufactured by R&D Systems. BSA (66 kDa) was obtained from Sigma–Aldrich. The high-
Δn nematic LC designated HTW is a multicomponent LC produced by HCCH (China). The 
typical nematic LC 5CB purchased from Daily Polymer (Taiwan) was also employed as a 
reference. Table 1 comparatively displays some physical properties of both HTW and 5CB. 
Water was purified and deionized with an RDI reverse osmosis/deionizer system. 

2.2 Surface modification of glass slides with DMOAP 

Glass slides were cleaned successively in soap water, DI water and ethyl alcohol by 
ultrasonication, with each step lasting 15 min. The slides were then dried under a stream of 
nitrogen and baked at 100 °C for 10 min. After the cleaning process, the slides were 
immersed in a 1% (v/v) DMOAP solution for 15 min, followed by washing with DI water 
under ultrasonication for 10 min, drying again with nitrogen, and baking at 100 °C for 15 
min, subsequently. Afterwards, the slides were left in the oven for 6 h to cool down to room 
temperature. The DMOAP coating thus formed a network that induced the homeotropic 
alignment (i.e., aligning perpendicularly to the substrates) of the LC molecules. 

2.3 Sample preparation 

Anti-CA125 antibody was directly mixed with CA125 antigen and the mixture was shaken on 
a vortex mixer for 6 h except for the time-evolved experiment. The mixture was then dropped 
on the substrate. After dried in shade to form a thin film of protein, spacers of 5.1 µm in size 
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were dispensed on the four corners of the glass slide. Then another substrate was covered to 
form an empty cell with a uniform cell gap as determined by the spacers. HTW or 5CB was 
infiltrated into the cell by capillary action at room temperature (Fig. 1). In conventional 
immunoassays, an antibody is first immobilized on a substrate and an antigen is then layered 
on the antibody [40]. In this study, the antigen and antibody were mixed prior to 
immobilization to simplify the procedure as well as to explore other possible experimental 
design for LC-based immunoassay. 

2.4 Optical observation and quantitative analysis 

Optical textures of HTW and 5CB were examined under a POM (OLYMPUS BX51) in the 
transmission mode. All of the images were captured with an exposure time of 16 ms. In 
control experiments, CA125 antigen, anti-CA125 antibody, BSA, anti-SSAT antibody, 
mixtures of CA125 antigen and anti-SSAT antibody were separately immobilized on treated 
glass slides for LC detection. To obtain qualitative results, QT, a freeware based on C +  + , is 
exploited. We first quantize each observed image by summing up its total RGB value within a 
circular region of 700 pixels in diameter, which is slightly larger than the size of the sample 
droplet, then divide the sum by its area. The obtained value is referred to in this study as the 
“relative intensity (RI).” At each concentration of antigen, we calculate the averaged RI of at 
least 16 samples as well as the corresponding standard deviation σ, where σ is considered as 
the statistical (and also the major) error in this study. In the first part of our study, we 
calculate the p-value of RI to compare the 5CB and the HTW results. Then, to determine the 
detection range of immunoreaction, we calculate the p-value of immunocomplex with respect 
to the case when only antigen is present at the same concentration. The range of concentration 
with p-value smaller than 0.001 is regarded as the detection range. 

3. Results and discussion 

3.1 Detection of protein or antibody with HTW or 5CB 

LC molecules were aligned perpendicularly to the glass surface with the help of DMOAP. In 
the absence of proteins, the image under the microscope with crossed polarizers appeared 
completely dark. When protein samples were present, bright spots were observed. This 
phenomenon can be understood as the result of uniaxiality of the LCs used. When the optical 
axis is parallel to the light path, the plane of the polarized light is not rotated, and thus light is 
not transmitted by the second polarizer. In the presence of immobilized proteins, the 
alignment of LCs is disturbed, making the local optical axis no longer parallel to the light 
path. In this case, the plane of the polarized light is rotated, and thus can be transmitted by the 
second polarizer; therefore, bright spots (i.e., optical textures) can be seen [42]. This rotating 
effect can be enhanced when a mesogen with larger optical birefringence is exploited. 

Figure 2 shows the optical textures of either 5CB or HTW with 0.01, 0.1 and 1 µg/ml (1 
µl per droplet) of CA125 antibody and antigen alone. For 5CB, the optical texture was 
undetectable (or remained dark) when the concentration of CA125 antigen or antibody was 
below 0.1 µg/ml, while in the case of HTW, the optical texture was still discernible at an 
antigen or antibody concentration of 0.01 µg/ml. The t-tests all yield p-value below 0.001, 
indicating the difference are well discernable. Similar findings were observed in the presence 
of BSA or anti-SSAT antibody, implying that the optical signal produced by the immobilized 
protein or antibody was better amplified with HTW than 5CB. These results support our 
hypothesis that mesogens exhibiting higher optical birefringence enhance the sensitivity of 
protein or antibody detection. 
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Fig. 2. Comparison of optical textures of HTW and 5CB in the presence of (a) CA125 antigen, 
(b) anti-CA125 antibody, (c) BSA, and (d) anti-SSAT antibody. 
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3.2 Temperature range of HTW and 5CB 

The phase transition temperature is different for every mesogen. For 5CB, the LC phase exists 
in the range of 24−35 °C, while for eutectic mesogen HTW, the LC phase exists from below 
−30 to 95 °C as presented in Table 1. In this experiment, a Linkam T95-PE temperature 
control system was used to control the temperature between −40 °C and 120 °C. We dropped 
2 µl of 1-µg/ml anti-CA125 antibody on substrates to compare the result of 5CB and HTW. 
For 5CB we measured the optical textures from −10 to 35 °C as shown in Fig. 3(a). Below 23 
°C, 5CB is in the crystalline phase, rendering the optical texture (with extremely high noise) 
from the protein undetectable. Above 35 °C, 5CB is in the isotropic phase with no 
birefringence to transduce the signal; no signal was observed. The functioning temperature 
spans only 12 °C. For HTW (Fig. 3(b)), clear signal can be seen from −30 to 108 °C. The 
temperature range is as large as 138 °C, confirming the merit of wide temperature detection 
by using HTW. 

 

Fig. 3. Optical textures and their relative intensities of (a) 5CB and (b) HTW in the presence of 
1-µg/ml anti-CA125 antibody at different temperatures. 
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Fig. 4. Optical textures and their relative intensities of mixed CA125 antibody and antigen (1:1 
in volume) at various concentrations and the corresponding p-value. 

3.3 Immunodetection of specific binding between CA125 antibody and antigen with HTW or 
5CB 

We then mixed 0.1–2000-ng/ml anti-CA125 antibody with identically concentrated CA125 
antigen of the same volume to allow the formation of immunocomplex between the specific 
antigen/antibody pairs. The mixture was dispensed at 2 µl per droplet on DMOAP-coated 
glass substrate and air-dried at room temperature. Proteins and antibodies are usually 
immobilized and dried on glass or plastic substrates in label-based immunoassays, and can be 
stored for several months without losing binding activity. As antigens and antibodies are 
complexed through multiple noncovalent interactions such as hydrogen bonds, electrostatic 
interactions, hydrophobic interactions and van der Waals forces, several hours (at most 6 h in 
this study) of drying should have minimal effect on the stability of the CA125 
immunocomplex. 

When detected with HTW, the CA125 antigen/antibody mixture resulted in a brighter spot 
under a POM, compared with that of same-concentrated CA125 antigen or antibody alone 
(Fig. 4). These results suggest that the larger size of the CA125 immunocomplex, in 
comparison with CA125 antigen or antibody alone, induced more significant disruption of LC 
alignment (Fig. 5). This method of immunodetection can thus discern between 
immunocomplexes and unbound antigens or antibodies, and a detection region with the p-
value smaller than 0.001 was determined to be 1–500 ng/ml without the use of secondary 
antibodies. At higher concentrations, the signal was saturated and resulted in a plateau-like 
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behavior. In a parallel study conducted with 5CB, the CA125 immunocomplex was barely 
detectable (Fig. 6), which provides further evidence for enhanced immunodetection 
sensitivity by HTW. 

When the optical texture of anti-CA125 antibody or CA125 antigen was compared in 
Figs. 2 and 4, it was found that the distribution of these biomolecules varied in individual 
experiments. Uneven distribution of the sample usually occurs when low concentrations of 
the anti-CA125 antibody and/or CA125 antigen were present, resulting in LC signals with 
areas smaller than the original drop size. Because the protein samples were air dried under 
room temperature, and the time required for drying may be affected by both temperature and 
humidity, the uncontrolled drying rate may thus contribute to the uneven distribution of 
proteins on the DMOAP-coated slides. Nevertheless, the relative intensities of 0.01-, 0.1- and 
1-μg/ml CA125 antigen or anti-CA125 antibody were of the same order of magnitudes in both 
figures, indicating that although the CA125 antigen or antibody molecules in each sample 
were distributed in different patterns in Figs. 2 and 4, the relative intensities of the resulting 
LC signal were quite consistent. 

 

Fig. 5. Schematic of mesogenic orientation in cells with (a) anti-CA125 antibody immobilized 
and DMOAP coated on the substrates, (b) CA125 antigen immobilized and DMOAP coated, 
and (c) CA125 immunocomplex immobilized on the DMOAP coating. 

 

Fig. 6. 0.5-µg/ml mixture of CA125 antibody and antigen comparing with only 
antigen/antibody alone using 5CB and HTW. 
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Fig. 7. Change in optical texture of HTW with reaction time in the presence of a mixture of 
0.5-µg/ml anti-CA125 antibody and 0.5-µg/ml CA125 antigen. The mixture was allowed to 
react in a test tube for (a) 0 min, (b) 5 min, (c) 10 min, (d) 15 min, (e) 30 min, (f) 60 min, (g) 
90 min, (h) 120 min, (i) 240 min and (j) 360 min before immobilization on DMOAP-coated 
glass substrates and LC cell assembly. The result indicated that the system reaches stablility in 
240−360 min. 

 

Fig. 8. Optical textures of HTW in the presence of (a) 0.1-µg/ml CA125 antigen mixed with 
0.1-µg/ml anti-SSAT antibody, (b) 0.1-µg/ml CA125 antigen mixed with 0.1-µg/ml anti-
CA125 antibody, and (c) 0.1-µg/ml anti-SSAT antibody. 

We further investigated time dependency itored the change in optical texture of HTW 
over time. Only in this experiment, instead of dried in shade, droplets on substrate were dried 
at 30 °C on a hot plate to achieve better control of reaction time. As revealed in Fig. 7, the 
brightness of the optical texture increased with increasing reaction time and reached a plateau 
within 60–90 min and leveled off after 240−360 min. The time-course data therefore indicates 
that a prolonged reaction time of CA125 antigen with anti-CA125 antibody may increase the 
amount of antigen–antibody immunocomplex, thereby creating greater disturbance in the 
alignment of LCs as well as higher intensity in optical texture. 

3.4 Discrimination between specific and nonspecific antibodies 

To test the specificity of immunodetection with HTW, 0.1-µg/ml CA125 antigen was reacted 
with anti-CA125 antibody or anti-SSAT antibody of the same concentration for 6 h. As 
shown in Fig. 8, the optical texture is of relative intensity 7.7 ± 1.1 for mixture of anti-SSAT 
antibody and CA125 antigen (Fig. 8(a)). This is significantly weaker than 55.0 ± 8.4 as 
obtained for the mixture of CA125 antigen and antibody (Fig. 8(b)). When only anti-SSAT 
antibody is present, the relative intensity is 28 ± 7 (Fig. 8(c)), close to the results with only 
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CA125 antigen/antibody. Disruption of LC alignment was significant only in the presence of 
both CA125 antigen and CA125 antibody, suggesting that the CA125 immunocomplex was 
formed. The nearly dark texture of HTW in the presence of both anti-SSAT antibody and 
CA125 antigen indicates that no immunocomplex was formed between nonspecific antigens 
and antibodies. It is therefore evident from these results that LC immunodetection is capable 
of discriminating between the presence of specific and nonspecific antibodies. 

4. Conclusions 

We have demonstrated that the sensitivity of LC-based immunoassays can be promoted by 
applying a eutectic nematic mixture with larger birefringence (Δn = 0.333 for HTW in this 
study). The inherently wide nematic range (> 125 °C for HTW) and very high nematic phase 
stability (95.0 °C for HTW) in contrast with a single-compound nematic, e.g., 5CB, are 
advantageous for reliable label-free immunodetection. The detection region of the cancer 
biomarker CA125 is determined to be 1–500 ng/ml without ambiguity, which is sufficient for 
clinical diagnosis. The presence of specific antibodies and formation of immunocomplex can 
be clearly distinguished from nonspecific antibodies by inspecting the optical textures of LCs. 
With elevated sensitivity and reliability, immunodetection using high-birefringence LC 
mixtures is therefore considered truly a label-free, sensitive and specific technique that may 
serve as an alternative to conventional immunoassays. 
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