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Abstract: In past studies, liquid crystal (LC)-based immunoassays were accomplished by 
fabricating an LC cell with two pieces of glass slides after immunobinding, which makes the 
determination of the immunoassay not in real-time and requires trained personnel. Herein, we 
developed the LC-based immunoassay by using rectangular capillaries as the substrate for 
immunobinding. The inner surface of rectangular capillaries was decorated with a long alkyl 
saline, dimethyloctadecyl[3-(trimethoxysilyl)propyl]ammonium chloride (DMOAP), 
followed by immobilization of human serum albumin (HSA) as the probe. In this situation, 
the orientation of LC was homeotropic and dark LC image was observed under polarized 
light. When the solution containing anti-human serum albumin (anti-HSA) were dispensed 
into the capillary through capillary action, the specific immunobinding between HSA and 
anti-HSA formed an immunocomplex on the inner surface of capillary, which disrupted the 
original orientation of LC and led to a dark-to-bright transition of the LC images. The 
quantification of anti-HSA can be achieved by measuring the length of the bright LC image in 
the rectangular capillary. By using this immunoassay, the limit of detection (LOD) for anti-
HSA is 1 μg/mL, and it did not respond to HSA and anti-human immunoglobulin G (anti-h-
IgG). On the other hand, the diversity of the LC-based immunoassay can be extended for 
HSA detection when we immobilized anti-HSA in the capillary. Because the post-fabrication 
of LC cell was waived by using rectangular capillaries to develop the LC-based 
immunoassay, it is more convenient for users to handle and collect more reliable data. 
Moreover, the results of the immunoassay were visualized through naked-eye and could be 
recorded by a smartphone; it is more suitable for portable and point-of-care applications. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

In current biological and medical studies, protein detection is mostly accomplished by using 
immunoassays in which the proteins are chemically linked with different signal tags, e.g., 
enzymes [1–3], fluorescent molecules [4,5], electrochemically active molecules [6,7]. Upon 
the specific immunobinding between antigen-antibody pairs, the presence of the target 
proteins can be reported through the optical or electric signals produced by the tags. 
Currently, immunoassay technologies are well-developed and have been widely used in labs, 
clinics and hospitals. However, they suffered from some drawbacks such as complex pre-
mixing and washing procedures, such that they have to be performed by trained personnel. 
Besides, because current immunoassays employ optical and electric signals, which require 
expensive instrumentation to collect quantitative data. Therefore, they are not affordable to 
general users. Based on these reasons, the extensive applications of immunoassay in daily life 
are limited. 

In addition to the abovementioned immunoassays, the immunoassay can also apply liquid 
crystal (LC) as the signal reporters [8–11]. In between of two pieces of glass substrates where 
the LCs are aligned in the same orientation, the specific binding between antigen-antibody 
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occurred on the substrate alters the original orientation of LC. As a result, the optical images 
of LC under polarized light are changed. Based on this principle, LC-based immunoassays for 
detecting various antigens (e.g., HSA, CA-125) [8,9] and antibodies (e.g., anti-IgG, anti-
hepatitis B) [10,11] have been developed previously. Because LC-based immunoassay shows 
colorful signals, its results can be easily understood by untrained personnel through naked-
eye. This feature waives the cost of LC-based immunoassay from expensive instrumentation. 
The limit of detection (LOD) for protein detection could reach 1 μg/mL. However, the 
operation of current LC-based immunoassay requires labor-intensive procedures, such as 
substrate washing and cell fabrication that are subject to human errors. Moreover, the 
thickness of LC film in between of two pieces of glass substrates is affected by the quality of 
the spacer and the binder clips that is subject to batch-to-batch variations. Therefore, accuracy 
and reproducibility for LC-based immunoassays is still a problem when they are applied for 
routine disease diagnosis. Besides, because the LC-based immunoassays only provide on/off 
signals, the quantitative information of the assays is insufficient. 

Rectangular (or square) capillaries are the glass materials with inner channel, which are 
commercially available with various dimensions. In past studies, rectangular capillaries had 
been widely adopted as the glass substrate to develop the system of capillary electrophoresis 
for separating a specific target from a mixture. In contrast, the researches on using rectangular 
capillaries for sensor applications are still in infancy. In past studies, Shirai et al. developed 
the fluorescence-based immunoassay for IgG detection by using a square glass capillary [12]. 
In their results, the reaction time required for immunocomplex formation in the capillary was 
significantly reduced (within 1 min) because of the minimized reaction scale, which 
demonstrated the advantage of using rectangular capillaries as the sensing platform of 
immunoassay. In terms of LC-based sensor, Khan et al. previously developed a method to 
determine glucose concentration in square capillary based on backscattering interferometry 
measurement of LC [13]. On the other hand, Kim et al. reported a method to report trypsin 
activity in round capillary based on the change in optical texture of LC [14]. Both results 
showed that LC can be applied as the optical signal reporter for the capillary-based sensing 
platform. Nevertheless, the quantification for the former required an expensive 
instrumentation, while the latter did not provide the quantitative data. To develop the 
immunoassays suitable for routine diagnoses, a simple and cost-effective quantification 
method is required. 

Herein, we developed the LC-based immunoassay by using rectangular capillaries as the 
sensing platform for quantitative analysis of protein concentration for the first time. We 
immobilized human serum albumin (HSA) as the probe protein on the inner surface of 
capillaries. In the presence of anti-HSA, it is anticipated that the formation of 
immunocomplex on the surface would disrupt the original orientation of LC and result in the 
change in optical texture of LC that can be observed under polarized light. In contrast to 
previous LC-based immunoassay that applied two pieces of slides to fabricate the LC cell, the 
advantages by using rectangular capillaries to develop LC-based immunoassay could be: (1) 
the procedure of LC cell fabrication is waived such that operating procedure of the 
immunoassay is simplified which minimizes the effects from human errors; (2) the dimension 
of the LC in the capillary is fixed such that the reproducibility of the immunoassay is 
improved. In this work, we investigated how the immunobinding affects the LC texture in the 
rectangular capillaries and demonstrated how to use the length of optical signal in the 
rectangular capillary as the quantitative index for the LC-based immunoassay. 

2. Materials and methods 

2.1 Materials 

Rectangular capillaries with inner dimensions of 0.1 mm (depth) × 1 mm (width) × 5 cm 
(length) were obtained from Super Chroma. N,N-Dimethyl-n-octadecyl-3-
aminopropyltrimethoxysilyl chloride (DMOAP), HSA, anti-HSA, anti-IgG and Tween 20 
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were purchased from Sigma Aldrich. Polyethylenimine (PEI) was purchased from Fluka. 
Phosphate buffer saline (PBS) was purchased from UniRegion Bio-Tech, Taiwan. Liquid 
crystal 4-cyano-4’-pentylbiphenyl (5CB) and 4'-n-decyloxybiphenyl-4-carboxylic acid was 
purchased from TCI. Water was purified by using a Milli-Q system (Millipore). 

2.2 Preparation of DMOAP-coated rectangular capillaries 

To clean the inner surface, rectangular capillaries were immersed in a 5% Decon-90 solution 
(a commercially available detergent) for 2 h, sonicated in DI water for 15 min, and rinsed 
thoroughly with DI water twice. After this, the rectangular capillaries were dried under a 
stream of nitrogen. The cleaned rectangular capillaries were immersed in an aqueous solution 
containing 0.1% (v/v) DMOAP for 10 min, and then rinsed with copious amounts of DI 
water. DMOAP-coated rectangular capillaries were dried under a stream of nitrogen and 
heated in a 100°C vacuum oven for 15 min. 

2.3 Preparation of HSA-immobilized and anti-HSA-immobilized rectangular 
capillaries 

HSA-immobilized rectangular capillaries were prepared by dispensing 0.5 mL of 10 μg/mL 
HSA solutions into DMOAP-coated rectangular capillaries and kept at room temperature for 
30 mins. After that, the inner surface of the capillaries was rinsed with copious amounts of DI 
water and dried under a stream of nitrogen. For the preparation of anti-HSA-immobilized 
rectangular capillaries, DMOAP-coated rectangular capillaries were fully loaded with 
0.0005% PEI solutions for 1 h to generate amine function groups on the surface. Then, 0.5 
mL of 1 μg/mL anti-HSA solutions was dispensed into the rectangular capillaries and kept at 
room temperature for 30 min. After that, the inner surface of the capillaries was rinsed with 
copious amounts of DI water and dried under a stream of nitrogen. Here, anti-HSA was 
oxidized to generate an aldehyde group on its Fc chain, which allows anti-HSA to form 
covalent bonding with the amine-functionalized surfaces. The detail procedures to prepare 
oxidized anti-HSA can be found in previous literature [15]. 

2.4 Preparation of artificial urine 

Artificial urine was prepared according to the recipe that the aqueous solution contains 3.5 
mM calcium chloride, 3 mM magnesium chloride, 72.1 mM sodium chloride, 18.7 mM 
monopotassium phosphate, 19.3 mM potassium chloride, 17.2 mM ammonium chloride and 
41.6 mM urea. Then, the pH value of artificial urine was adjusted to 5.7 using hydrochloric 
acid. 

2.5 LC-based immunoassay 

For anti-HSA detection, different concentrations of anti-HSA were prepared in 0.6 mL 
centrifuge tubes by using 1 × PBS buffer solution. The HSA-immobilized rectangular 
capillaries were then dipped into the anti-HSA solutions from one side and kept at room 
temperature for 2 h. After that, the capillaries were rinsed with copious amounts of buffer 
solution to remove the non-specifically adsorbed anti-HSA and dried under a stream of 
nitrogen. LC was drawn into the capillaries through capillary force. The optical appearance of 
the rectangular capillaries was observed by using a polarizing optical microscope (Leica, 
Germany) in transmission mode. Each image was captured by a digital camera mounted on 
the microscope using an exposure time of 1/80 s. To observe the capillaries using a 
smartphone, the capillaries were placed in between two pieces of crossed polarizers. Then the 
capillaries together with the polarizers were put on the screen of a smartphone of which the 
white backlight was turned on. For HSA detection, the experimental procedures were similar 
to that of anti-HSA detection. Instead, different concentrations of HSA solutions were 
prepared while anti-HSA-immobilized rectangular capillaries were used. 
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3.5 Detection of anti-HSA in artificial urine 

To test the practicability of the LC-based immunoassays using rectangular capillaries as 
sensing platform, we tried to detect the presence of anti-HSA in artificial urine samples 
because there are many important biomarkers for diseases diagnosis in human urines. The 
experiments were performed by spiking different concentrations of anti-HSA in artificial 
urine solutions. Figure 6(a) showed that the LC images in the rectangular capillary were 
bright when the concentration of anti-HSA was 1 μg/mL and above, while it was dark when 
the concentration of anti-HSA was 1 μg/mL and below. Therefore, the LOD of the LC-based 
immunoassays using rectangular capillaries as platform for anti-HSA detection in artificial 
urine was 1 μg/mL, which is the same as that in buffer solutions. In terms of quantitative 
information, the correlation coefficient for the linear line plotted with the length of the bright 
LC image as a function of the concentration of anti-HSA from 1 μg/mL to 40 μg/mL is 0.900, 
as shown in Fig. 6(b). We found that the average length of the bright LC image in the 
rectangular capillary was longer in urine samples than in buffer samples. This result can be 
explained by the high concentration of urea in urine. Urea is an amine-rich molecule which 
significantly increased the interactions between the protein-immobilized surface and aqueous 
solutions such that resulted in a higher water level of capillary through capillary action. 
Because the length of capillary was fixed, longer length of the bright LC image in the 
rectangular capillary would make the linear range of the LC-based immunoassay smaller. 
Nevertheless, our results demonstrated the quantitative detection of anti-HSA in urine by 
using the LC-based immunoassays using rectangular capillaries as platform, which shows its 
potential applicability for disease diagnosis. 

Furthermore, we investigated the specificity and interference effect of LC-based 
immunoassay because an ideal immunoassay should not be interfered with non-specific 
binding which leads to false-positive results. To achieve this goal, we performed another 
three experiments by using the artificial urine solutions containing 20 μg/mL HSA, 20 μg/mL 
IgG, and 20 μg/mL IgG together with 20 μg/mL anti-HSA, respectively. The results in Fig. 
6(c) showed that the LC images in the rectangular capillary were dark when the solutions 
contained HSA or IgG, which means HSA or IgG would not bind to surface-immobilized 
HSA to disrupt the orientation of LC. On the other hand, Fig. 6(c) showed that the LC image 
in the rectangular capillary was bright when the solutions contained IgG together with anti-
HSA. The length of the bright LC image in the rectangular capillary was 2.92 cm, which is 
comparable to the result using the artificial urine solutions containing only anti-HSA (3.02 ± 
0.1 cm). The above results, when combined, led us to conclude that the detection of anti-HSA 
by using LC-based immunoassay was specific; it was not interfered by other common 
proteins in human urines such as HSA and IgG. 
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