
   
 

© The Author(s) 2013. This article is published with open access at Springerlink.com csb.scichina.com   www.springer.com/scp 

                      
*Corresponding author (email: zyang@tsinghua.edu.cn) 

Review 

SPECIAL ISSUE: Nano-Biomedical Optoelectronic Materials and Devices July 2013  Vol.58  No.21: 25572562 

Progress of Projects Supported by NSFC doi: 10.1007/s11434-013-5767-5 

Beyond displays: The recent progress of liquid crystals  
for bio/chemical detections 

DONG YuanChen & YANG ZhongQiang* 

Key Laboratory of Organic Optoelectronics & Molecular Engineering of the Ministry of Education, Department of Chemistry,  
Tsinghua University, Beijing 100084, China 

Received October 15, 2012; accepted December 25, 2012; published online April 1, 2013 

 

Liquid crystals (LCs) are often known as electronic displays and have become ubiquitous in our daily life, apart from that, in the 
past 10 years, LCs have been investigated as exquisitely sensitive reporters for developing new molecular sensing and detection 
tools. The unique and primary advantage of this class of intriguing materials is the perturbation of the local ordering LCs at mo-
lecular scale by bio/chemical species can be communicated within LC molecules and extended over microns, allowing the obser-
vation of the optical signals by microscope or even the naked eye. Therefore, it provides a new platform for developing 
bio/chemical detection and potentially label-free sensing systems. 
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In March 1888, a young botanist called Friedrich Reinitzer 
[1] first found that esters of cholesterol appeared to have 
two melting points between which the liquid showed iri-
descent colors and birefringence. Actually he discovered a 
new phase of matter: a liquid crystalline phase, distin-
guished from solids, liquids and gases that are already fa-
miliar to us [2]. Substances in this fourth state are called 
liquid crystals (LCs), flowing like a conventional liquid and 
exhibiting orientational order like a crystalline solid. In 
general, the molecules forming LCs are anisotropic, either 
rod-like or disc-like. There are two basic classes of LCs: 
thermotropic and lyotropic. In the thermotropic system, the 
liquid crystalline phase only exists within a particular tem-
perature range, between a melting point, Tm, and an upper 
transition temperature, Tc (Figure 1). In the lyotropic system, 
LCs possess polar and non-polar parts within the same 
molecule. In a certain concentration range, molecules or-
ganize themselves into ordered structures showing LC 
properties. This review will not discuss lyotropes further  

 
Figure 1  Molecular structure of 5CB and different organizations of solid, 
liquid crystal and isotropic liquid phases. 

and focus on thermotropic LCs, especially 4-cyano-4′-  
pentylbiphenyl (5CB), which exhibits liquid crystallinity in 
the nematic phase at room temperature, a simple and handy 
choice for constructing optical detectors performed at am-
bient condition. 

The key principle of employing LCs for molecular detec-
tion is illustrated in Figure 2. The local interruption of LC 
ordering at the molecular scale can be amplified to micron  
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Figure 2  Schematic illustration of the main principle of detection based 
on LCs. 

scale, and transduces the anchoring transition into measura-
ble optical output [3–7]. Owing to these fascinating proper-
ties, the LC-based analysis has great potential for develop-
ing rapid, simple and label-free detection. So far, three typ-
ical LC-based designs have been utilized: LC-solid inter-
faces, LC-aqueous interfaces and LC droplets. Accordingly, 
this review is divided into three sections, explains the main 
detection principles, summarizes most recent progress, fol-
lowed by conclusions and perspectives. 

1  LC-solid interfaces 

The ordering of LCs is sensitive to the structure of surfaces, 
including nanoscale topography and the presence of 
self-assembled monolayers (SAMs), which have been well 
studied mostly driven by electronic display market [8]. In-
spired by that, bio/chemically modified substrates have been 
explored to control LC ordering and designed for detecting 
biomolecules [9–14] or chemicals [15–20]. For example, as 
shown in Figure 3(a), the gold substrate was first treated 
with a mixture of biotin-(CH2)2[(CH2)2O]2NHCO(CH2)11SH 
(BiSH) and CH3(CH2)7SH (C8SH). The two substrates were 
paired to form a LC cell with a thickness about 2 μm con-
trolled by a spacer, and a drop of 5CB was drawn into the  

 

 

Figure 3  (a) Schematic illustration of the binding of protein avidin to 
mixed SAMs containing biotin groups. Optical images with crossed polar-
izers of nematic 5CB sandwiched between mixed SAMs without (b) and 
with (c) bounded avidin. Reprinted with permission from [9]. Copyright 
1998, Science. 

cell through capillary force. As the gold was obliquely de-
posited onto glass substrate, the anisotropic roughness could 
induce 5CB to uniformly align on the plane (all LCs orient 
along the corrugation of the gold film). It was observed that 
though forming SAMs from BiSH and C8SH, which did not 
erase the nanoscale topography and Figure 3(b) showed a 
dark and featureless image, indicating the 5CB within the 
cell remained the same orientation. However, the ordering 
of 5CB was interrupted due to the existence of avidin 
bounded onto the substrate (ca. 1010 avidin per mm2) (Fig-
ure 3(c)). This work demonstrates the possibility of using 
LCs to amplify and transduce the binding of proteins with 
ligands on solid substrates to optical signals. 

Apart from decorating the solid substrates with ligands 
for detecting proteins, it is also feasible to modify the sur-
face with chemical receptors for chemical detection [15–20]. 
Figure 4 showed that depending on the surface topology and 
chemical composition, 5CB aligned on the plane with ori-
entation depicted in Figure 4(c). Due to the hydrogen bond-
ing of 5CB with –COOH group immobilized on the surface 
(10–40 kJ/mol), 5CB underwent an orientation across the 
corrugation of gold film, combining the top surface deco-
rated with methyl group (CH3) directing an orientation of 
5CB parallel to the topology, resulting in a twist LC cell, 
which appeared bright under the cross polarizers (Figure 
4(a)). Upon exposure the acidic surface to a vapor of 12 
ppmv hexylamine [n-H2N(CH2)5CH3] (HA), which led to 
acid-base interaction (>70 kJ/mol) and displaced 5CB, 
therefore, the LC cell turned to dark (Figure 4(b)), as no 
twisted LCs rotated polarized light (Figure 4(d)). 

More interestingly, when the –COOH groups were pre-
treated with transition metal ions, e.g. Cu2+, which coordi-
nated with nitrile group of 5CB and caused 5CB aligning 
perpendicularly to the surface (homeotropic alignment), 
appeared dark under the polarized microscope. As the  

 

 

Figure 4  Optical images with crossed polarizers of nematic 5CB sand-
wiched between mixed SAMs before (a) and after (b) exposure to HA. (c), 
(d) Schematic illustration of 5CB orientation in (a) and (b), respectively. 
Reprinted with permission from [15]. Copyright 2001, Science. 
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diffusion of toxic gas, dimethylmethylphosphonate (DMMP), 
into 5CB, DMMP preferentially coordinated to the Cu2+ on 
the substrate and replaced 5CB, causing a disruption of LC 
orientations, thus optical appearance turned from dark to 
bright. Such competitive coordination interactions can in-
fluence LC ordering and provide a general approach to de-
sign of bio/chemical sensors [5]. 

Whereas using a whole piece of liquid crystal cells in 
centimetre scale, a microarray format was also reported to 
establish immunoassay system [21–25]. Signals were 
showed as colourful spots in the optical bar chart, and rich 
information from surface density of biomolecules, concen-
trations to incubation time can be obtained and read out in a 
single sample. By specifically functioning or patterning the 
substrates, it can quantitatively measure the analytes 
[26,27]. 

2  LC-aqueous interfaces 

Another type of LC-based system is involving interfaces 
between thermotropic LCs (5CB is the commonly utilized 
compound) and immiscible aqueous phase. Though the LCs 
on solid substrates can detect bio/chemical molecules, it 
requires to be performed in air at dry state, considering 
many bio-interactions happened in aqueous solutions, it 
turned out the LC-aqueous interface is a suitable system to 
investigate the interfacial phenomena in real time. There are 
several reviews concerning to this topic [5,6,28]. In a typi-
cal experimental setup (Figure 5), LCs are supported by 
TEM grid sitting on top of OTS-coated glass, which gives a 
homeotropic anchoring (LCs align perpendicular to the sub-
strate). After immersed under an aqueous phase, the easy 
axis of LCs is parallel to the interface with water, giving 

rise to a planar anchoring. In order to accommodate the 
planar anchoring at the LC-aqueous interface and the ho-
meotropic anchoring at the OTS-coated glass interface, the 
LC undergoes a continuous splay and bend distortion be-
tween the two confining interfaces, giving a bright optical 
appearance (Figure 5(b)) [29]. 

Figure 5(c) showed that 5CB underwent an ordering 
transition upon the adsorption of lipid L- dilauroyl phos-
phatidylcholine (L-DLPC) at the LC-aqueous interface. It 
revealed that some regions of 5CB contained in the grid had 
transformed to a homeotropic orientation, as evidenced by 
the black regions, and it was mainly attributed to the molec-
ular coupling of LCs and lipid tails. Over incubation for 2 h, 
a monolayer of L-DLPC was laden at LC-aqueous interface 
and resulted in a complete anchoring transition from planar 
to homeotropic alignment (Figure 5(d)). Aside from lipids 
[29,30], it has been shown that amphiphilic molecules, such 
as surfactants [31–37] and polymers [38–41] at these inter-
faces are strongly coupled to the ordering of the LCs, and 
the presence and organization of these molecules can be 
reported through changes in the optical appearance of the 
LCs. It was noted that LCs are fluid-like and possess mobil-
ity, combined with liquid crystallinity, assembling biologi-
cal amphiphiles at the LC-aqueous interface promises a 
possibility for mimicking cell membrane, which is mobile 
and composed of a large amount of lipids in liquid crystal-
line phase. A series of more complex interfacial phenomena, 
such as specific binding events involving proteins [29,42] 
enzymatic reactions [43–47], hybridization of DNA [48], and 
the culture of human embryonic stem cells (hESCs) [49] at 
LC-aqueous interfaces have shown to trigger dynamic ori-
entational transitions in LCs. Apart from decorating the 
LC-aqueous interface with amphiphiles, it is also possible to 
utilize synthesized LCs containing functional groups and  

 

 

Figure 5  (a) Schematic illustration of the formation of LC-aqueous interface. Optical images and cartoon of 5CB at an aqueous interface before (b) and 
after (c), (d) exposure to L-DLPC vesicles. Reprinted with permission from [29]. Copyright 2003, Science. 
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tailor the interfacial properties for versatile uses [50]. Note 
that though the interfacial phenomena were observed at 
LC-aqueous interfaces, in this system, the interface between 
LC and solid surface attracted attention recently as it in-
duced the spontaneous formation of water droplets [51], 
thus there are much more room for further investigation. In 
short, LC-aqueous interfaces provide a promising class of 
biomolecular interfaces for reporting interfacial phenomena, 
combined with soft lithography techniques [52], it will have 
a wide range of innovative applications. 

3  LC droplets 

Instead of forming planar LC-aqueous interface, LCs can be 
emulsified to form LC droplets [53–63]. Nematic 5CB in 
liquid form at room temperature again becomes a good 
choice of making LC droplets/emulsions. Using polymer 
shells as templates [64] subsequently filled with LCs, emul-
sifying LCs by miniemulsion technique [65] or directly ex-
ploiting microfluidics [66] have been reported to produce 
LC droplets. Early studies focused on how the droplet size 
and interfacial compositions influenced the LC ordering 
configuration [64]. There are a number of general and im-
portant findings, with the same surface composition, LC 
droplets exhibited a size-dependent ordering transition. For 
large LC droplets ( 3 μm), LCs possess a bipolar configu-
ration, with two point defects at two poles of the droplets. 
For small droplets (700 nm), LCs possess a radial config-
uration, with a defect located at the center of the droplet. 
For the same size of LC droplets, LCs exhibit an adsorb-
ate-driven ordering transition. LC droplets with initial bipo-
lar configuration gradually changed to radial configuration 
as the increase of amount of amphiphilic molecules ad-
sorbed onto LC droplets [37]. By taking advantage of this 

responsive phenomenon, more recently, it was reported that 
LC droplets were used to detect bacteria and viruses [67]. 
The essential principle of detection was employing the in-
teraction between lipids and LCs, as Gram negative bacteria 
(with outer membrane) and encapsulated viruses (with en-
velope) consisted of lipids, when contacting with LC drop-
lets, lipids transferred to LC droplets, resulting in a radial 
configuration of LCs. This response provides an approach 
of screening bacteria and viruses based on their structural 
characteristics. 

Last year, an interesting observation of using LC droplets 
to detect endotoxin from E. coli was reported [68]. Endo-
toxin is a lipid-polysaccharide comprised of a glycophos-
pholipid, lipid A, shown in Figure 6(a). It was surprising to 
find that the concentration of endotoxin was extremely low 
(pg/mL) to induce a change in the ordering of the LCs from 
bipolar to radial (Figure 6(b)–(g)). The optical changes were 
striking and happened within a minute. It was confirmed 
that the ordering transition was not driven by adsorption of 
endotoxin over the surface of LC droplets, but instead by 
localization of the endotoxin at defects in LC droplets. 
Comparing to the current FDA-approved test for endotoxin, 
which is based on clotting the blood of horseshoe crabs, LC 
droplets based method is more friendly to animals and easy 
to operate. This system brings about new principles for 
sensing targeted biological species. 

4  Conclusions and perspectives 

This article focused on three aspects of employing LCs for 
bio/chemical detections and their advances in last ten years. 
The basis and advantage of LC-based assays undoubtedly 
contributes to unique properties of LCs: (1) molecular-level 
interactions at the interfaces can be amplified into ordering  

 
 

 

Figure 6  (a) Schematic illustration of lipid A portion of endotoxin. Optical images and cartoon representation of LC droplets before ((b)–(d) )and after 
((e)–(g)) exposure to endotoxin from E. coli. Reprinted with permission from [68]. Copyright 2011, Science. 
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transitions of LCs, the approach, therefore, does not require 
labeling of analyte; (2) one LC molecule can communicate 
and influence the ordering of adjacent LCs, consequently a 
nanoscale interruption of ordering propagates over microns, 
combined with the mobility of fluid-like LCs, the process 
can occur in seconds; (3) orientational changes in LCs can 
be simultaneously transduced into optical output, thus al-
lowing transduction without the need of power or use of 
complex instrumentation; (4) the setup is simple and easy to 
operate, potentially useful for developing portable sensors 
or point-of-care testing. 

The advances of design and engineering of solid sub-
strates and functional molecules will bring more precise 
control over the LC ordering and the interfacial properties 
of both LC-solid and LC-aqueous interfaces, therefore, al-
lowing further understanding of fundamental principles, 
eventually increasing sensitivity and specificity of detection. 
Whereas the commonly used nematic 5CB, other synthetic 
LCs and other phase (cholesteric) [69] or type (lyotropic) 
[70] of LCs offer a rich pool for exploration and provide 
more versatile properties. Taking advantage of emerging 
fabrication techniques, it is shown that low molecular 
weight LCs can be tailored to form a gel-like material with 
tunable mechanics [71], which promises a possibility of 
using LCs to culture mammalian cells (which are sensitive 
to substrate stiffness) [72] and reporting the interactions 
between cells and substrates. In addition, LCs with the ori-
entational alignment and anisotropic mechanical properties 
might be a good candidate for directing neurite branching 
[73,74] and promoting stem cell differentiation, etc. 

Overall, though LC-based sensors are still in its infancy, 
considering the high impact of LC displays in everyday life, 
it is not surprising if in future LCs bring another profound 
revolution, demonstrating their unimaginable applications 
and driving forward new research directions, again keep 
attracting spotlights in scientific world. 
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