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Droplet-based miniature reactors have attracted interest in both fundamental studies, for the 

unique reaction kinetics they enable, and applications in bio-diagnosis and material synthesis. 

However, the precise and automatic feeding of chemicals, important for the delicate reactions 

in these miniaturized chemical reactors, either requires complex, high-cost microfluidic devices 

or lacks the capability to maintain a pinning-free droplet movement. Here, we report the design 

and synthesis of a new class of liquid crystal (LC)-based open surfaces which enable a 

controlled chemical release via a programmable LC phase transition without sacrificing the free 

transport of the droplets. We demonstrate that their intrinsic slipperiness and self-healing 

properties enable a modularizable assembly of LC surfaces which can be loaded with different 

chemicals to achieve a wide range of chemical reactions carried out within droplets, including 

sequential and parallel chemical reactions, crystal growth and polymer synthesis. Finally, we 

develop an LC-based chemical feeding device that can automatically control the release of 

chemicals to direct the simultaneous differentiation of human induced pluripotent stem cells 

(hiPSCs) into endothelial progenitor cells and cardiomyocytes. Overall, our LC surfaces exhibit 

desirable levels of automation, responsiveness, and controllability for use in miniature droplet 

carriers and reactors. 

 

1. Introduction 

The automated manipulation of the chemical composition and transport behaviors of liquid 

droplets is critical for the design of miniature droplet carriers and reactors for a wide range of 

applications, including water harvesting and transport,[1] biomedical diagnostics,[2] drug 

delivery,[3] and smart droplet reactors.[4] Two platforms, in-channel microfluidics and open 

surfaces, have recently been developed to create droplet carriers and reactors that can carry out 

chemical and biological processes inside a liquid droplet (usually water) with a volume on the 
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order of microliters.[4c, 5] In-channel microfluidic platforms require a delicate channel 

architecture to precisely modulate the droplet composition through either the fusion of droplets 

with different compositions or the direct injection of chemicals into the continuous 

stream,[4b,4c,5b,6] which significantly increases the complexity and cost of microfluidic device 

fabrication and operation. While superhydrophobic surface- and slippery liquid-infused 

porous surface (SLIPS)-based open surfaces have been shown to manipulate droplet movement 

using a variety of stimuli,[4a,5f,5l,7] these surfaces are unable to encapsulate and release 

chemicals in a controlled and automatic manner – their current dependence on the 

manual addition of chemicals to the droplet hinders their practical applications.[4a, 5l, 7d] 

Although other surface systems including layer-by-layer assembly, functionalized silica 

nanofractals, ferrofluid-infused anodic aluminum oxide, and liquid gating magnetoelastic porous 

membranes have been shown to enable control over cell and chemical release,[8] the mobility of 

the water droplet on these surfaces and the potential use of them as platforms for droplet 

reactors and carriers have not been investigated yet. Therefore, the  design of an easily 

fabricated and automatically operated surface device that enables a programmable feeding of 

chemicals to liquid droplets with outstanding mobility remains a substantial challenge. 

 

Thermotropic liquid crystals (LCs), a particularly promising class of anisotropic liquids, exhibit a 

remarkably diverse group of colloidal and interfacial phenomena with unprecedented 

complexities and functionalities.[9] For instance, LC films immersed in water have shown the 

ability to optically respond to chemicals or external fields and release cargo following an LC phase 

transition.[10] These previous findings lead us to hypothesize that the intrinsic stimuli- 

responsiveness of LCs enables the design of a novel class of functional surfaces, which combine 

the programmable chemical feeding of microfluidics systems and the easy fabrication of open 
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surface platforms that allow for the programmable feeding of chemical reagents to droplets. 

Very recently, we reported the design of a porous LC polymeric network to stabilize LC films 

against water droplet-induced dewetting, enabling chemical feeding to droplets on an LC 

surface platform.[11] However, the integration of these LC surfaces to achieve the programmable 

and automatic release of multiple chemicals to manipulate (bio)chemical reactions in droplets 

without droplet pinning, a prerequisite for the design of advanced open surface droplet reactors, 

has not yet been achieved. 

 

In this work, we designed and implemented an LC-based open surface platform that can 

encapsulate chemical reagents for future release into a liquid droplet on the surface via an LC 

phase transition. When combined with their natural water repellency and self-healing properties, 

our LC-based open surface platforms proved to be modularizable – where LC surfaces loaded 

with different chemical reagents can be freely assembled to program the order and quantity of 

chemical reagents released into the droplet on the surface – which enables a variety of sequential 

and parallel reactions and material synthesis including crystallization and (co)polymerization 

within water droplets. Additionally, we developed an LC surface-based device that is simple to 

operate and uses droplets as carriers to automatically control the feeding of cell signaling 

modulators for the simultaneous differentiation of human induced pluripotent stem cells 

(hiPSCs) into different cell types, e.g., endothelial progenitor cells and cardiomyocytes. Overall, 

the advances reported in this work provide design principles for novel, LC-based open surfaces for 

droplet carriers and reactors, offering an opportunity to achieve unprecedented levels of 

controllability, responsiveness, and automation for use in materials synthesis and regenerative 

cell therapy. 
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2. Results and Discussion 

2.1. Preparation of LC-based open surfaces 

Here we designed a stimuli-responsive fluid LC-infused porous polymeric network as an open 

surface platform for droplet manipulation that relies on an LC lubricant instead of the common 

isotropic lubricants (e.g., silicone oil or perfluorinated lubricants) found in conventional SLIPS.[12] 

As shown in Figure 1, a porous polymeric network of [3-methyl-4-[4-(3-prop-2- 

enoyloxypropoxy)benzoyl]oxyphenyl] 4-(3-prop-2-enoyloxypropoxy)benzoate (RM257; a reactive 

LC crosslinker) was prepared on a (dimethyloctadecyl [3-(trimethoxysilyl) propyl] ammonium 

chloride silane (DMOAP)-functionalized glass substrate. We note here that the DMOAP 

functionalization orients the LCs perpendicularly, with respect to the glass substrate.[13] The pore 

size of the porous polyRM257 network was measured with a scanning electron microscope 

(SEM), and found to be between 200 nm and 500 nm (Figure 1b). The polyRM257 network was 

further coated with a 130 µm-thick film of a non-reactive nematic LC (e.g., 4-cyano-4'-

pentylbiphenyl (5CB)) (Figure 1c; see details in the Supporting Information). The porous 

polyRM257 network can stabilize LC films against dewetting that is normally caused by water 

droplets (Figure S1, Supporting Information). 

 

2.2. Chemical release from LC-based open surfaces 

In the first set of experiments, we sought to control the release of encapsulated chemicals in the 

LC film to the droplets. When a guest object (e.g., droplets or particles) is dispersed in bulk LCs, 

the ordering of the LCs around the guest object is determined by a competition between the 

elastic energy (KR, where K is the Frank elastic constant of the LC and R is the radius of the 

guest object), arising from the strain of the LCs surrounding the guest object, and the 

orientation-dependent interfacial energy at the LC–guest interface (WR2, where W is the surface 
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anchoring strength).[14] When R > K/W (i.e., WR2 > KR), the guest object distorts the surrounding 

LCs and generates a repulsive elastic force between the guest object and the boundaries of the 

nematic LC, which prevents the coalescence of the guest objects as well as the release of the 

guest objects from the bulk LC to the environment.[14a, 15] After an LC phase transition from 

nematic to isotropic, the orientational ordering and associated LC elastic repulsion will vanish, 

leading to the release of the guest objects from the bulk LC. In contrast, when R < K/W, the guest 

object causes no distortion to the orientational ordering of the bulk LC, and thus no elastic 

barrier prevents the release of the guest object. The critical radius of the guest object (K/W) is 

estimated to be on the scale of hundreds of nanometers.[16] Therefore, we hypothesize that the 

combination of the long-range orientational ordering of LCs and a proper control of the size of 

the guest objects in the LC bulk can be used to program the release of chemicals from the LC 

surface. 

 

To validate our hypothesis, we loaded chemical reagents into the coated LC films to test their 

release from the LC. We used ethyl orange, a water-soluble dye, in our initial experiments along 

with two loading methods to vary the size of the ethyl orange guest objects in the LC film. In the 

first method, we mixed ethyl orange with 5CB using ethanol as a co-solvent, which was 

subsequently evaporated to form nanometer-sized aggregates of ethyl orange within the bulk 

5CB. The size of the ethyl orange aggregates was measured to be 118 ± 8 nm using dynamic light 

scattering (DLS). Then we coated the nanometer-sized ethyl orange-dispersed 5CB onto the 5CB-

swollen porous polyRM257 network. After a 10 μL water droplet was placed on the surface (at 25 

°C, nematic phase), the ethyl orange was immediately released out of the LC film, as shown in 

Figure 2a,b,c and Movie S1. This observation is consistent with our hypothesis that the release 

of sufficiently small ethyl orange aggregates (R < K/W) cannot be controlled. 
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In the second method, we dissolved ethyl orange in a 5 mM aqueous solution using an anionic 

surfactant, specifically sodium dodecyl sulfate (SDS), and then dispersed the ethyl orange 

aqueous solution (20 wt%) in 5CB (80 wt%) at 25°C. Next, we drop-cast this dispersion onto the 

surface of the porous polyRM257 network (Figure S2, Supporting Information). We note here 

that the chemical reagents that can be encapsulated in the LC surface must be immiscible with 

the LC. We also note here that the load capacity of the 5 mM SDS-stabilized chemical aqueous 

microdroplets in the LC surface is 20 wt% based on the total mass of the LC surface. The diameter 

of the formed ethyl orange aqueous microdroplets in the bulk 5CB was measured to be 10 ± 2 μm 

using an optical microscope. After a 10 μL water droplet was placed on the LC surface containing 

the ethyl orange microdroplets, no measurable release was observed at 25°C (nematic phase) 

after 30 min. Upon heating up to 40°C (isotropic phase), however, we observed an orange 

coloration beginning to appear in the water droplet, suggesting that the encapsulated ethyl 

orange aqueous microdroplets were being released into the water droplet now that the surface 

was above the nematic to isotropic phase transition temperature (TN–I, 5CB is approximately 35oC), 

as shown in Figure 2b,c and Movie S1. Moreover, 82% of the encapsulated microdroplets were 

released within 60 s, as shown in Figure 2c,d. In addition, the release rate of the microdroplets 

can be manipulated by varying the temperature of the LC film while it is in the isotropic phase, 

with higher temperatures increasing the rate of release (Figure S3, Supporting Information). This 

observation supports our hypothesis of the size-dependent orientational ordering of the LCs 

around the guest objects. We developed a simple thermodynamic model to provide additional 

insight into the role of the LC orientational 

ordering in the process of chemical release (Figure S4, Supporting Information). 
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Furthermore, the threshold temperature required to activate the release of the ethyl orange 

aqueous microdroplets can be tuned by adjusting the TN–I of the LC. Specifically, we observed that 

the release of the ethyl orange aqueous microdroplets encapsulated in an E7 film was activated 

above 65oC (TN–I, E7 is approximately 62oC), as shown in Figure 2b,c. We can further tune the 

threshold temperature over a wide range (from 10oC to 92oC) by simply adjusting the LC 

composition (Figure S5, Supporting Information). This ability to tune the release temperature 

allows another way to program the release of chemicals from the LCIPS. Additionally, the amount 

of ethyl orange released can be manipulated through the duration that the LC film stays in the 

isotropic phase. As shown in Figure 2d and Figure S6, Supporting Information, the amount of 

chemical released to the droplet increases with an increase in the time that the LC film is in 

the isotropic phase. In the other experiments of this work, we used this method to create 

aqueous microdroplets and the corresponding time and temperature programmability to control 

the release of chemicals into water droplets on the LC surface. Unless specified otherwise, the LC 

surface was prepared using 5CB to provide a level of comparability between experiments. 

 

To further demonstrate that the chemical release can be controlled through tuning the time that 

the LC film stays in the isotropic phase, we sought to control chemical reactions (e.g., crystal 

growth within droplet reactors) which have been demonstrated to be strongly dependent on 

chemical concentration. Specifically, we loaded an LC surface with sodium carbonate (Na2CO3) 

aqueous microdroplets and placed a 10 μL reactor droplet consisting of calcium dichloride (CaCl2) 

on the Na2CO3-loaded LC surface. After triggering the release of Na2CO3 through heating the 

Na2CO3-loaded LC surface to 40oC, we observed the formation of white colored calcium 

carbonate (CaCO3) crystals within the reactor droplet (Figure S7, Supporting Information). We 

observed an increase in the average diameter of the CaCO3 crystals from 0.5 μm to 3.5 μm 
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corresponding to an increase in the time the reactor droplet stayed on the Na2CO3- loaded LC 

surface while the surface was in the isotropic phase, from 20 s to 100 s, which determined the 

amount of Na2CO3 released into the reactor droplet, as shown in Figure 2e,f,g,h. In contrast, no 

crystallization was observed in the reactor droplet on the LC-based open surface when the 

surface remained in the nematic phase. 

 

2.3. Slipperiness of LC-based open surfaces 

The above results demonstrate that the feeding of chemicals into reactor droplets from LC 

surfaces can be precisely activated and programmed via LC phase transitions. Besides controlled 

chemical feeding, we sought to demonstrate that the intrinsic slipperiness of the LC surfaces will 

help water droplets slide freely on the LC surface without being affected by the release of 

chemicals from the surface, which is the second feature required for both droplet carriers 

(i.e., the delivery of chemicals to a target location) and droplet reactors (i.e., chemical reactions 

that require multiple chemicals to be fed to the droplet reactor). 

 

Here we performed experiments to investigate the mobility of the water droplets on the LC 

surface and made four key observations. First, the contact angles and sliding angles of the water 

droplets were similar on both nematic and isotropic LC surfaces with and without loaded 

chemicals (Figure S8, Supporting Information), demonstrating that chemical release causes no 

measurable change to the sliding behavior of the water droplets. We note here that the sliding 

angle of the water droplets remained low (approximately 2o) during the release process, 

demonstrating that the LC surface remained stable during chemical release (Figure 2d and Figure 

S9, Supporting Information). Therefore, we believe our LC surface has the potential to be used in 
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complex droplet systems.[7e, 17] Second, the water droplets not only continue to slip on the LC 

surface after the LC surface has been damaged by scratching with a razor, but more importantly, 

the water droplet can slide across the junction of two connected LC surfaces without severe 

pinning (Figure S10, Supporting Information and Movie S2). Third, the sliding behavior of the 

water droplets does not significantly change even when the pH of the droplet was varied from 1 

to 13 (Figure S11, Supporting Information), when the droplets contained surface active agents or 

synthetic sea salts (Figure S12, Supporting Information), or when the LC surfaces were immersed 

in water for 30 days (Figure S13, Supporting Information). We also note here that the porous LC 

polymeric coating strategy combined with non-reactive LCs is generalizable to a variety of 

supporting substrates, including aluminum foil, tin, wood, steel, rubber, and cotton fabric (Figure 

S14, Supporting Information). Fourth, beyond manually moving the droplets, water droplets with 

0.1 mg of magnetic ferroferric oxide (Fe3O4) particles can also be remotely controlled with a 

magnetic field (0.56 T) (Figure S15, Supporting Information and Movie S3), which provides the 

possibility to remotely and automatically control the movement of liquid droplets. We note here 

that the presence of organic and inorganic materials such as glycerol, SDS and colloidal particles 

in the water droplets were shown to have no effect on the release of the microdroplets from the 

LC surface (Supporting Information). Therefore, inorganic magnetic particles could be added to 

the water droplets on the LC surface to enable remote control over the movement of water 

droplets using an external magnetic field. The above observations demonstrate the high physical 

and chemical stability, outstanding generalizability, and excellent liquid repellency and 

slipperiness of the LC surface.  
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2.4. Modularization of LC-based open surfaces for sequential chemical 

reactions 

The above observations, combined with the programmable chemical release at the LC surface, 

provide the possibility to conduct chemical reactions with complicated steps within water 

droplets through the modularization of the LC surfaces loaded with different chemicals. We 

hypothesize that each LC surface can act as an individual module, where they perform their 

function independently and can be easily integrated with other modules for different types of 

reaction pathways. To test our hypothesis, we integrated LC surface modules to conduct two 

basic types of chemical reactions: sequential and parallel reactions. First, we used methyl 

orange, an acid–base indicator, to demonstrate that sequential acid and base reactions can be 

achieved with these modularized LC surfaces. Methyl orange exhibits a red color in an acidic 

medium (pH < 3.1) and a yellow color in a neutral or basic medium (pH > 4.4) (Figure 3b).[18] In 

our experiments, we followed the reactions when the droplet was passing across two LC surfaces 

assembled in different sequential orders, loaded with either hydrochloric acid (HCl; denoted as 

“HCl” module) or sodium hydroxide (NaOH; denoted as “NaOH” module). Additionally, we 

attached a pure LC surface, without any added chemical reagent, as an ‘initial’ module (Figure 

3a). 

 

The sequence of the first set of integrated LC surfaces was initial–HCl–NaOH. As shown in Figure 

3c, when a 10 μL aqueous droplet of methyl orange was moved from the initial LC surface to the 

HCl-loaded LC surface, followed by a thermally-induced phase transition of the LC surface into 

the isotropic phase (40oC), the aqueous microdroplets of HCl encapsulated in the LC surface 

were released into the water droplet on the LC surface resulting in a yellow-to- red color 

transition of the methyl orange. Subsequently, the LC surface was cooled to the nematic phase 
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and the water droplet was moved from the HCl module to the NaOH module. The NaOH 

module was then heated into the isotropic phase (40oC) to release the initially encapsulated 

aqueous microdroplets of NaOH from the LC surface into the water where they neutralized 

the acid in the water droplet causing a color change from red back to yellow. The release 

amount of encapsulated NaOH microdroplets can be tuned by varying the duration the LC film is 

in the isotropic phase. As shown in Figure S16 (Supporting Information), by varying the duration 

the LC film is in the isotropic phase from 0 s to 40 s, 0.1 μL – 5.0 μL of NaOH aqueous 

microdroplets can be released to the water droplet to increase the pH, resulting in a color change 

of the water droplet on the LC surface. In contrast, the opposite sequential order of initial–

NaOH–HCl (Figure 3d) resulted in a constant yellow coloration of the water droplet during the 

whole process, revealing that the order of the modules can be used to tune the order of the 

chemical reactions within these water droplet reactors. We note here that neither the Brownian 

motion of encapsulated microdroplets nor the movement of the millimeter-sized water droplets 

on the LC film can cause a significant transfer of microdroplets across different LC modules 

(Figure S17, Supporting Information). 

 

2.5. Modularization of LC-based open surfaces for parallel chemical 

reactions 

To further test these surfaces, we prepared LC surface modules loaded with silver nitrate 

(AgNO3), potassium thiocyanate (KSCN), and sodium bicarbonate (NaHCO3) and integrated the 

LC surface modules in the sequential order of initial–AgNO3–KSCN–NaHCO3, as schemed in Figure 

4. Next, we placed three aqueous droplets of iron (III) chloride (FeCl3) on the initial LC surface and 

selectively slid one FeCl3 aqueous droplet to each chemical-loaded LC surface across the other 

modules in the nematic phase (25oC). No chemical reaction was observed within all of the 
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aqueous droplets on the nematic LC surfaces. After heating the LC surfaces above the TN–I, 5CB 

(final temperature was 40oC), the release of the loaded chemicals was activated from the 

underlying LC surfaces into the FeCl3 aqueous droplets, which triggered the formation of white 

precipitates of silver chloride (AgCl) in the droplet on the AgNO3 module, a red coloration from 

the creation of iron (III) thiocyanate (Fe(SCN)3) in the droplet on the KSCN module, and a 

formation of carbon dioxide bubbles in the droplet on the NaHCO3 module, as shown in Figure 4. 

These observations provide a proof-of-concept for the design of LC-based open surface platforms 

with a control over the desired reactions in individual droplet reactors through the modulation 

and integration of chemical-loaded LC surfaces. Our methodology can support complex reaction 

pathways and multiple small-scale reactions which are non-trivial in conventional in-channel 

microfluidics and open surface platforms. 

 

2.6. Polymer synthesis in droplet reactors on LC-based open surfaces 

It is well known that the monomer type and concentration during polymerization processes 

determine the properties of the final polymer products. Beyond the above-described acid–base 

and inorganic probing chemical reactions, we expanded our knowledge of this new LC surface 

system with a set of experiments designed to explore their potential use in polymer synthesis. As 

schemed in Figure 5a, we prepared LC surfaces loaded with the photoinitiator lithium phenyl-

2,4,6-trimethylbenzoylphosphinate (LAP), and the monomers acrylic acid (AA) and poly(ethylene 

glycol) methyl ether acrylate (PEGMEA) and integrated the LC surfaces in the order of initial–AA–

PEGMEA–initiator–final. The photopolymerization was performed at the final LC surface module. 

We note here that both the initial and final modules are pure LC surfaces. To achieve a remote 

control of the water droplets on the LC surface, we added 0.1 mg of magnetic Fe3O4 particles into 

the water droplets and used an external magnetic field to move the water droplets. 
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As shown in Figure 5a, the water droplet mobility and monomer release can be programmed to 

synthesize polymers with different compositions, including both homopolymers of polyAA or 

poly(PEGMEA) and a random copolymer of poly(AA-co- PEGMEA). We note here that the LC 

surfaces were cooled to the nematic phase when the water droplet was moved from one LC 

module to another. Gel permeation chromatography (GPC), proton nuclear magnetic resonance 

(1H NMR) spectroscopy, and differential scanning calorimetry (DSC) results validate the 

successful synthesis of homopolymers and random copolymers with tunable components and 

glass transition temperatures (Figure 5b,c,d and Table S2). We note here that the disappearance 

of the peaks between 6.0–6.5 ppm in the 1H NMR spectra (Figure 5b) indicates a complete 

polymerization. These results demonstrate that the modularization of LC surfaces enables the 

programmable feeding of chemicals into droplets, which is of potential technological interest in 

materials synthesis. 

 

2.7. LC-based open surfaces for automatic cell signaling regulation in 

directed hiPSC differentiation 

Given their unique capacity of self-renewal and ability to differentiate into any somatic cells in 

the human body, human induced pluripotent stem cells (hiPSCs) hold great promise in 

regenerative medicine to treat a variety of incurable diseases, such as cardiovascular diseases 

and neurodegenerative disease.[19] In the past two decades, spatiotemporal manipulation of 

dynamic cell signaling pathways via optogenetics,[20] micropatterning,[21] microfluidics,[22] and the 

direct addition of external chemicals and/or growth factors[23] has enabled the efficient 

production of a variety of specific cell types, such as cardiac and neural cells, from hiPSCs for 

applications in disease modeling, drug screening and regenerative medicine. Because of their 
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tremendous potential in regenerative medicine, a cost-effective, automatically operated (i.e., no 

need for professional training) platform for an easy and reliable control over the growth and 

differentiation of hiPSCs is highly demanded. 

 

In the final set of experiments, we sought to design an LC surface device that uses water droplets 

as carriers to direct and regulate multi-lineage hiPSC differentiation via an automatic and 

programmable feeding of necessary chemicals and growth factors at specific stages. As shown in 

Figure 6a, our LC surface-based device includes an automatic injection system and LC surface 

modules equipped on a custom cell incubator. LC surface modules were pre- encapsulated with 

different cell signaling modulators (e.g., CHIR99021 (CHIR), VEGF and Wnt-C59) for the direct 

differentiation of hiPSCs into endothelial progenitor cells and cardiomyocytes.[23] N-(4-

methoxybenzylidene)-4-butylaniline (MBBA), an LC molecule without a nitrile group in its 

molecular structure, was used instead of 5CB to prepare the LC surfaces due to its low 

cytotoxicity (Figure S18, Supporting Information). Two electromagnets were equipped to control 

the direction of the water droplets as they slid on the LC surfaces, and electric wires were 

installed underneath the LC-coated glass to trigger the nematic to isotropic phase transition via 

joule heating. 

 

As shown in Figure 6b and Movie S4, hiPSCs were cultured and differentiated in two chambers 

located at the end of the LC surface device. Next, a 30 µL water droplet was placed on the 

middle LC surface module which was encapsulated with CHIR via automatic injection. 

Subsequently, remotely-controlled joule heating triggered a nematic–isotropic phase transition 

of MBBA (TN–I, MBBA is approximately 47oC), resulting in the release of chemicals or growth factors 

to the water droplet. After 60 s, one of the electromagnets was turned on to selectively control 
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the sliding of the chemical or growth factor-containing droplet into one of the two stem cell 

differentiation chambers for targeted lineage differentiation. As a proof-of-concept, we applied 

both endothelial progenitor cell and cardiac differentiation protocols to our custom LC surface-

based platform (Figure 6c), leading to approximately 20% CD31+CD34+ endothelial progenitor 

cells (Figure 6d,e) and more than 96% cTnT+ spontaneously-contracting cardiomyocytes (Figure 

6f,g,h, Movie S4), comparable to traditional endothelial progenitor cell (15–30%)[23b] and cardiac 

differentiation (80–100%)[24] protocols. We note here that the presence of magnetic particles 

causes no measurable effect to the stem cell growth and differentiation. Collectively, our results 

demonstrated that these LC surfaces can be harnessed to automatically control the feeding of 

cell signaling modulators via droplet carriers to direct the differentiation of hiPSCs toward 

desired multi-cell lineages in a reproducible and custom manner. Importantly, our LC surface 

modules have the potential to enable automation and standardization in future cell production 

from hiPSCs for research and clinical applications. 

 

3. Conclusion 

Overall, the results reported in this work reveal that this new class of LC-based open surfaces are 

capable of combining the programmable chemical feeding seen in microfluidics systems with the 

simplified fabrication of open surface platforms which will allow for an on-demand feeding of 

chemical reagents into liquid droplets on the LC surfaces without requiring complex procedures 

and equipment. Moreover, our LC surfaces exhibit outstanding slipperiness, physical and 

chemical stability, and self-healing capabilities, and can also be applied to a variety of substrates. 

Building on these intrinsic characteristics, we demonstrated that the LC-based open surfaces can 

be modularized and assembled to carry out sequential and parallel chemical reactions as well as 

crystallization and polymerization within droplet reactors. With programmable chemical feeding 



 

 

 
This article is protected by copyright. All rights reserved. 
 

and pinning-free droplet transport, we developed an automated LC surface-based device to 

precisely control the feeding of cell signaling modulators needed for the directed differentiation 

of hiPSCs into endothelial progenitor cells and cardiomyocytes. These results demonstrate that 

LC-based open surfaces enable a remote and automatic control over chemical reactions and mass 

transport, thus expanding the potential utility of conventional monofunctional, isotropic 

lubricant-based SLIPS into a realm of droplet reactors, materials synthesis, and regenerative cell 

therapy. Future efforts will seek to use LC-based open surfaces to conduct catalytic reactions and 

nanomaterial synthesis in droplet reactors. In addition, LC- based open surfaces, combined with 

conventional microfluidics devices, are being investigated to enable high-throughput 

applications. 
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Figure 1. Design of LC-based open surfaces. a) Schematic illustration of an LC-based open surface 

consisting of an LC film-infused porous polymeric network coated on a silane- functionalized glass 

substrate. b) A representative SEM image of the porous polyRM257 network without the infused 

LC. Scale bar, 2 µm. c) Molecular structure of 5CB and polyRM257. 
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Figure 2. Chemical release from LC-based open surfaces. a) Schematic illustration showing the 

release of encapsulated chemical reagents in the LC film to a water droplet on the LC surface. 

Insets show the schematic illustrations and corresponding polarized light micrograph of the size-

dependent LC ordering around the chemicals in an optical cell prepared by pairing two polyimide-

coated glass slides (see details in the Supporting Information). The black dashed lines 

indicate the local average direction of the long molecular axes of the LCs (namely, the 

director). The black, crossed, double-headed arrows and red, dashed, double-headed arrow 

indicate the direction of the crossed polarizers and the rubbing direction, respectively. Scale bar, 

5 µm. b,c) Sequential photographs and the corresponding plot showing the size-dependent 

chemical release behavior of the LC surfaces (see Movie S1). The volume of the water droplets 

was 10 µL. The concentration of the nanometer-sized ethyl orange aggregates was 0.4 wt% based 

on the mass of the LC. The mass of the ethyl orange aqueous microdroplets in the LC film (2.5 cm 

× 2.5 cm) was approximately 12 mg. Scale bar, 1 cm. d) Plot showing (blue) the percentage of the 

ethyl orange aqueous microdroplets released to the water droplet and (red) the sliding angle of 

the water droplet on the LC surface as a function of the duration the 5CB film was in the isotropic 

phase (40 oC). The volume of the water droplet was 10 μL. e,f,g) CaCO3 crystallization in water 

droplet reactors on the LC surface through the release of CaCl2 triggered by a thermally-induced 

nematic to isotropic phase transition. Sequential photographs showing the synthesized CaCO3 

particles as a function of the time the LC surface is in the isotropic phase. Scale bars, 50 µm. Insets 

show the photographs of water droplets containing CaCO3 crystals and the particle size 

distributions of the formed CaCO3 crystals. Scale bars, 5 mm. h) Plot showing the number-average 

particle diameter of CaCO3 crystals formed in the droplet reactors as a function of the duration 

the Na2CO3-loaded LC surfaces was in the isotropic phase. 

 

Figure 3. Modularization of LC-based open surfaces for sequential chemical reactions. a) LC 

surface modules loaded with different chemicals. b) Methyl orange exhibits a red color when pH 

< 3.1 and a yellow color when pH > 4.4. c,d) Schemes and corresponding sequential photographs 

of LC modules assembled in different sequential orders. Black dashed arrows indicate the droplet 

path and red arrows indicate the chemical release behavior. The concentrations of HCl and NaOH 

in the aqueous microdroplets encapsulated in the LC films were 0.6 mM and 1 mM, respectively. 
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The concentration of methyl orange in the 10 µL water droplet on the LC surface was 0.5 mM. 

The pH of the methyl orange aqueous droplet was around 4. The duration the chemical-loaded LC 

surfaces stayed in the isotropic phase was 40 s. Scale bars, 1 cm. 

 

Figure 4. Modularization of LC-based open surfaces for parallel chemical reactions. Schematic 

illustration and photographs showing the selective positioning and chemical release behavior 

of three FeCl3 aqueous droplets on LC surface modules. The release of the loaded chemical 

reagents to the FeCl3 aqueous droplets on the LC surfaces were activated by a thermally 

induced nematic to isotropic phase transition. Black dashed arrows indicate the droplet sliding 

path and red arrows indicate the chemical release behavior. Inset photographs show the side 

view of the millimeter-sized aqueous droplets on the LC surface before and after chemical 

release. The volume of the FeCl3 aqueous droplets was 10 μL and the concentration of FeCl3 was 

0.5 mM. The concentrations of the AgNO3, KSCN, and NaHCO3 in the aqueous microdroplets 

encapsulated in the respective LC modules were 1 mM. Scale bars are 1 cm for top down views 

and 1 mm for the side views in the insets. 
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Figure 5. Polymer synthesis in droplet reactors on LC-based open surfaces. a) Scheme showing 

the synthesis of (co)polymers on modularized LC surfaces. A 0.56 T magnetic field was used to 

position the water droplets on the LC surfaces. The volume of each water droplet was 10 µL and 

each droplet contained 0.1 mg of Fe3O4 nanoparticles. The release of monomer and initiator was 

triggered by a thermally-induced nematic to isotropic phase transition, and the time each water 

droplet was on an isotropic LC surface loaded with chemicals was 60 s. The UV 

photopolymerization was conducted using a 365 nm-wavelength UV lamp over a 20 min 

exposure. Black dashed arrows indicate the droplet path and red arrows indicate the chemical 

release behavior. The concentrations of AA, PEGMEA and the photoinitiator LAP in the aqueous 

microdroplets encapsulated in the LC films were 1 mM, 1 mM and 0.1 mM, respectively. b,c) 1H 

NMR and GPC spectra of the monomers and the synthesized (co)polymers. d) DSC heat flow of 

the synthesized (co)polymers as a function of temperature. 
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Figure 6. Directed diffrerentiation of hiPSCs via automatic chemical feeding by droplet carriers on 

LC surface devices. a) Schematic illustration of an LC surface-based platform for hiPSC 

differentiation. The concentrations of CHIR, VEGF, and Wnt-C59 in the aqueous microdroplets 

encapsulated within their respective LC modules were 60 µM, 500 ng/mL, and 20 µM, 

respectively. Inset shows the top-view photograph of the assembled LC surface modules. b) 

Photographs illustrating the operation of the LC surface-based platform, including the 

automatic injection of water droplets, Joule heating-induced release of chemicals or growth 

factors, and electromagnet-driven movement and merging of water droplets with hiPSCs- 

containing culture mediums (See Movie S4). Black dashed arrows indicate the droplet sliding path 

and red arrows indicate the chemical release behavior. Scale bars, 1 cm. c) Schematic of the 

controlled release of CHIR and VEGF from LC surfaces into the culture medium (DMEM/Vc and 

LaSR basal) for the directed differentiation of hiPCSs into endothelial progenitor cells. Scale bars, 

5 mm. d,e) Immunostaining (d) and flow cytometry analysis (e) for the expression of two 

endothelial progenitor markers (CD31 and CD34) with and without the controlled release of CHIR 

and VEGF via a thermally-induced nematic to isotropic phase transition of the MBBA surface. The 

MBBA film was kept in the isotropic phase (50oC) for 60 s. The water droplet volume was 30 µL. 

Scale bars, 50 µm. f) Schematic of the controlled release of chemicals (CHIR and Wnt-C59) from 

the LC surfaces into the culture medium (RPMI basal, RPMI B27– and RMPI B27+) for the directed 

differentiation of hiPCSs into heart muscle cells (namely cardiomyocytes). Scale bars, 5 mm. g,h) 

Immunostaining (g) and flow cytometry analysis (h) for the expression of a cardiomyocyte marker 

cTnT with and without the controlled release of CHIR and Wnt-C59 via a thermally-induced 

nematic to isotropic phase transition of the MBBA surface. The MBBA film was kept in the 

isotropic phase (50oC) for 60 s. The water droplet volume was 30 µL. Scale bars, 50 µm. 
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