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ABSTRACT. Flexible macroporous silicone gels were prepared using methyltrimethoxysilane and 

dimethyldimethoxysilane as co-precursors via a two-step reaction catalyzed by acetic acid and 

ammonia solution. A sheet-shaped material was integrated with the gel by immersing the mesh in 

the sol during the reaction. The mesh reinforced sheet having a thickness of several millimeters 

was resistant to bending and pulling and easy to handle, though the physical properties such as 

hydrophobicity and oleophilicity possessed by the bulk surface were not lost. The composite sheets 

are used for various applications such as water-oil separation, manipulation of water droplets by 
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adsorption on hydrophobic surfaces, and preparation of giant vesicle dispersions by taking 

advantage of surface properties and porosity. 

1. Introduction 

Silicone materials, as typified by silicone resin and cross-linked polydimethylsiloxane (PDMS), 

have various useful physical properties, such as flexibility, environmental resistance, chemical 

resistance, antifouling, and biocompatibility, and thus they are used for various commercial 

purposes. In academic research, the uses of silicone include material coatings,1-2 substrates for 

microfluidic devices,3-4 and frameworks for flexible robots,5 with the number of applications is 

growing rapidly. Recently, it has become possible to create a huge range of PDMS shapes by 3D 

printing, and this advance is expected to expand the uses of the material even further.6-8 

Monolithic macroporous materials composed of ceramics or polymers prepared by the sol-gel 

method are generally rigid.9 However, flexible macroporous materials can be prepared by using 

polyorganosiloxanes. For example, soft macroporous materials consisting of polysilsesquioxane 

and copolymers have been reported.10-12 Flexible macroporous materials have advantages in their 

physical properties and processing. Polymethylsilsesquioxane (PMSQ) porous monoliths can be 

fabricated via an ambient drying with visible light transmittance and heat insulating properties 

similar to silica aerogel which requires a supercritical process.13-14 Also, PMSQ materials have 

high hydrophobicity and do not degrade with water or moisture, whereas silica has been used as a 

desiccant. We have fabricated a flexible macroporous silicone material, which we call 

“marshmallow-like gel” (MG), by copolymerizing tri- and di-functional alkoxides while 

controlling phase separation with a cationic surfactant.15-18 This macroporous silicone material has 

various possible applications owing to its chemical resistance, cold resistance, biocompatibility, 
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and surface reactivity, which are similar to PDMS. We have reported the use of MG as a water-oil 

separation medium like a sponge, a liquid nitrogen absorption/holding material for simple dry 

shipping, and as a simple mass production medium for giant vesicles (liposomes). Although MG 

has various possible uses, the material requires improvement because the microstructures formed 

by phase separation are fragile under tensile stress and frictional force. 

Reinforcement with a surface coating improves the breaking strength and prevents cracks in bulk 

materials; however, in porous materials, the coating often diminishes the desired physical 

properties. In this report, to improve the strength of MG, a mesh was used for reinforcement. 

Because MG is produced by the sol-gel method, the mesh was easily integrated by performing 

gelation with a reactive sol-impregnated mesh. We report a simpler method of fabricating MG and 

various applications of the MG sheet that was obtained by a simple procedure at room temperature 

(RT). 

2. Experimental 

Materials. Methyltrimethoxysilane (MTMS), dimethyldimethoxysilane (DMDMS), and n-

hexadecyltrimethylammonium chloride (CTAC) were obtained from Tokyo Chemical Industry, 

Ltd. (Japan). Acetic acid, ammonia solution, and L-α-phosphatidylcholine (PC) from egg yolk 

were purchased from Wako Pure Chemical Industries Ltd. (Japan). A fluorescent dye, rhodamine 

B-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine triethylammonium salt (rhodamine B-

DHPE), and calcein were obtained from Molecular Probes (USA). All reagents were used as 

received. 

Preparation of bulk MGs. Aqueous 5 mM acetic acid (14 mL), CTAC (1 g), MTMS (3 mL), 

and DMDMS (2 mL) were mixed and stirred in a glass bottle for 5 min. Then, ammonia solution 

(100, 500, or 1000 mM) was added, and the mixture was stirred for 1 min. The sol was 
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immediately poured into a mold and allowed to stand at RT for 5 min, and then transferred to an 

oven at 25 °C (RT) or 80 °C for gelation/aging. Samples containing 500 or 1000 mM ammonia 

solution gelled 3 or 1 min after addition, respectively, before aging in the oven. In contrast, 

samples containing 100 mM ammonia solution required between one and several hours for 

gelation. After the aging process, the wet gels were removed from the container and washed with 

water and ethanol by soaking to remove residual CTAC and other chemicals. The washed 

samples were dried in an oven at 80 °C. The samples were named MGx-T, where x is the 

ammonia solution concentration, and T is the gelation/aging temperature. 

Preparation of MG–mesh sheets. The basic procedure is the same as preparing MG500-80. 

When pouring the reaction sol, three overlapped meshes were placed in the mold. Then, the air 

bubbles were removed, and the height of the liquid surface was adjusted to 2-3 mm. Two types 

of mesh, PET and PFA, were used depending on the application. The experimental procedure is 

shown in Figure 1a. 

Characterization of MGs. The microstructures of monolithic MGs were observed by scanning 

electron microscopy (SEM; TM3030Plus, Hitachi High-Technologies Corp., Japan) and a 

binocular stereomicroscope (SZ61, Olympus Corp., Japan). To assess the molecular structure, an 

FT-IR spectrometer (FT/IR 6100TY, JASCO Corp., Japan) with an attenuated total reflection 

attachment (ATR PRO470-H, JASCO Corp., Japan) was used. The bulk density was calculated 

from the mass and volume, and porosity was calculated using the reported true density of 1.40 g 

cm−3. The error was within ~5 %. The mechanical properties of the MGs were measured with a 

materials tester (EZ-SX, Shimadzu Corp., Japan). For uniaxial compression tests, carved gels 

(typical length × width × height of 15 × 15 × 10 mm) were compressed and decompressed with a 

load cell of 500 N at a rate of 1.0 mm min−1. 
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Preparation of giant vesicles with buffer-soaked lipidic MGs. An MG-mesh sheet was folded 

in half twice, and a 5-mM lipid (egg yolk PC) solution in CHCl3 was pipetted into the center of 

the sheet. After air drying for about 5 min, buffer [10 mM HEPES, 10 mM MgCl2, pH 7.0] was 

added dropwise to the center of the sheet, and the vesicle dispersion that passed through the sheet 

was collected in a glass bottle. The experimental procedure is shown in Figure 1b. 

Analysis of the giant vesicles. The size distribution and the encapsulation efficiency of the 

vesicles were evaluated using a flow cytometer (Cell Lab Quanta SC-MPL, Beckman Coulter, 

USA). Observations were performed using a fluorescence microscope (IX83, Olympus Corp., 

Japan). The lipid membrane was stained with the fluorescent dye, rhodamine B-DHPE. 

 

Figure 1. (a) Schematic of the preparation of the MG–mesh sheet. (b) Schematic of the preparation 

of the giant vesicles using the MG–mesh sheet. 

3. Results and discussion 

3.1. Fabrication and characterization of bulk MG 
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Cyclic/cage oligomers, which do not contribute to the siloxane network of the skeleton, can be 

generated during the preparation of porous monoliths from a silicon alkoxide precursor bearing 

organic groups. When an acid catalyst is used for the alkoxide, silanols produced by hydrolysis 

immediately undergo dehydration condensation to form an oligomer. On the contrary, in the case 

of a base catalyst, the hydrolysis is slower than in the polycondensation, and it is difficult to 

proceed with the reaction uniformly throughout the sol. For this reason, a two-step reaction, 

consisting of acid hydrolysis and base-catalyzed polycondensation, is used to prevent these 

oligomers from forming.19-21 To ensure the homogeneity of the reactive sol, we have previously 

used a reaction with dilute acid and urea, which generates ammonia during hydrolysis. This 

method produces a uniform gel on a scale of several liters, although the drawbacks include 

generation of carbon dioxide during urea hydrolysis necessitating degassing, and uneven heating 

depending on the thickness. However, we found that we could achieve a uniform reaction by 

adding ammonia solution dropwise while stirring vigorously. In this paper, we used a method in 

which the gel was separated by a two-step reaction using acetic acid–ammonia solution as the 

catalysts. MTMS and DMDMS were used as precursors for the sample, and samples were prepared 

with various ammonia solution concentrations and aging temperatures of 80 °C and 25 °C (RT). 

The SEM images in Figure 2 showed that the aging temperature did not greatly affect the 

microstructures of the samples. However, in the uniaxial compression test, the sample aged at 

80 °C had a lower Young's modulus than the sample aged at RT (Figure 3) because samples 

prepared at 80 °C had smaller dry shrinkage and were softer than those fabricated at RT. In the IR 

measurement, it was observed that the band of ̃1025 cm−1 (Si-O-Si asymmetric stretching mode of 

linear/branched silicon species) was slightly broadened and shifted to the lower wavelength side 

in the samples aged at 80 °C (Figure 4). This change indicates that flexible linear/branched 
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siloxane chains are more likely formed than cyclic/cage ones at high aging temperatures,22 which 

affected the mechanical properties. 

 

Figure 2. SEM images of the sample. (a) MG100-25, (b) MG100-80, (c) MG500-25, (d) MG500-

80, (e) MG1000-25, and (f) MG1000-80. The scale bars represent 50 μm. 

 

Figure 3. Stress–strain curves of the MGs against uniaxial compression–decompression. 
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Figure 4. FTIR spectrum of MG500-T (the curves are offset). A change was seen in the peak 

~1025 mm−1 from the resonance of linear/branched siloxane species. 

The ammonia solution concentration affected the microstructure. By the increase of the ammonia 

solution concentration, the polycondensation reaction is accelerated, and the gelation time was 

shortened. Therefore, phase separation does not progress much, and the structure became finer. 

The samples prepared at RT took several hours to gel with 100 mM ammonia solution (MG100-

25). However, the samples prepared with 500 (MG500-25) and 1000 mM (MG1000-25) ammonia 

took 3 and 1 min to gel, respectively. The skeleton diameters were 3, 1.5, and 1 μm in samples 

MG100-25, MG-500-25, and MG-1000-25, respectively (Figure 2). The uniaxial compression test 

showed that samples with finer structures had higher Young's moduli. Although all the samples 

were flexible to a certain extent, because the samples bent under their weight, we could not 

measure the Young's modulus with a bending test. 

Table 1 shows the composition and physical properties of the MG samples. Because silicone has 

a low thermal conductivity, its macroporous monolith is expected to have heat insulating properties. 

The thermal conductivity of the MG prepared in this paper was less than 35 mW m−1 K−1, which 

is as low as a high-performance insulation material. As can be seen from the SEM images of Figure 
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2, the pore size distribution of the MGs was broad, and partially large macropores are present. It 

is considered that MG100-80 had relatively few large pores, and had lower thermal conductivity 

from the gas phase than the other samples. The surface of MG has a hydrophobic/oleophilic 

structure like PDMS. The surface of MG500-25 had a water droplet contact angle of 143 ° and the 

bulk adsorbed and separated hexane colored with Oil Red O from water colored with methylene 

blue (Movie S1). MG samples prepared with the acetic acid-ammonia solution system were brittle 

compared with those prepared with the acetic acid-urea system, although the acetic acid-ammonia 

solution reaction was simpler and faster. We expect that the brittleness can be decreased by 

optimizing the reaction temperature steps after the addition of the ammonia solution. 

 

Table 1. Properties of bulk MGs 

Sample Ammonia 

solution 

[mM] 

Gelation/aging 

temperature 

[°C] 

Bulk density 

[g cm−3] 

Porosity [%] Thermal 

conductivity 

[mW m−1 

K−1] 

MG100-25 100 25 0.119 91.5 34.4 

MG100-80 100 80 0.120 91.4 30.3 

MG500-25 500 25 0.116 91.7 34.3 

MG500-80 500 80 0.120 91.4 33.3 

MG1000-25 1000 25 0.105 92.5 35.6 

MG1000-80 1000 80 0.119 91.5 33.1 

 

3.2.Preparation of the MG–mesh sheet 

The MG has a continuous particle structure. This morphology has the disadvantage that it tends 

to be broken by abrasion, pulling, and twisting. Some applications would require a thin MG sheet; 
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however, thin gels are not practical because they tear immediately. Because the MG is prepared 

by a liquid-phase reaction, a sheet containing an integrated mesh can be easily obtained by 

immersing the mesh in the starting sol. Using PET or PFA meshes, we prepared the MG500-25 

composite sheet, which was 2–3 mm thick. Figure 5 shows optical microscope images of the 

surfaces of the MG–mesh sheets. Porous structures similar to the bulk were formed in the mesh 

gaps. Although the MG and the mesh are not chemically bonded but only physically complexed, 

the handling property is certainly improved because tearing and powdering are reduced. 

Obtaining a thin-MG sheet by mesh reinforcement simplifies surfactant removal and shortens 

the drying time. The total time required to fabricate the thin MG–mesh sheet was about 1 h. Besides, 

because the reaction is performed at RT, the composite sheet can be produced without special 

equipment. It was possible to prepare a sheet by simply adding acetic acid, a surfactant, and an 

alkoxide to a Ziploc bag and shaking them for several minutes, then adding ammonia solution and 

dipping the mesh in the mixture. 

The sheets were easy to shape. Sheets of arbitrary shapes, such as a circular filter, can be cut out 

with scissors, and a CO2 laser can be used to draw black lines or cut out shapes (Movie S2). Due 

to thinness and handling, MG-mesh sheets have potential applications that do not exist in bulk 

MGs. 
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Figure 5. Confocal microscope images of MG–mesh sheets containing (a) PET mesh with 292-

μm openings and (b) PFA mesh with 313-μm openings. The scale bars represent 1 mm. 

3.3.Applications of MG–meshes 

3.3.1. Oil/water separation filter 

The hydrophobic/oleophilic surface and high porosity of bulk MG can be used to selectively 

remove oil from the water like a sponge. In a thin MG sheet, oil cannot be retained but permeates. 

When using a thin MG–PFT mesh sheet as a filter (Figure 6 and Movie S3), only the oil colored 

with Oil Red O permeated through the sheet and the water colored with methylene blue remained. 

The sheet was reusable after drying. Several groups have reported mesh-modified materials for 

liquid separation or purification.23-25 However, in the MG-mesh sheet, PET is only a support and 

does not contribute to the separation. 

 

Figure 6. Separation of oil/water using an MG–PET sheet. See also Movie S3. 

3.3.2. Adhesive water-repellent surface 

Due to its surface hydrophobicity and concave-convex surface structure, MGs show water 

repellency. On the other hand, a PET mesh has a slightly hydrophilic surface. By using these two 

properties, a 2-mm-thick sheet containing a PET mesh held water droplets smaller than about 10 

μL on both sides of the sheet (Figure 7a). The droplets on the sheet surface are considered to be 

held by the PET mesh while being repelled by the MG in the gap. Although there have been reports 
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of fabricating an adhesive water-repellent surface by hydrophilizing a part of the hydrophobic 

surface,26-27 the method using a mesh is simpler. By using MG-PET mesh sheet, a robot could 

manipulate droplets, which can be used for micro-automatic synthesis (Figure 7b and Movie S4).28-

32 

 

Figure 7. (a) Adhesive hydrophobic surface based on the water-repellent MG and slightly 

hydrophilic PET mesh. The scale bar represents 10 mm. (b) Droplet manipulation using the MG–

PET sheet. The water droplet could be removed by a robot from the bulk MG surface. For details, 

see Movie S4. 

3.3.3. Generation of a giant vesicle dispersion by MG-mesh sheet permeation 

Liposomes having a size of several micrometers (giant vesicles, GVs) have been studied as 

structures resembling cells, and various production methods have been reported.33-35 We have also 

reported a technique for producing large amounts of a multilamellar giant vesicle (liposome) 

dispersion by adsorbing lipids in bulk MG and squeezing them out with buffer solution. With the 

MG–mesh sheet, GVs can be produced simply by dropping two types of liquid (Figure 1b). In GV 
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preparation, we used PFA mesh instead of PET one for its chemical resistance. The detailed work 

procedure is as follows: First, a chloroform solution of the phospholipid was dropped onto the 

sheet and allowed to dry for a few minutes to impregnate the sheet with the lipid. Next, a phosphate 

buffer was filtered through a sheet and collected into a bottle. Microscope observations showed 

that the GVs were well dispersed in the liquid obtained by this simple process in just a few minutes 

(Figure 8). The vesicles were mainly multilamellar, and the generation mechanism was probably 

similar to our previous reports. We calculated the liposome encapsulation efficiency as 34.0 % 

from the fluorescence intensity of the lipid fluorescent dye, rhodamine B-DHPC, and the internal 

aqueous-phase fluorescent dye, calcein. Although the process is not highly efficient, it may be 

useful for preparing and using vesicle dispersions quickly for medical purposes. Unlike the 

previous method of squeezing out the dispersion from the bulk MG, the method of passing the 

aqueous phase through the mesh by gravity also has the advantage of a lower risk of contamination. 
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Figure 8. (a) Diameter distribution and (b) fluorescence microscope image of giant vesicles 

obtained by the mesh permeation method. The scale bar represents 50 μm. 

4. Conclusions 

Flexible macroporous MGs were prepared using MTMS and DMDMS as co-precursors via a two-

step reaction catalyzed by acetic acid and ammonia solution. In addition to the conventional bulk 

gel, a sheet-shaped material was integrated by immersing the mesh in the sol during the reaction. 

The obtained MG sheet was several millimeters thick. The MG–mesh sheet was used for oil/water 

separation, manipulation of water droplets by adsorption on the hydrophobic surface, and 

preparation of GV dispersion. Also, the thermal stability of silicone means that the sheet has 

possibility to be used for thin heat-insulation applications. MG–mesh sheets do not require special 

equipment to prepare, and the method is so simple that they can theoretically be made in a kitchen. 

In the future, we intend to explore further applications of the MG surface by taking advantage of 

non-bulk handling. We expect this material to be practically used in a wide range of fields. 
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