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PREFACE 
 

 

Polydimethylsiloxane is a non-conducting, silicone-based elastomer 

that is of widespread interest due to its flexibility and ease of 

micromolding for the rapid prototyping of microdevices and systems. 

Polydimethylsiloxane: Structure and Applications discusses the results of 

electric investigations of onion-like carbon (OLC)/polydimethysiloxane 

composites addressing very wide frequency and temperature ranges. 

Several kinds of devices for the observation of the behaviour of 

biological cells are discussed: micro-ridges, micro-grooves, micro-

markers, and micro-slits, and the methodology to make each morphology 

by polydimethylsiloxane is described. 

The authors reviews the main applications of polydimethylsiloxane in 

urinary tract devices and the associated complications. As new solutions 

are needed to reduce bacterial adhesion and biofilm formation on 

polydimethylsiloxane -based devices, a testing platform is described to 

evaluate surface performance in both urinary catheters and ureteral stents. 

Also examined are the properties which make polydimethylsiloxane an 

excellent candidate for understanding complex biological behaviors, 

including its transparency for applying optical methods, biocompatibility 

and nontoxicity, high conformity with cells and other biostructures, gas 

permeability for the transfer of nutrients and oxygen, and flexibility. 

In the subsequent study, a hybrid material of titanium dioxide and 

polydimethylsiloxane is obtained and characterized using a sol-gel and 
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electrospraying method. These results indicate that the hybrid material may 

be viable as an adsorbent, and that the optimization of the process could 

reduce both cost and analysis time. 

In order to further the applications of polydimethylsiloxane, the 

closing study describes the steps in the fabrication of its plasmonic 

structure, and also examines the switching effect of the sample. 

Chapter 1 - Polydimethylsiloxane (PDMS) is a non-conducting 

silicone-based elastomer that has been of widespread interest due to its 

flexibility and ease of micromolding for rapid prototyping of microdevices 

and systems. PDMS based composites filled with conductive fillers (at 

concentrations above the percolation threshold) can be used as flexible 

shielding materials, transparent self-cleaning coatings, triboelectric 

nanogenerators and stretchable conductors. However, before PDMS 

composities are ready for practical applications several unsolved problems 

related with the homogenious distribution of particles within the PDMS 

and the thermals stability of the PDMS matrix should be solved. In this 

chapter results of electric investigations of onion-like carbon 

(OLC)/polydimethysiloxane composites will be presented addressing very 

wide frequency (20 Hz – 3 THz) and temperature (26 – 500 K) ranges. The 

percolation threshold in these composites strongly dependents on the OLC 

aggregate sizes and was lowest for the composites with the smallest OLC 

aggregate sizes (~ 40nm). These results will be compared with PDMS 

composites filled with other nanoparticles. The temperature dependent 

electrical properties of PDMS composites will be explained in this chapter. 

Interestingly, the transition into the insulator state of the composites 

occured at higher temperatures. The transition temperature increases with 

OLC aggregate concentration. Above the percolation threshold, the 

electrical conductivity in the composites occurs mainly due to electron 

tunneling between OLC clusters and quasi-one-dimensional hopping inside 

the clusters. The hopping almost vanishes at frequencies above 100 GHz 

where the phonon contribution dominates. The impact of ZnO 

nanoparticles on ultrasonic and dielectric properties of PDMS based 

nanocomposites over a wide temperature range will be also presented in 

the chapter. The complex dielectric permittivity was measured as a 
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function of the frequency at various temperatures and it was shown that the 

magnitude and position of the dielectric loss peak on the temperature scale 

depend on the concentration of fillers in PDMS/ZnO composites. The 

temperature dependence of ultrasonic wave attenuation showed attenuation 

peaks similar to those obtained by means of dielectric spectroscopy. These 

peaks are attributed to the dynamic glass transition and obey the Vogel-

Fulcher-Tammann (VFT) equation. Values of the static glass transition 

temperature obtained analysing the dielectric and ultrasonic data are 

consistent and increase with the concentration of ZnO. The ultrasonic wave 

attenuation and velocity in these composites depend on the filler 

concentration. This investigation is motivated by the recently discovered 

superior electromagnetic attenuation of some types of PDMS based 

composites, demonstrating a promising high potential of PDMS for the 

design of flexible electromagnetic shielding materials over a broad 

microwave frequency range. On the other hand, the provision of high 

shielding effectiveness at low concentration of nanocarbon additives is an 

extremely important problem due to the requirements that coatings be low-

cost and preserve (or even improve) the basic thermo mechanical 

properties of the polymer matrix, such as viscosity, good pigment wetting, 

resistance to pigment settling, and compatibility with human tissue, while, 

at the same time, imparting high mechanical performance and good 

chemical resistance.  

Chapter 2 - Polydimethylsiloxane (PDMS) is frequently used for the 

base material for microcircuit chips. It can be applied for the base material 

for micro-machining to make the micro-surface morphology. The typical 

size of a biological cell, on the other hand, is micrometer. It is difficult to 

control dimension of micrometer with the conventional micro-machining 

technology. The micromachining with PDMS enables the surface design 

with the dimension of micrometer. Although the surface of PDMS is 

hydrophobic, it can be hydrophilized by the oxygen plasma ashing. The 

affinity of the surface to the biological fluid can be improved by the 

albumin coating. In this chapter, several kinds of devices, which are 

applied to observe the behaviour of biological cells, are exemplified: 

micro-ridges, micro-grooves, micro-markers, and micro-slits. Methodology 

http://en.wikipedia.org/wiki/Tissue_(biology)
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to make each morphology by PDMS is described: photolithography, and 

etching. The effectiveness of each kind of device is evaluated by 

experiments with several types of biological cells. The technology will 

contribute to several applications in the field of the biomedical 

engineering: medical diagnostics, and regenerative medicine. 

Chapter 3 - PDMS is one of the most widely used polymers for the 

fabrication of biomedical devices. Of particular relevance is the application 

of PDMS in urinary tract devices such as urinary catheters and ureteral 

stents. As these devices are being used by a growing number of patients 

and indwelling times are increasing in an aging population, the incidence 

of urinary tract infections is rising. These infections have implications on 

the quality of life of the patients and represent a severe burden on 

healthcare systems. This chapter reviews the main uses of PDMS in 

urinary tract devices and associated complications. As new solutions are 

needed to reduce bacterial adhesion and biofilm formation on PDMS-based 

devices, a testing platform is described to evaluate surface performance in 

both urinary catheters and ureteral stents. Examples of these solutions are 

also discussed in a quest for more efficient urinary tract devices. 

Chapter 4 - The development of PDMS structures emerges versatile 

and practical applications into industry, biology, medicine, and chemistry. 

This material is magnificently introduced in biological and medical 

researches due to its analogous to confined scales of cells and 

biomolecules dimensions, transparency for applying optical methods, 

biocompatibility and nontoxicity, possibility of applying different 

approaches for making the surface hydrophilic and cell adhesive, high 

conformality with cells and other biostructures, gas permeability for 

transfer of nutrients and oxygen, and flexibility. So, these properties make 

PDMS an excellent candidate for understanding the complex biological 

behaviors, which may be impossible to be investigated by other techniques, 

and for cutting-edge bio-applications. Therefore, there is a growing interest 

in utilizing PDMS, driven by the demand of versatile strategies to cell-

based assays biosensors, drug delivery, chemical biology applications, and 

cell differentiation. Besides, combining the plasmonic and PDMS 
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structures has led to the generation of various approaches for thermal 

therapy, drug delivery, imaging and sensing applications. 

Chapter 5 - In this study, a hybrid material of titanium dioxide and 

polydimethylsiloxane (TiO2-PDMS) was obtained and characterized using 

a sol-gel and electrospraying method. The micrographs revealed the 

formation of spherical microparticles 3.8 μm in diameter. Infrared 

spectroscopy (FTIR) showed bands at 920 and 612 cm-1, indicating the 

formation of Ti-O-Si and Ti-O-Ti-O bonds. The contact angle was 103°, 

which corresponds to a nonpolar material. TiO2-PDMS presented a 

decomposition start temperature at 240°C, obtained by thermogravimetric 

analysis (TGA). Subsequently, its adsorption capacity was evaluated for 

the removal of benzene and naphthalene using solid-phase microextraction 

(SPME) with a liquid chromatography-ultraviolet detector (HPLC-UV). 

Different polarity elution solvents were compared, and the adsorption 

capacity was determined at different concentrations while maintaining a 

fixed amount of adsorbing material. The micrographs revealed the 

formation of uniform spherical microparticles of 3.8 ± 0.7 µm. The FTIR 

analysis of the hybrid composite material showed bands at 920 and 612 

cm-1, indicating the formation of Ti-O-Si and Ti-O-Ti bonds. The highest 

extraction percentages for benzene and naphthalene were 47 and 84%, 

respectively, with a relationship of analytes to synthetized absorbent 

material of 2 ppm in 25 mg. These results indicate that the hybrid material 

obtained could be viable as an adsorbent and that the optimization of the 

process could reduce both cost and analysis time. 

Chapter 6 - Polydimethylsiloxane (PDMS), as a common silicone 

polymer, has attracted the attention of many researchers due to its own 

characteristics that make it desirable for use in different applications. This 

promising material is applied in a variety of fields including mechanics, 

electronics, medicines, cosmetics and fibers. According to its flexibility, 

low cost, optical transparency, long service life, good dielectric properties 

and ease of fabrication, the use of PDMS is expanded to new and exciting 

applications, especially in active plasmonic devices. The fabrication of 

PDMS-based 2D plasmonic grating switch is realized in a straightforward 

method, enabling the active control over the plasmonic properties. In order 
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to advance the applications of PDMS, a significant part of this chapter is 

devoted to introduce first the polymer (PDMS) and its properties, then 

describes the design steps of fabrication of the plasmonic structure and 

finally presents the switching effect of the sample showing the relevance of 

PDMS in this application. 
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DIELECTRIC PROPERTIES AND RELAXATION 

OF POLYDIMETHYLSILOXANE COMPOSITES 
 

 

J. Macutkevic1,*, V. Samulionis1, J. Belovickis1,  

J. Banys1 and O. Shenderova2  
1Vilnius University, Vilnius, Lithuania 

2Adamas Nanotechnology, Raleigh, North Carolina, US 

 

 

ABSTRACT 
 

Polydimethylsiloxane (PDMS) is a non-conducting silicone-based 

elastomer that has been of widespread interest due to its flexibility and 

ease of micromolding for rapid prototyping of microdevices and systems. 

PDMS based composites filled with conductive fillers (at concentrations 

above the percolation threshold) can be used as flexible shielding 

materials, transparent self-cleaning coatings, triboelectric nanogenerators 

and stretchable conductors. However, before PDMS composites are ready 

for practical applications several unsolved problems related with the 

homogenious distribution of particles within the PDMS and the thermals 

stability of the PDMS matrix should be solved. 

In this chapter results of electric investigations of onion-like carbon 

(OLC)/polydimethysiloxane composites will be presented addressing 

very wide frequency (20 Hz – 3 THz) and temperature (26 – 500 K) 

                                                      
* Corresponding Author’s E-mail: jan.macutkevic@gmail.com. 
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ranges. The percolation threshold in these composites strongly 

dependents on the OLC aggregate sizes and was lowest for the 

composites with the smallest OLC aggregate sizes (~ 40nm). These 

results will be compared with PDMS composites filled with other 

nanoparticles. The temperature dependent electrical properties of PDMS 

composites will be explained in this chapter. Interestingly, the transition 

into the insulator state of the composites occurred at higher temperatures. 

The transition temperature increases with OLC aggregate concentration. 

Above the percolation threshold, the electrical conductivity in the 

composites occurs mainly due to electron tunneling between OLC 

clusters and quasi-one-dimensional hopping inside the clusters. The 

hopping almost vanishes at frequencies above 100 GHz where the phonon 

contribution dominates. 

The impact of ZnO nanoparticles on ultrasonic and dielectric 

properties of PDMS based nanocomposites over a wide temperature 

range will be also presented in the chapter. The complex dielectric 

permittivity was measured as a function of the frequency at various 

temperatures and it was shown that the magnitude and position of the 

dielectric loss peak on the temperature scale depend on the concentration 

of fillers in PDMS/ZnO composites. The temperature dependence of 

ultrasonic wave attenuation showed attenuation peaks similar to those 

obtained by means of dielectric spectroscopy. These peaks are attributed 

to the dynamic glass transition and obey the Vogel-Fulcher-Tammann 

(VFT) equation. Values of the static glass transition temperature obtained 

analysing the dielectric and ultrasonic data are consistent and increase 

with the concentration of ZnO. The ultrasonic wave attenuation and 

velocity in these composites depend on the filler concentration. 

This investigation is motivated by the recently discovered superior 

electromagnetic attenuation of some types of PDMS based composites, 

demonstrating a promising high potential of PDMS for the design of 

flexible electromagnetic shielding materials over a broad microwave 

frequency range. On the other hand, the provision of high shielding 

effectiveness at low concentration of nanocarbon additives is an 

extremely important problem due to the requirements that coatings be 

low-cost and preserve (or even improve) the basic thermo mechanical 

properties of the polymer matrix, such as viscosity, good pigment 

wetting, resistance to pigment settling, and compatibility with human 

tissue, while, at the same time, imparting high mechanical performance 

and good chemical resistance.  
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INTRODUCTION 
 

Polydimethylsiloxane (PDMS) is a non-conducting silicone-based 

elastomer that has been of widespread interest due to its flexibility and ease 

of micromolding for rapid prototyping of microdevices and systems. The 

chemical formula for PDMS is CH3[Si(CH3)2O]nSi(CH3)3, where n is the 

number of repeating monomer [SiO(CH3)2] units. PDMS based composites 

filled with conductive fillers (at concentrations above percolation 

threshold) can be used as flexible shielding materials, transparent self-

cleaning coatings, triboelectric nanogenerators and stretchable conductors. 

However, before implementation in practical applications several unsolved 

problems related with the homogenious distribution of particles inside 

PDMS and the thermals stability of the PDMS matrix should be solved. 

The most simple form of the dielectric dispersion is the Debye like 

dispersion [1]: 

 

𝜀′(𝜈) = 𝜀∞𝑟 +
∆𝜀

1+(𝜔𝜏)2
,  (1) 

 

𝜀"(𝜈) = 𝛥𝜀
𝜔𝜏

1+(𝜔𝜏)2
.  (2) 

 

However, in polymers as a rule the dielectric dispersion is much 

broader than 1.14 decades as it hould be based upon the Debye formula. 

The plausible assumption is that the relaxation dielectric dispersion ε*(ω) = 

ε - iε in polymers (which are disordered materials) can be represented as 

a superposition of the independent individual Debye-like processes: 

 

𝜀′(𝜈) = 𝜀∞𝑟 + ∆𝜀 ∫
𝑓(𝜏)𝑑𝑙𝑔𝜏

1+(𝜔𝜏)2
∞

−∞
,  (3) 

 

. 𝜀"(𝜈) = 𝜀∞𝑟 + ∆𝜀 ∫
𝜔𝜏𝑓(𝜏)𝑑𝑙𝑔𝜏

1+(𝜔𝜏)2
∞

−∞
. (4) 

 

These two expressions actually are the Fredholm integral equations of 

the first kind for the relaxation time distribution f(τ) definition. Such 
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integral equations are known to be an ill-posed problem. Such 

normalization condition for f(τ) must fulfilled: 

 

∫ 𝑓(𝜏)𝑑𝑙𝑔(𝜏)
∞

−∞
= 1  (5) 

 

From the distribution function the decay function Φ(t) can be obtained: 

 

𝛷(𝑡) = ∫ 𝑓(ln(𝜏))
∞

−∞
𝑒−

𝑡

𝜏𝑑𝑙𝑛(𝜏). (6) 

 

Simplistic solutions way of Eqs. (3) and (4) is the guess the f(τ) 

function. A most popular predefined distribution of relaxation times is the 

Cole-Cole distribution [2]: 

 

𝑓(𝜏) =
sin(𝛼𝑐𝑐𝜋)

cosh[(1−𝛼𝑐𝑐)𝑙𝑛
2𝜋𝜏𝑐𝑐

𝜏
]−cos(𝛼𝑐𝑐𝜋)

,  (7) 

 

there 0 ≤ αcc ≤ 1 are the parameters of width of Cole-Cole distributions 

functions, τcc is the mean and most probable Cole-Cole relaxation time. 

From Eqs. (3), (4) and (7) easily can be obtained:  

 

𝜀∗ = 𝜀∞𝑟 +
∆𝜀

1+(𝑖𝜔𝜏𝑐𝑐)
1−𝛼𝑐𝑐.   (8) 

 

This formula is used very often for polymers [3]; extremely often for 

various preliminary (and therefore often narrowband) dielectric studies of 

new polymers and polymer based composites. However, for PDMS 

composites filled with silica the Cole-Cole equation (8) is not valid; 

instead some authors use three Cole-Cole functions [4]. Another example 

of an empirical symmetric function for ε(ω) is the Fuoss-Kirkwood 

equation [5, 6] which is the generalized form of Debye response and 

formulated directly for the imaginary part of ε*(ω): 

 

𝜀"(𝜔) = 𝜀"𝑝(sech(𝑚𝑙𝑛(𝜔𝜏)) =
2𝜀"𝑝(𝜔𝜏)

𝑚

1+(𝜔𝜏)2𝑚
,  (9) 
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where εp is the value of ε(ω) at the peak frequency ωp. In this case, εp = 

m*Δε/2 and ωp = 1/τ. This equation implies (9) power laws with exponent –

m at high frequencies and m at low frequencies. In this case, the 

distribution function is: 

 

𝑓(𝜏) =
𝑚

𝜋

cosh(
𝑚𝜋

2
)cosh(𝑚𝑜)

𝑠𝑖𝑛ℎ2(𝑚𝑜)+𝑐𝑜𝑠2(
𝑚𝜋

2
)
, ο = log(τp/τ).  (10) 

 

The simplest case of the asymmetric distribution function is the Cole-

Davidson distribution function [7]:  

 

𝑓(𝜏) =
sin(𝛾𝜋)

𝜋
(

𝜏

𝜏𝑐𝑑−𝜏
)for τ < τcd,  (11) 

 

and f(τ) = 0 for τ > τcd, where τcd is the most probable relaxation time of the 

Cole-Davidson distribution function and 0 < γ ≤ 1 parameter of asymmetry 

of this functions. From Eqs. (3), (4) and (11) we have [7]:  

 

𝜀∗ = 𝜀∞𝑟 +
∆𝜀

(1+𝑖𝜔𝜏𝑐𝑑)
𝛾.   (12) 

 

This function describes well the properties of an epoxy resin matrix 

with iron microparticles [8].  

More general descriptions of the broad and asymmetric dielectric 

dispersion is the combination of the Cole-Cole and the Cole-Davidson– 

Havriliak-Negami function [9]: 

 

𝜀∗ = 𝜀∞𝑟 +
∆𝜀

(1+(𝑖𝜔𝜏𝑐𝑐)
1−𝛼𝑐𝑐)𝛾

.   (13) 

 

Havriliak and Negami [9] derived the distribution function f (τ) by 

means of complex analysis: 

 

𝑓(𝜏) =
1

𝜋

sin(𝛾𝜃)(
𝜏

𝜏ℎ𝑛
)(1−𝛼𝑐𝑐)𝛾

(
𝜏

𝜏ℎ𝑛
)2(1−𝛼𝑐𝑐)+2(

𝜏

𝜏ℎ𝑛
)(1−𝛼𝑐𝑐) cos(𝜋(1−𝛼𝑐𝑐))+1)

𝛾/2
,  (14) 
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with 

 

𝜃 = arctan(
sin(𝜋(1−𝛼𝑐𝑐))

(
𝜏

𝜏ℎ𝑛
)1−𝛼𝑐𝑐+cos(𝜋(1−𝛼𝑐𝑐))

).  (15) 

 

Together with the ColeCole equation (8), the Hawriliak-Negami 

functions are widely used dielectric relaxation functions for polymers and 

polymeric composties [9-13]. 

A very important problem is the physical meaning of Havriliak-

Negami functions and their parameters. The experimental data shows that 

αCC and γ are strictly dependent on temperature, structure, composition and 

other controlled physical parameters. However, in many works the 

obtained parameters αCC and γ are discussed very little (only how the form 

of dielectric dispersion is related with these parameters). When 

experimental data is of good quality (and only one relaxation process is 

manifest) the change of dielectric dispersion form is visual from the 

dielectric spectra ε*(ω). Several attempts have been made to understand the 

physical meaning of Havriliak-Negami dielectric response functions [14]. 

In time-domain, the frequently used so-called “stretched exponential” 

or the Kolrausch-Williams-Watts (KWW) function is [15]: 

 

𝛷(𝑡) = exp[− (
𝑡

𝜏𝑤𝑤
)
𝛽
].   (16) 

 

The dielectric function then is: 

 

𝜀∗(𝜔) = 𝛥𝜀 ∫ [−
𝑑𝛷(𝑡)

𝑑𝑡
]𝑒−𝑖𝜔𝑡

∞

0
𝑑𝑡,  (17) 

 

and the distribution of relaxation times is: 

 

𝑓(𝜏) =
1

𝜋
∫ 𝑒−𝑥𝑒4cos(𝜋𝛽) sin(𝑢𝑠𝑖𝑛(𝜋𝛽)) 𝑑𝑥, with𝑢 = (

𝑥𝜏

𝜏0
)𝛽.  (18) 

 



Dielectric Properties and Relaxation of Polydimethylsiloxane … 7 

Many physical models of KWW dielectric dispersions are proposed: 

the localized state model, the proton model, the dipole interaction model 

and more others [16]. Therefore, the KWW function physical meaning is 

better understood than the physical meaning of others predefined functions. 

Recently the empirical relationship between the KWW and Havriliak-

Negami functions was discovered [16]: 

 

ln [
𝜏ℎ𝑛

𝜏𝑤𝑤
] = 2.6(1 − 𝛽)0.5𝑒−3𝛽, 

𝛼𝑐𝑐𝛾 = 𝛽1.23.   (19) 

 

Therefore, physical meaning of the Havriliak-Negami distributions 

sometimes can be related with physical meaning of the KWW models. 

There are many other predefined functions of distribution of relaxation 

times such as Joncher [15].  

In order to reveal the influence of the nanoparticles concentration and 

their size, the dielectric permittivity and the electrical conductivity at some 

fixed frequency and room temperature can be plotted as a function of 

concentration. Below the percolation threshold the effective permittivity ε 

at fixed frequency can be fitted according to the classical law [17]: 

 

𝜀′ = 𝜀𝑚(
𝑝𝑐−𝑝

𝑝𝑐
)−𝑞 ,   (20) 

 

where εm is the dielectric permittivity of polymer matrix, pc is the critical 

volume fraction, q is the critical index. Or fitting can be achieved using a 

simpler equation 

 

ε = εm(pc - p)-q.   (21) 

 

At concentrations close to the percolation threshold, percolation theory 

predicts the value of the exponent close to 2 in any three-dimensional 

medium [18]. In onion like carbon (OLC)/PDMS compostes the 

percolation threshold decreases with OLC aggregate size and it is 6.7 vol% 
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for 40 OLC aggregates [19]. Such critical volume fraction is lower than 

should be expected from theory for round particles [18]. 

 

 

ELECTRICAL TRANSPORT AT HIGH TEMPERTATURES 
 

Temperature dependence of the dielectric permittivity and the 

electrical conductivity of OLC/PDSM composites with 100 nm OLC 

inclusions at 10 wt% is presented in Figure 1 at different frequencies from 

room temperature up to 500 K.  

 

 

Figure 1. Temperature dependence of complex dielectric permittivity for OLC/PDMS 

composites (with 100 nm OLC 10 wt%) inclusions at different frequencies. 

Both the dielectric permittivity and the electrical conductivity decrease 

during heating, however the most pronounced decrease occurs at 

temperatures above 450 K and at lower frequencies (below 11 kHz). In 

order to understand the phenomena the electrical conductivity was plotted 

as a function of frequency at various representative temperatures in Figure 
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2. During heating not only was the electrical conductivity decreased, but 

the shape of the conductivity spectrum was also substantially changed. A 

frequency independent conductivity (DC conductivity) is observed at lower 

frequencies and at lower temperatures.  

Above 470 K no DC conductivity is observed in the conductivity 

spectra of the investigated composites. The frequency spectra of the 

conductivity was fitted with the fundamental equation [20]: 

 

σ = σDC + Aωs   (22) 

 

where σDC is the DC conductivity and Aωs is the AC conductivity. 

Equation (22) is consistent with the Jonsher universal dielectric response 

and the parameter s has the same physical meaning as the Jonsher exponent 

[15]. DC conductivity values for all composites above the percolation 

threshold are presented in Figure 3a. From this fit, it is possible to calculate 

the critical frequency fcr, at which the value of the conductivity σ (ω) 

deviates from the DC plateau. The experimental value for fcr has been 

defined as the frequency at which the value of the conductivity is 10% 

higher than the DC conductivity value. The results are plotted in Figure 3b. 

It can be clearly seen that both the DC conductivity and the critical 

frequency fcr are almost temperature independent at lower temperatures and 

rapidly decrease close to a specific temperature, which depends on the 

OLC aggregate size and concentration.  

Above this temperature no DC conductivity occurs in the composites, 

threrefore a metal-insulator phase transition is observed. Note that the 

complex effective permittivity of a pure PDSM polymer matrix only very 

slowly increases with temperature; no anomaly is revealed and its value 

remains quite low (ε < 5 and ε < 1.5) in the temperature region 300 – 500 

K. The transition temperature increases with OLC concentration and OLC 

aggregate size. DC conductivity and the static effective permittivity εs are 

connected with the critical frequency fcr according to the relations: 

 

fcr = σDC/ε0εs,   (23) 
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where z is an exponent, which characterizes the relation between the 

capacitive and conductive networks in the composite. For the composites 

under study, σDC and fcr are almost temperature independent at 

temperatures far from the metal-insulator transition temperature, thus in 

this temperature region z is almost zero. Close to the metal-insulator 

transition temperature both DC conductivity and critical frequency rapidly 

decreases and the critical exponent is ~1.5 in this temperature region for all 

composites. This indicates a strong dependence on the gaps (the distances 

between OLC clusters) of both effective permittivity and electrical 

conductivity close to the metal- insulator transition temperature [21]. 

 

σDC ~ fcr
z,   (24) 

 

 

Figure 2. Frequency dependence of electrical conductivity for OLC/PDMS composites 

(with 100 nm OLC 10 wt%) inclusions at different frequencies. 
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Figure 3. Temperature dependence of OLC/PDMS composites DC conductivity a) and 

critical frequency (high temperature region). The dotted lines indicate a limit between 

a “slow” decreasing of DC conductivity and critical frequency and a “rapid” 

decreasing of these parameters. Reproduced from [J. Macutkevic, I. Kranauskaite, J. 

Banys, S. Moseenkov, V. Kuznetsov, O. Shenderova, Metal-insulator transition and 

size dependent electrical percolation in onion-like carbon/polydymethylsiloxane 

composites, Journal of Applied Physics 115, 213702 (2014)], with the permission of 

AIP Publishing. 

Upon heating both the electrical conductivity and the effective 

permittivity decrease due to the very different thermal expansion properties 

of the pure PDSM polymer matrix and OLC. The volume of OLC clusters 

remains almost the same, while the polymer matrix volume increases 
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rapidly with heating. At low frequencies the electrical conductivity in the 

investigated composites can occur via several mechanisms: 1) electron 

hopping in the infinite OLC clusters, 2) serial transport by hopping in finite 

clusters and tunneling between these finite clusters, 3) tunneling between 

finite and infinite clusters. Due to the rapid polymer matrix expansion only 

tunneling conductivity decreases because the distance for electron 

tunneling is increased. At higher temperatures (above the metal-dielectric 

transition temperature) the DC electrical conductivity disapperas when the 

mean distance between the OLC clusters exceeds a critical value, at which 

no more tunneling is possible. Thus electrical transport in the OLC/PDSM 

composites is governed by a 2d mechanism.  

With increasing OLC concentration or aggregate size the mean 

distance between the OLC clusters decreases and threrefore the electrical 

conductivity is increased. The volume concentration of OLC clusters φi can 

be calculated as 

 

φi = VOLC/(VOLC + VPDSM),   (25)  

 

where VOLC is the volume of OLC in the composite and VPDSM is the 

volume of matrix in the composite. Assuming, that VOLC is almost 

temperature indepent, φi could be proportional to 1/VPDMS. Thus, the 

volume concentration decreases upon heating and when it reaches a critical 

value, a transition into the insulator state occurs, which is followed by 

vanishing of both DC conductivity and critical frequency. This is clearly 

seen in Figure 3 where a slow decrease of both conductivity and critical 

frequency is observed upon heating, as well as a rapid decrease close to the 

metal-insulator temperature. Moreover, the rapid decrease of the 

conductivity, which occurs close to the transition temperature, (Figure 3) is 

similar to the concentration dependence of the conductivity close to the 

percolation threshold. Therefore, the transition into an insulator state can 

be explained by the decrease of OLC volume concentration below some 

critical concentration. The critical volume concentration depends on the 

OLC type, therefore the metal-insulator transition occurs at higher 

temperatures for bigger OLC aggregates [19].  
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For low OLC concentrations (8 vol% of 250 nm OLC aggregates) the 

metal-insulator transition is irreversible, i.e., after annealing above the 

transition temperature the value of composite effective permittivity 

remains low upon cooling (Figure 3). In this case the destroyed OLC 

network does not recover with polymer matrix shrinkage upon cooling and 

the composite is an isolator at room temperature after annealing. At higher 

OLC concentrations, the behavior of the DC conductivity and the critical 

frequency is reversible (Figure 3), i.e., upon cooling the values of DC 

conductivity and critical frequency are partially recovered.  

A decrease in conductivity of percolative composites during heating 

was observed in other composites [21], however in these composites no 

metal-insulator transition occured due to finite matrix conductivity at 

higher temperature. In contrast no DC conductivity and not any electric or 

dielectric anomaly was observed in the PDMS polymer up to 500 K. 

Above room temperature the metal-insulator transition usually occurs in 

vanadium oxide related compounds [22], however in our case the phase 

transition temperature can be easily changed by changing the OLC filler 

concentration and type. Moreover, in vanadium oxide related materials the 

high temperature phase is conductive and low temperature is non-

conductive [22], while in our composites the high temperature phase is not 

conductive. This is due to the fact that in OLC/PDMS composites at higher 

temperatures the distances between the OLC clusters is too big and 

tunneling electrical conductivity does not occur in the composite. Thus, the 

OLC/PDMS composites can be useful in various applications, where a 

temperature dependent behavior is required. 

 

 

ELECTRICAL TRANSPORT AT LOW TEMPERTATURES 
 

At low temperatures (below 170 K) both the effective permittivity and 

the electrical conductivity decrease upon cooling. Not only the DC 

conductivity changes upon cooling, but also the shape of the conductivity 

spectra is changed (Figure 4).  
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Therefore, conductivity spectra σ (ν) were fitted with the Eq. (21). 

Obtained parameters are presented in Figures 5. 

However, below 100 K not only the DC conductivy but also the shape 

of the conductivity spectra is temperature dependent (Figure 4). This 

means that the critical frequency is also temperature dependent.  

We assumed that the temperature dependence of the DC conductivity 

at lower temperatures (below 100 K) can be fitted by the general Mott 

expression for variable range hopping (Figure 5) [23]: 

 

σdc = σ0exp(- (TM/T)1/n),   (26) 

 

where TM is a constant depending on the density of state and localization 

length of the system, n = 1 + d (d is dimensionality of the system). A 

similar behavior is also valid for the critical frequency fcr (Figure 5b) [23]: 

 

fcr = fcr∞exp(- (TM/T)1/n),   (27) 

 

where fcr∞ is the frequency at very high temperatures. Obtained parameters 

are discussed in [19]. The value of n is close to 1 for all investigated 

composites; this is typical for pure OLC powder [24].  

For temperatures below 170 K, the DC conductivity data fit well to the 

fluctuation induced tunneling model [19]: 

 

σdc = σ0exp(- (T1/(T + T0))),   (28) 

 

where T1 represents the energy required for an electron to cross the 

insulator gap between the conductive particles aggregates, and T0 is the 

temperature above which thermally activated conduction over the barriers 

begins to occur. According to the tunneling model [21, 25]: 

T1 = wAβ0/8πk,   (29) 
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T0 = 2T1/πχw,   (30) 

 

where χ = (2mV0)0.5/h and β0 = 4V0/ew, m and e being the electron mass 

and charge, respectively, V0 is the potential barrier height, w is the 

interparticle distance (gap width), and A is the area of capacitance formed 

by the junction. Obtained From Eqs. (6) and (7) it follows that T1/T0 is 

proportional to the gap width w, which is approximately proportional to  

p-1/3 [26]. Thus, the ratio T1/T0 should decrease with the OLC 

concentration, as was observed in the composites with 100 nm OLC 

aggregates. 

Thus, electrical transport in OLC/PDMS composites occurs via 

electron tunneling between OLC aggreagtes and a quasi-one-dimensional 

hopping inside the OLC clusters. 

 

 

Figure 4. Temperature dependence of electrical conductivity for OLC/PDMS 

composites (with 100 nm OLC 10 wt%) inclusions at different frequencies. 
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Figure 5. Temperature dependence of OLC/PDMS composites DC conductivity a) and 

critical frequency b) with Mott law fit (low temperatures region). Reproduced from [J. 

Macutkevic, I. Kranauskaite, J. Banys, S. Moseenkov, V. Kuznetsov, O. Shenderova, 

Metal-insulator transition and size dependent electrical percolation in onion-like 

carbon/polydymethylsiloxane composites, Journal of Applied Physics 115, 213702 

(2014)], with the permission of AIP Publishing. 
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RELAXATION IN ZNO/PDMS COMPOSITES 
 

Temperature dependences of the complex dielectric permittivity at 

different frequencies for PDMS with 10 wt% ZnO are presented in Figure 

6. These dependences exhibit an anomalous behaviour at low temperatures 

(close to 175 K).  

The behaviour is attributed to the glass transition, often indicated as a 

α relaxation, due to a relatively large-scale cooperative motion of many 

backbone segments in the amorphous phase of PDMS [27, 4]. Similar 

behaviour of the dielectric permittivity is observed in other PDMS 

composites with ZnO inclusions. 

 

 

Figure 6. Temperature dependence of the complex dielectric permittivity for PDMS 

with 10 wt% ZnO at different frequencies. 

The similar behaviour of the dielectric permittivity of pure PDMS has 

been previously observed by H. Adachi et al., [28] J. Ouyang et al. [29] 

and was attributed to the subsequent growth of spherulites in the 
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amorphous region. Therefore, our cooling rate is slow enough (1 K/min) 

and enables crystal nucleation within the polymer. The presence of ZnO 

nanoparticles strongly affects the crystallization rate and decreases the 

slope of εʹ(T) [30]. 

It is clearly visible that the peak of the dielectric loss maximum (Tmax) 

is shifted towards higher temperatures with increasing frequency (Figure 

6). The dielectric dispersion and the peak of dielectric losses have been 

observed close to the temperature of the glass transition in all investigated 

composites [30]. Figure 7 shows the frequency dependence of the 

imaginary part of the dielectric permittivity for 10 wt.% ZnO in PDMS 

close to the glass transition temperature Tg. The curves of losses show a 

relaxation peak in the frequency range of 1 kHz – 1 MHz. The dielectric 

dispersion is caused by the α relaxation in PDMS, which origin is related 

to the local segmental dynamics [28, 30]. 

In Figure 8 experimental dependences of the longitudinal wave 

velocity and the ultrasonic wave attenuation on temperature and the 

concentration dependence of the ultrasonic wave attenuation (inset) are 

demonstrated. It is clearly observed that at low temperatures the ultrasonic 

velocity is noticeably dependent on the loading of ZnO nanofillers (Figure 

8). The larger the concentration of ZnO nanoparticles embedded in the 

polymer matrix, the higher the observed velocity values in the composites. 

It might be due to the large difference between elastic coefficients of zinc 

oxide and polymer material [4, 31]. 

The peak corresponding to the maximum ultrasound wave attenuation 

within the composites is extended rightwards, depending from the 

concentration of ZnO (Figure 8). This is consistent with our observation in 

the dielectric behaviour of the composites (Figure 6) and could be due to 

the crystallization process, which is affected by specific interactions 

between the filler and the polymer matrix [4, 30]. This suggests that the 

molecular mobility of the polymer matrix is affected by the presence of 

embedded nanoparticles. ZnO fillers reduce the flexibility of PDMS 

backbone and, as a consequence, more heat is needed for the transition 

from the glassy to the soft state. 
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Figure 7. Frequency dependence of the complex dielectric permittivity for PDMS with 

10 wt% ZnO at different frequencies. 

An experimental dependence of the ultrasonic attenuation on ZnO 

content in PDMS nanocomposites is depicted by the inset in Figure 8. The 

attenuation of ultrasonic waves within the composite at room temperature 

linearly depends on the concentration of ZnO nanofillers. Similar results 

are obtained earlier in PDMS/OLC composites [33]. To explain such 

dependence, we assume that adding ZnO nanoparticles to PDMS increases 

the dynamic heterogeneity in the composite, that is an important factor for 

the ultrasonic attenuation.  

A similar thermal hysteresis was also observed in the temperature 

dependence of the imaginary part of the complex dielectric permittivity 

[34]. The hysteresis is caused by the first order phase transition 

(crystallization/melting), which was previously observed upon heating by 

the differential scanning calorimetry of PDMS [32, 34]. The 

nanocomposites crystallize during slow cooling (at cooling rates not higher 

as 1 K/min) [35]. Upon heating, due to chain rearrangements and the 

decrease of the melt viscosity, PDMS also crystallizes from the amorphous 
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phase [35]. Complex melting occurs in PDMS during the heating cycle 

over the range 220-230 K in good agreement with previous investigations 

of PDMS polymer [36, 37].  

 

 

Figure 8. Temperature dependences of the ultrasonic velocity (left), the ultrasonic 

wave attenuation (right) for pure PDMS (a) and composites with 5 wt.% (b) and 10 

wt.% (c) of ZnO inclusions. Solid symbols: on cooling, open symbols: on heating. J. 

Belovickis, J. Macutkevic, S. Svirskas, V. Samulionis, J. Banys, O. Shenderova, V. 

Borjanovic: Ultrasonic and dielectric relaxation in PDMS/ZnO nanocomposite. 

Physica Status Solidi B. 2015. 252. pp. 2778-2783. 2015. Copyright Wiley-VCH 

Verlag GmbH & Co. KGaA. Reproduced with permission. 
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ZnO nanoparticles can serve as nuclei, capable of the supporting 

crystal growth within the composite. As the amount of nanoparticles 

affects the crystallite size and the degree of the crystallinity, the melting is 

also enhanced by the presence of ZnO nanoparticles resulting in the 

appearance of the hysteresis. 

The temperature dependences of the ultrasonic wave attenuation and 

the velocity are different on cooling and heating cycles (Figure 8). The 

hysteresis becomes more pronounced for higher nanofiller concentrations. 

The peak increases and shifts to higher temperatures with the frequency.  

 

 

Figure 9. Measurements of frequency versus the dielectric losses maximum 

temperature (a) and relaxation frequency fr = 1/τ obtained from the best fit of the Cole-

Cole spectral function (b) for pure PDMS and composites with ZnO inclusions on 

cooling. Lines are the best fit according to the Vogel-Fulcher law (Eq. (31)). J. 

Belovickis, J. Macutkevic, S. Svirskas, V. Samulionis, J. Banys, O. Shenderova, V. 

Borjanovic: Ultrasonic and dielectric relaxation in PDMS/ZnO nanocomposite. 

Physica Status Solidi B. 2015. 252. pp. 2778-2783. 2015. Copyright Wiley-VCH 

Verlag GmbH & Co. KGaA. Reproduced with permission. 

The shift can be characterized by the Vogel–Fulcher (VF) relation [38-

39]: 
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where kb is the Boltzmann constant, f0 is the frequency approached with 

Tmax → ∞ and Tref is the temperature of glass transition in the polymer as 

cooling rate becomes infinitely slow.  

Note, that the apparent activation energy used in the VF equation EVF 

relates to the activation energy used in the Arrhenius law EAr, as EVF= EAr(1 

- T/Tg), denoting an elastic shear energy around the local relaxation due to 

the change of an activation volume [40-41]. Figure. 9a shows experimental 

and fitted values of frequency versus the dielectric loss maxima 

temperature according to the (VF) equation (Eq. (31)) for pure PDMS and 

the composites on cooling. The value for 10 MHz frequency is obtained 

from the previously described ultrasonic measurements.  

The frequency dependence of the imaginary part of dielectric 

permittivity was analyzed by the Cole-Cole function Eq. [8]. Obtained 

values of the relaxation time τ at various temperatures were converted to 

the relaxation frequency values fr according to fr = 1/τ.  

The temperature dependence of the relaxation frequency fit very well 

the VF equation (Figure 9b). It was determined, that the glass transition 

temperature increases with the concentration of ZnO nanoparticles, while 

the concentration behaviour of the activation energy is less expressed. The 

increase of the glass transition temperature is due to the reduced mobility 

of the polymer backbone close to ZnO nanoparticles [42-44].  

The ultrasonic attenuation peak can be described using the relaxation 

theory of elasticity [45]: 

 

𝛼 =
𝛥𝑉

𝑉2
𝜔2𝜏𝑢

1+𝜔2𝜏𝑢
2,   (32) 

 

where V and ΔV are the longitudinal ultrasonic velocity in the composite 

and its magnitude of downward step at a certain temperature, respectively, 

τu is the ultrasonic relaxation time. Here we assume that the relaxation time 

can be expressed by such VF relation: 
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𝜏𝑢 = 𝜏0𝑒

𝐸𝐹2
𝑘𝐵(𝑇−𝑇𝑟𝑒𝑓2),   (33) 

 

where τ0 is the relaxation time, when T → ∞. In order to include the 

temperature dependence of the ultrasonic losses in acoustic bonds and 

buffers, a linear temperature dependence with two terms (A and α0) can be 

added:  

 

𝛼 =
∆𝑉

𝑉2
𝜔2𝜏𝑢

1+𝜔2𝜏𝑢
2 + 𝐴𝑇 + 𝛼0.   (34) 

 

Obtained values of both of Tref and Tref2 are very similar [30]. 

Thus mechanical and dielectric properties of PDMS/ZnO composites 

are strongly dependent on the concentration of ZnO, i.e., a composite 

containing higher concentration of fillers has a lower dielectric and higher 

mechanical loss peaks. Dielectric spectroscopic measurements in the 

PDMS/ZnO composites combined with ultrasonic measurements revealed 

the existence of the dielectric hysteresis between cooling and heating 

cycles and it is strongly dependent on the concentration of ZnO 

nanoparticles, acting as crystallization nuclei. The growth of spherulites 

(few hundred microns) can explain the increased scattering-attenuation in 

PDMS matrix for higher ZnO concentrations. The analysis of the dielectric 

losses maximum according to the VF law and the ultrasonic attenuation 

data shows that the glass transition temperature increases with increase of 

ZnO concentration in the composites. It has been shown that the ultrasonic 

and the dielectric relaxation processes can be described by Voge-Fulcher 

law. 
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ABSTRACT 
 

Polydimethylsiloxane (PDMS) is frequently used for the base 

material for microcircuit chips. It can be applied for the base material for 

micro-machining to make the micro-surface morphology. The typical size 

of a biological cell, on the other hand, is micrometer. It is difficult to 

control dimension of micrometer with the conventional micro-machining 

technology. The micromachining with PDMS enables the surface design 

with the dimension of micrometer.  
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Although the surface of PDMS is hydrophobic, it can be 

hydrophilized by the oxygen plasma ashing. The affinity of the surface to 

the biological fluid can be improved by the albumin coating. In this 

chapter, several kinds of devices, which are applied to observe the 

behaviour of biological cells, are exemplified: micro-ridges, micro-

grooves, micro-markers, and micro-slits. Methodology to make each 

morphology by PDMS is described: photolithography, and etching. The 

effectiveness of each kind of device is evaluated by experiments with 

several types of biological cells. The technology will contribute to several 

applications in the field of the biomedical engineering: medical 

diagnostics, and regenerative medicine. 

 

Keywords: polydimethylsiloxane, micro-machining, biological cell, ridge, 

groove, marker, and slit 

 

 

1. INTRODUCTION 
 

Polydimethylsiloxane (PDMS) is frequently used for the base material 

in the field of electronics for microcircuit chips. The material is easy to be 

used for molding. It can be applied for the base material for micro-

machining to make the micro-surface structure. The typical size of the 

biological cell, on the other hand, is micrometer. It is difficult to control 

dimension of micrometer with the conventional micro-machining 

technology. The micromachining with PDMS enables the surface design 

around the dimension of micrometer with the specially designed process. 

The plate of PDMS with the micro-machined surface is able to 

maintain the transparency. Through the plate, the micro-machined inner 

surface can be observed by the optical microscope. The surface of PDMS 

can be hydrophilized by the oxygen plasma ashing. The affinity of the 

surface to the biological fluid can be improved by albumin coating. The 

micro-machined surface of PDMS can be used for the scaffold for the cell 

culture. The rigidity of the surface of PDMS dipped in the medium is 

enough to maintain the micro-morphology of the scaffold. 

In this chapter, several kinds of devices, which are applied to observe 

the behavior of biological cells, are exemplified: micro-patterns for cell 

orientation, micro-grooves for cell capture, micro-markers for cell tracings, 
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and micro-slits for cell sorting. In each section, methodology to make each 

morphology by PDMS is described: photolithography, and etching. The 

effectiveness of each kind of device is evaluated by experiments with 

several types of biological cells. 

The control technique of orientation of cells might be applied to the 

alternative system to the animal experiment for tissue technology: making 

the engineered pseudo-environment, or the partial biological tissue in vitro. 

 

 

2. METHODS 
 

Several micropattern of PDMS were manufactured for application to 

biological cells. For comparison between cell types, several types of cells 

were used in the test: C2C12 (mouse myoblast cell line originated with 

cross-striated muscle of C3H mouse), Hepa1-6 (mouse hepatoma cell line 

of C57L mouse), 3T3-L1 (mouse fat precursor cells, cell line of 3T3 

mouse), Neuro-2a (a mouse neural crest-derived cell line), L929 (fibroblast 

connective tissue of C3H mouse), MC3T3-E1 (osteoblast precursor cell 

line derived from mouse calvaria), and HUVEC (human umbilical vein 

endothelial cells). D-MEM (Dulbecco’s Modified Eagle’s Medium) 

containing 10% FBS (decomplemented fetal bovine serum) and 1% 

penicillin/ streptomycin was used for the culture medium. In the case of 

L929, E-MEM (Eagle’s minimal essential medium) was used. In the case 

of MC3T3-E1, alpha-MEM (alpha modified Eagle’s minimal essential 

medium) was used. In the case of HUVEC, EBM-2 (Endothelial Cell Basal 

Medium) containing EGM-2 (Endothelial Cell Growth Medium) and 2% 

decomplemented FBS was used. In the case of the flow test, the cells were 

exfoliated from the bottom of the culture dish with trypsin, and were 

suspended in the culture medium.  

The swine erythrocyte also was used in the test for comparison. After 

centrifugation, erythrocytes were suspended in the phosphate buffer 

solution to make a suspension of cells at the volume ratio of 0.1 percent. 
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2.1. Micro Pattern for Orientation 
 

PDMS has advantage as the material which can be used in the 

micromachining to make micro-morphology on the surface. The 

orientation of the biological cell, on the other hand, depends on the surface 

morphology of the scaffold. In this section, several kinds of micro patterns 

on the scaffold have been exemplified to control the orientation of the 

biological cells. 

 

2.1.1. Micro-Ridgeline 

 

2.1.1.1. Height of Micro-Ridge for Orientation 

To study on the minimum height of the micro-ridge to control the 

orientation of biological cells, several parallel lines of micro-ridges were 

made on the disk of transparent PDMS. The width, the interval and the 

length of each rectangular ridge were 3 µm, 7 µm, and 2 mm respectively. 

Variation was made on the height of the ridge between 0.3 µm and 3.5 µm. 

The silicon wafer was used for the surface mold for the disk in the 

photolithography process. The surface of the wafer was cleaned by the 

following process. The surface was exposed to the oxygen gas in the 

reactive ion etching system for five minutes (the oxygen plasma ashing). It 

was then cleaned in the ultrasonic cleaner with 2-propanol, with the 

hydrogen peroxide solution, and with the ultrapure water. The wafer was 

dried on the hot plate at 373 K for five minutes. 

The photoresist material of OFPR-800 was coated on the wafer with 2 

µm thick at 5000 rpm with the spin coater. The photoresist material was 

baked in the oven at 383 K for 90 seconds. The pattern of lines was drawn 

on the wafer with the laser drawing system. To control the dimension of 

the lines on the mold with the laser drawing system, the parameters were 

selected as follows: the wavelength of 408 nm, and the power of 20 mW. 

After the drawing, the photoresist material was baked again in the oven at 

393 K for five minutes. The photoresist was developed with tetra-methyl-

ammonium hydroxide (NMD-3). The wafer was rinsed with the distilled 

water. To increase the adhesiveness of the coating, the wafer was baked at 
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393 K for five minutes. The wafer was etched with the plasma gas using 

the reactive ion etching system to make lines of the micro-groove. The 

alternative switching mode between C4F8 gas and SF6 gas was applied on 

the disk. To exfoliate the residual photoresist material from the surface, the 

wafer was exposed to the oxygen gas. The dimension of the micro-grooves 

of the mold was measured with the laser microscope. Each mold had 

several groups of ridges dispersed on the disk. Each mold had its own 

unified height of the ridges. The surface of the wafer with micro pattern 

was coated with 1 µm thickness of parylene as the release agent.  

After the wafer was enclosed with the peripheral wall of the polyimide 

tape, PDMS with the curing agent was poured on the mold of the wafer. 

The volume ratio of the curing agent was ten percent of PDMS. After 

degassing, PDMS was baked at 383 K for one hour in the oven. After the 

baked disk of PDMS was exfoliated from the mold, the disk was sterilized 

in the autoclave. The disk with the micro ridges at several positions was 

cut into the plate of 35 mm diameter to be set at the bottom of the dish. The 

plate was exposed to the oxygen gas for one minute in the reactive ion 

etching system to be characterized as hydrophilic. To maintain the 

hydrophilic property, the plate was preserved in the ultrapure water, before 

the cell culture. The contact angles were measured between the surface of 

PDMS and the medium by the contact angle analyzer, before and after the 

oxygen plasma ashing. 

The culture dish, which consists of 6 cylindrical wells of 35 mm 

diameter, was used for cell culture. Each PDMS disk, which has micro 

ridges on the upper surface, was placed in the bottom of each well, and 

preserved in medium of D-MEM. C2C12 was used in the experiment. 

Cells were seeded on the culture plate with the medium of D-MEM at the 

density of 1.5 × 103 cells/cm2. FBS was added to the medium with the 

volume rate of 10 percent. Cells were cultured in the incubator to maintain 

both the temperature of 310 K and the carbon dioxide partial pressure of 5 

percent for one week. 

The deformation of cells near the micro ridges was observed with the 

inverted phase-contrast microscope every three hours in 24 hours. The 
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angle between the longitudinal axis of the cell adjacent to the ridge and the 

longitudinal direction of the ridge was measured. 

 

2.1.1.2. Behavior of Cell on Micro-Ridge 

Several parallel lines of micro ridges were made at the center on the 

disk of transparent PDMS. The height, the interval, and the length of the 

rectangular ridge were 1 µm, 3 µm, and 0.5 mm, respectively. To compare 

the effect of interval of ridges on the behavior of each cell, variation was 

made on the width of the ridge: 1 µm, 3 µm, and 5 µm. Each pattern was 

drawn in the square area of 0.5 mm × 0.5 mm, which was the quarter part 

of the square area of 1.0 mm × 1.0 mm. One of the quarter areas had the 

smooth surface, and had no ridge for comparison. 

The silicon wafer was used for the surface mold for the disk at the 

photolithography process. The surface of the wafer was cleaned by the 

spin-dryer. Hexamethyldisilazane (HMDS) was coated at 3000 rpm for 

thirty seconds with the spin coater. The photoresist material of OFPR-800 

of 1.7 µm thick was coated on the wafer with the spin coater. The 

photoresist material was baked on the heated plate at 373 K for 90 seconds. 

The pattern for the micro-grooves was drawn on the wafer with the laser 

drawing system. To save the 1 µm thickness of parylene coating, the 

dimensions of the width of the three kinds of grooves on the mold were 3 

µm, 5 µm, and 7 µm, respectively. The pattern was baked on the heated 

plate at 393 K for five minutes. The photoresist was developed with NMD-

3 for 60 seconds. The wafer was rinsed with the distilled water, and dried 

by the spin-dryer. To increase the adhesiveness of the coating, the wafer 

was baked at 393 K for five minutes. The wafer was etched with the 

plasma gas using the reactive ion etching system to make lines of the 

micro-grooves of 1 µm depth. The gas of sulfur hexafluoride (with argon 

and oxygen) was applied on the wafer at 15 Pa for three minutes. To 

exfoliate the residual photoresist material from the surface, the wafer was 

exposed to the oxygen gas using the compact etcher. The dimensions of the 

three kinds of the micro-grooves of the mold were measured with the laser 

microscope. The morphology along the transverse lines of the grooves was 

traced. The morphology of the micro-grooves was also observed by the 
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scanning electron microscope (SEM). The surface of the wafer with micro-

patterns was coated with 1 µm thickness of parylene. 

PDMS was poured with the curing agent on the wafer. After degassing, 

PDMS was baked in the oven. The baked disk of PDMS of 0.25 mm 

thickness was exfoliated from the mold, and sterilized in the autoclave. 

The disk with the micro-ridges was used for the bottom of the dish. 

Another disk of PDMS, which has the donut shape (50 mm outer diameter, 

5.5 mm thickness) with the hole of 33 mm diameter, was made for the 

peripheral wall of the dish. These two disks were contacted with the 

affinity between them. The dish of PDMS was exposed to the oxygen gas 

for one minute in the reactive ion etching system to be characterized as 

hydrophilic. The dish was preserved in the ultrapure water to keep the 

hydrophilic property of the surface, before the cell culture. 

The centrifugal force was used to apply the tangential force field on the 

surface of the scaffold. The hysteresis effect of the force field on the single 

osteoblast cell (MC3T3-E1) attached on the scaffold was investigated. To 

examine the effect of the direction of the force field on the cell at the 

specific alignment, the orientation of the cell was controlled by the striped 

pattern on the surface of the scaffold. The micro striped pattern was made 

in three partial rectangular areas of 0.4 mm × 1.6 mm on the PDMS plate 

of the scaffold by photolithography technique. The height, the width, and 

the interval of the quadrangular ridges were 0.7 μm, 3 μm, and 3 μm, 

respectively. Each area has its own specific direction of the striped pattern. 

Namely, variation was made on the angle between the longitudinal 

direction of the ridge and the direction of the centrifugal force in the two-

dimensional scaffold surface: 0 degree (parallel), 45 degree, and 90 degree 

(perpendicular). Three partial areas are made on the same surface of the 

scaffold plate in the parallel position, so that the behavior of cells on each 

area can be compared simultaneously. The pattern of each area was also 

used as the marker to trace each cell.  

PDMS was poured with the curing agent on the mold. After degassing, 

PDMS was baked at 338 K for one hour in the oven. The baked plate of 

PDMS (1 mm thickness) was exfoliated from the mold of the slide glass 

plate. The PDMS plate was cut to make the plate of 15 mm × 10 mm × 1 
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mm, and stuck on the glass plate of 50 mm × 13 mm × 1 mm. The surface 

of the PDMS plate was exposed to the oxygen gas in the reactive ion 

etching system for thirty seconds just before the cell culture. 

 

2.1.2. Micro-Checkered Pattern 

The checkered convexo-concave pattern was designed with micro 

quadrangular prisms at the square area of 1 mm × 1 mm on the disk of 

glass for the scaffold by the lithography technique. Each prism had the 

following dimension. The length of the top rectangular surface was 10 µm 

length. Variation was made on the width of the top square of the prism: 5 

µm, 8 µm, and 10 µm. The variation of the width makes the variation on 

the aspect ratio of the top rectangular surface of the prism: 1, 1.25, and 2. 

The arctangent of the each ratio is 0.79 rad, 0.89 rad, and 1.1 rad. Each 

pattern was drawn in the square area of 0.5 mm × 0.5 mm, which was the 

quarter part of the square area of 1.0 mm × 1.0 mm on the scaffold. 

Photomasks were used to trace the micro checkered pattern on the mold. 

The photomasks were made by two kinds of etching process: wet and dry. 

After the disk of Tempax glass was enclosed with the peripheral wall 

of polyimide tape, degassed PDMS was poured with the curing agent. 

PDMS was baked at 373 K for one hour in the oven. The culture plate was 

exposed to the oxygen gas in the reactive ion etching system to be 

characterized as hydrophilic. C2C12 was used in the test. 

 

2.1.3. Taper-Stripe Pattern for Durotactic Migration 

To observe the durotactic migration of the cell depend on the surface 

hardness, the taper-alternative-stripe pattern of scaffold was designed on 

the plate of PDMS for the flat scaffold by the photolithography technique. 

A part of each band had gradual reduction at the width: from 0.2 mm to 0.1 

mm, or from 0.15 mm to 0.05 mm. The surface of the scaffold consisted of 

bands made of two alternate materials: PDMS, and SU-8 (epoxy based 

negative photoresist material).  
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The pattern of the mold was controlled by the photomask. The 

dimension of the morphology of the surface of the photomask was 

observed by the laser microscope. 

The borosilicate glass disk was used for the base of the mold. The 

surface of the glass disk was cleaned by the oxygen plasma ashing. After 

the negative photoresist material of the high viscosity (SU-8 10) was 

coated on the disk by the spin coater, the photoresist was baked in the oven 

at 368 K. After the photomask with the taper-stripe patterns was mounted 

on the surface (SU-8 10), the photoresist was exposed to the ultraviolet 

light through the mask in the mask aligner. The photoresist was baked in 

the oven at 368 K. The photoresist was developed with SU-8 developer. 

The glass surface with the micro pattern was rinsed with IPA (2-propanol), 

and the pure water. The morphology of the surface of the mold was 

measured across the stripes by the stylus of the contact profilometer. 

PDMS was poured with the curing agent on the mold. PDMS was 

baked at 373 K in the oven. The baked disk of PDMS (3 mm thickness) 

was exfoliated from the mold, and was sectioned into the disk (diameter of 

25 mm; with the micro pattern). The disk was exposed to the oxygen gas to 

be characterized as hydrophilic. On the micro pattern of the disk, another 

disk without micro pattern, which has two holes, was attached. The 

photoresist material of the low viscosity (SU-8 2) was injected by the 

capillary effect into the space. The space was kept by the micro pattern, 

between two disks through the holes. After the disks with the photoresist 

material of the low viscosity (SU-8 2) was baked at 393 K for five hours in 

the oven, the PDMS disk part with no micro pattern was exfoliated, and 

discarded. Before the cell cultivation, the surface of the culture plate was 

hydrophilized by the oxygen plasma ashing. 

In each test, cells (C2C12) were seeded on the micro pattern of the 

disk placed in the culture dish at the density of 2000 cells/cm2. The culture 

dish was kept in the incubator. The migration tendency of each cell was 

checked at the time lapse image by the phase contrast microscope during 

the cell culture. 
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2.2. Micro-Groove for Capture 
 

Several types of micro-grooves were designed on the bottom surface of 

the flow channel: the hole of the cylindrical column, the hole of the half-

cylindrical column, and the groove of the quadrangular prism. Variation 

was made on the angle between the longitudinal axis of the quadrangular 

prism and the direction of the flow: 0 degree (parallel), 45 degree, and 90 

degree (perpendicular). The manufactured micro-grooves were contained 

in the flow channel and applied for the trap of the flowing biological cell. 

 

2.2.1. Hole of Cylindrical Column 

Several micro-traps of the cylindrical hole of 0.01 mm depth (diameter 

between 0.01 mm and 0.04 mm) was fabricated on PDMS disk with the 

photolithography technique. A silicon wafer is used for the surface mold. 

The surface of the wafer is cleaned three times: with the isopropyl alcohol 

for ten minutes, with hydrogen peroxide solution for ten minutes, and 

ultrapure water for ten minutes. After the wafer was dried on the hot plate 

at 383 K for 10 minutes, it was exposed to the oxygen gas in the reactive 

ion etching system to be characterized as hydrophilic. 

The photoresist material of SU8-10 was coated on the wafer with 

0.015 mm thick at 1000 rpm with the spin coater. The photoresist was 

baked on the heated plate with two processes: at 338 K for 3 minutes, 

before at 368 K for 7 minutes. To make columns on the mold, the pattern 

of holes was drawn on the wafer with the laser drawing system. The 

pattern was baked on the heated plate with two processes: at 338 K for 1 

minute, before at 368 K for 3 minutes. The photoresist was developed with 

SU8 developer for five minutes to make micro-columns, where the laser 

beam was radiated. After the wafer was rinsed with the distilled water, it 

was dried on the heated plate. To decrease remaining stress and to increase 

the adhesiveness of the coating, the wafer was baked at 423 K for 5 

minutes. After developing, the dimension of the micro-columns on the 

mold was measured with the laser microscope. The convex mold with 

micro pattern was used for the lower disk of PDMS to make the micro-
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holes. The surface of the wafer was coated with 1 µm thickness of parylene 

as the release agent. 

PDMS was poured with the curing agent on the wafer. After degassing, 

PDMS was baked at 353 K for two hours in the oven. Each diameter of 

two PDMS disks is 50 mm. The thicknesses of the upper and the lower 

disks are 10 mm and 2 mm, respectively. At the upper disk, two holes of 5 

mm diameter were machined by the punching tool. The silicone tubes are 

stuck at the holes without adhesives. 

The one-way flow system was designed to control the wall shear rate 

at the disk of PDMS. The system consists of the flow chamber, the micro 

syringe pump, tubes and the microscope. The plastic tubes (3 mm internal 

diameter and of 5 mm external diameter) were used for the connector to 

the flow chamber. The flow channel consisted of two transparent PDMS 

disks and the thin sheet of silicone rubber. The thin sheet (0.1 mm thick) of 

silicone rubber, which had the rectangular void space of 1 mm × 20 mm, 

was sandwiched between the PDMS plates. The void space formed the 

channel of 20 mm length × 1 mm width × 0.1 mm depth. The three plates 

stuck together with their surface affinity without adhesives. The inner 

surface of the channel was exposed to the oxygen gas (the oxygen plasma 

ashing), before the parts of the flow channel were assembled. Immediately 

after the characterization, the flow path of the channel was rinsed with the 

saline solution, and the suspension of cells was introduced, successively. 

One of the tubes was connected to the plastic syringe pump. The room 

temperature was maintained at 25 degrees Celsius. The channel was placed 

on the inverted phase-contrast microscope. 

Two types of biological cells were used in the test alternatively: L929 

or C2C12. The suspension of cells was introduced to the channel at the 

constant flow. Variation was made on the flow rate between 0.3 ×10-10 m3/s 

and 2.8 ×10-10 m3/s. The flow path was carefully examined to avoid mixing 

of air bubbles, which might stir the medium in the flow chamber and might 

induce exfoliation of cells. The behavior of cells on the plate of the 

chamber was observed with the microscope. 
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2.2.2. Hole of Half-Cylindrical Column 

To keep the captured cell for longer time, the shape of each hole was 

changed from cylinder to half-cylinder. Several micro traps of the half 

cylindrical hole of 2 µm depth were fabricated on the surface of PDMS 

disk with the photolithography technique. The diameter of the half cylinder 

was 0.02 mm. Sixteen holes were arranged in two lines. The interval 

between holes was 0.02 mm. Variation was made on the direction of the 

half cylindrical holes (Figure 10). A rectangular flow channel was 

constructed with the silicone film, which was sandwiched by two 

transparent PDMS disks. 

The silicon wafer was used for the surface mold for the disk. The 

diameter and the thickness of the wafer are 50 mm and 0.30 mm, 

respectively. After the surface of the wafer was cleaned, it was exposed to 

the oxygen gas (the oxygen plasma ashing). 

The photoresist material of low viscosity (SU8-2) was coated on the 

wafer with 2 µm thick at 2000 rpm for 30 s with the spin coater. The 

photoresist material was baked on the heated plate. The pattern of holes to 

make half cylindrical columns on the mold was drawn on the wafer with 

the laser drawing system. The pattern was baked on the heated plate. 

The photoresist material was developed with SU8 developer for five 

minutes to make micro columns, where the laser beam was radiated. After 

the wafer was rinsed with the distilled water, it was dried on the heated 

plate. To decrease remaining stress and to increase the adhesiveness of the 

coating, the wafer was baked at 423 K for 5 minutes. The convex mold 

with micro pattern was used for the lower disk of PDMS to make the 

micro-holes on the surface. The surface of the wafer was coated with 1 µm 

thickness of parylene. 

PDMS was poured with the curing agent on the wafer. After degassing, 

PDMS was baked at 353 K for two hours in the oven. The diameter of two 

PDMS disks was 50 mm. The thicknesses of the upper and the lower disks 

were 10 mm and 2 mm, respectively. At the upper disk, two holes of 5 mm 

diameter were machined by the punching tool. The silicone tubes were 

stuck at the holes without adhesives. 
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The one-way flow system was designed to control the wall shear rate 

at the disk of PDMS. The flow channel consisted of two transparent PDMS 

disks and the thin sheet of silicone rubber. The thin sheet (0.1 mm thick) of 

silicone rubber, which has the rectangular void space of 1 mm × 20 mm, 

was sandwiched between the PDMS plates. The void space formed the 

channel of 20 mm length × 1 mm width × 0.1 mm depth. The three plates 

stuck together with their surface affinity without adhesives. The inner 

surface of the channel was exposed to the oxygen gas to be characterized 

as hydrophilic before assembly. 

Immediately after the characterization, the flow path of the chamber 

was rinsed with the saline solution, and the suspension of cells was 

injected, successively. One of the tubes was connected to the syringe 

pump. The room temperature was maintained at 25 degrees Celsius. The 

chamber was placed on the stage of the inverted phase-contrast 

microscope. 

Two types of biological cells were used in the test alternatively: 

C2C12, or MC3T3-E1. The suspension was introduced to the chamber at 

the constant flow with the micro syringe pump. Variation was made on the 

flow rate: 2.8 ×10-10 m3/s and 8.3 ×10-10 m3/s. 

 

2.2.3. Groove of Quadrangular Prism 

Six grooves were arranged in two lines. Each groove had the 

rectangular shape: 2 µm depth, 0.025 mm width and 0.2 mm length. The 

interval between grooves was 0.2 mm. Variation was made on the angle 

between the longitudinal direction of the groove and the flow direction: 0 

degree (parallel), 45 degree, and 90 degree (perpendicular). 

A silicon wafer was used for a surface mold for the disk. The diameter 

and the thickness of the wafer are 50 mm and 0.30 mm, respectively. The 

photoresist material of low viscosity (SU8-2) was coated on the wafer with 

2 µm thick at 2000 rpm for 30 s with the spin coater. The photoresist baked 

on the heated plate with two processes: at 338 K for 1 minute, before at 

358 K for 3 minutes. The pattern for grooves on the mold was drawn on 

the wafer with the laser drawing system. The pattern was baked on the 

heated plate. 
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The photoresist material was developed with SU8 developer for six 

minutes to make the micro rectangular ridges, where the laser beam was 

radiated. The wafer was rinsed with the isopropyl alcohol and the ultrapure 

water, before dried with the air gun. The convex mold with the micro 

patterns was used for the lower disk of PDMS to make the micro-grooves 

on the surface for trapping cells. The surface of the wafer was coated with 

1 µm thickness of parylene. After the wafer was enclosed with the 

peripheral wall of the polyimide tape, PDMS was poured with the curing 

agent on the wafer. After degassing, PDMS was baked at 383 K. 

The one-way flow system has been designed to control the shear rate at 

the wall of PDMS. The system consists of the flow channel, the micro 

syringe pump, tubes and the microscope. The flow channel consists of two 

transparent PDMS disks and the thin sheet of silicone rubber. The thin 

sheet (0.1 mm thick) of silicone rubber, which has the rectangular void of 5 

mm × 30 mm, was sandwiched between two transparent PDMS plates. The 

void forms the channel of 30 mm length × 5 mm width × 0.1 mm depth. 

The lower PDMS disk, which has the micro grooves at the center of the 

upper surface, was placed on the inner bottom of the culture dish of 50 mm 

diameter. At the upper disk, two holes of 5 mm diameter were machined 

by the punching tool. The silicone tube was inserted to each hole of the 

upper PDMS disk. To seal the leak at the gap between elements, the liquid 

of PDMS was pasted on the junction of elements, and baked at 333 K for 

90 minutes in the oven. One of the tubes was connected to the syringe 

pump, and the other tube was connected to the reservoir of the suspension. 

The flow channel was placed on the stage of the inverted phase-contrast 

microscope. 

Two types of biological cells were used in the test alternatively: 

C2C12, or 3T3-L1. The suspension of 4000 cells/cm3 was introduced to the 

channel at the constant flow rate of 2.8 ×10-11 m3/s with the micro syringe 

pump. 

 

2.2.4. Oblique Groove of Quadrangular Prism 

Because the trapping time of the cell at the hole depends on the several 

factors including the flowing position, the character of each cell is hardly 
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distinguished by the capture. At the oblique groove (2.2.3.), on the other 

hand, the moving direction of the cell was shifted at the groove 

independent of the flowing position. For trapping cells, micro grooves of 

the rectangular shapes (4.5 μm depth, and 0.2 mm length) were fabricated 

on the surface of PDMS plate with the photolithography technique. Several 

grooves were arranged on the same wall for the bottom of the micro flow 

channel. The angle between the longitudinal direction of the groove and 

the flow direction was 0.79 rad. At the groove arrangement from upstream 

to downstream, variation was made on the width of the groove: 0.03 mm, 

0.04 mm, and 0.05 mm. 

For the lower plate of the flow channel, the slide glass plate was used 

for the base of the mold. The surface of the glass plate was hydrophilized 

by the oxygen plasma ashing. The epoxy based negative photoresist 

material (SU8-5) was coated on the glass at 2700 rpm for 120 s with the 

spin coater. The photoresist was baked in the oven at 338 K for three 

minutes, and at 368 K for seven minutes successively. The photoresist was 

exposed to the ultraviolet light through the photomask in the mask aligner. 

The photoresist was baked in the oven at 363 K for seven minutes. The 

photoresist was developed with SU8 developer to make micro rectangular 

ridges, where the laser beam was radiated. The glass surface with the micro 

pattern was rinsed with IPA. The plate was dried by the spin-dryer with N2 

gas. PDMS was poured with the curing agent on the plate. After degassing, 

PDMS was baked at 368 K for twenty minutes in the oven. 

For the upper plate of the flow channel, the polyimide tape (0.055 mm 

thickness, 1 mm width, and 25 mm length) was pasted at the center of the 

poly-methyl-methacrylate plate for the mold. PDMS was poured with the 

curing agent on the plate. After degassing, PDMS was baked at 368 K for 

twenty minutes in the oven. Two holes (diameter of 5 mm) with the 

interval of 20 mm were made for the inlet and the outlet of the flow 

channel. 

Both the upper and the lower plates were exposed to the oxygen gas in 

the reactive ion etching system (the oxygen plasma ashing). Immediately 

after ashing, the upper disk was adhered (plasma bonding) to the lower 

disk to make the flow path (0.055 mm height × 1 mm width × 25 mm 
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length) between them. C2C12 was used in the test. For comparison, a 

group of cells (malnourished cells) was kept in the cryopreservation 

solution in the incubator for one week without medium change. 

 

 

2.3. Micro-Marker for Tracings 
 

Micro-machined patterns on the scaffold surface can be the marker to 

trace behaviour of each cell. The scaffold of the transparent film with 

micro pattern markers was designed to trace the contractile movement of 

myotube under the electric stimulation in vitro. The scaffold was made of 

the thin film, of which the back side had the arrangement of micro-

protrusions. On PDMS film, the protrusions were made by the 

photolithography technique. Each protrusion had the hemisphere shape (4 

µm diameter, 2 µm height). The pitch between adjacent protrusions was 

0.03 mm. The thickness of the base film of PDMS was 6.4 µm. The side 

without protrusions was used for the scaffold of the cell culture. The 

protrusions played the role of the position marker. The array of protrusions 

was made in the square area of 3 mm × 3 mm at the center of the film. The 

mold for the thin film of the scaffold with micro protrusions was made on 

the surface of the glass plate by the photolithography technique with the 

photomask photoresist of OFPR-800LB. 

PDMS was mixed with the curing agent. The volume ratio of PDMS to 

curing agent is ten to one. After degassing, PDMS was poured on the mold, 

which was placed on the spin coater, to make the thin film of scaffold with 

the micro pattern. The PDMS ring, which was hydrophilized by the oxygen 

plasma ashing, was placed on the thin film of PDMS. The PDMS film with 

the PDMS ring was baked with the ring in the oven at 368 K for thirty 

minutes. After residual PDMS film outside of PDMS ring was cut off, 

PDMS film with PDMS ring was carefully peeled off from the mold using 

acetone. After rinsed by the pure water, PDMS film was sandwiched by 

another PDMS ring, and dried in the oven at 333 K for one hour. For the 

test, C2C12 was used. Myoblasts were cultured on the thin film and 

differentiated into myotubes. 
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2.4. Micro-Slit for Sorting 
 

Micro-machining using PDMS is effective to make micro-slits. The 

deformability of the biological cell is related to its function. The micro-slit 

plays an important role to sort biological cells in vivo. In this section, the 

micro-slit is manufactured by two kinds of ways: between micro pillars, 

and between ridges.  

 

2.4.1. Micro-Slit between Pillars 

 

2.4.1.1. Slit for Erythrocytes 

The micro slits with the micro width (between 2 µm and 4 µm) 

between micro cylindrical columns of 0.05 mm diameter were designed on 

the disk of transparent PDMS. The silicon wafer was used for the mold for 

the disk. The photoresist material of OFPR-800 was coated on the wafer 

with 2 µm thick at 5000 rpm for 30 s with the spin coater. The photoresist 

material was baked on the heated plate at 383 K for 90 s. The pattern of 

holes was drawn on the coated wafer with the laser drawing system. 

Several cylindrical holes with the diameter of 0.05 mm were arranged on 

the line with the small interval between 3 µm and 5 µm. The photoresist 

material was developed with NMD-3 for several minutes. The wafer was 

rinsed with the distilled water, and dried on the heated plate. To increase 

the adhesiveness of the coating, the wafer was baked at 383 K for 5 

minutes. 

The wafer was etched with the plasma gas using the reactive ion 

etching system to make the micro cylindrical holes. The switching mode 

between C4F8 gas and SF6 gas was applied on the disk. The residual 

photoresist material was exfoliated in the separating solution. The wafer 

was dipped in IPA, before rinsed with the distilled water. Then, the wafer 

with the holes was dried on the hot plate, and used for the concave mold to 

make micro cylindrical columns in the following process. 

The surface of the wafer with the micro pattern was coated with 1 µm 

thickness of parylene. PDMS was poured with the curing agent on the 

wafer. After degassing, PDMS was baked at 383 K for one hour in the 
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oven. The baked disk of PDMS was exfoliated from the mold. The 

dimension of the manufactured slit was observed with the scanning 

electron microscope. 

The one-way flow system was designed to observe the behavior of 

cells through the micro slits in vitro. The system consists of the flow 

chamber, the micro syringe pump, tubes and the microscope. The flow 

chamber consists of two transparent PDMS disks and the thin sheet of 

silicone rubber. The thickness of the sheet is 0.1 mm. A rectangular open 

space of 1 mm × 20 mm was cut off in the sheet, and sandwiched between 

the PDMS plates. The open space forms the flow channel of 20 mm length 

× 1 mm width × 0.1 mm depth. 

The three parts stuck together with their surface affinity without 

adhesives. The thicknesses of the upper and the lower disks were 10 mm 

and 2 mm, respectively. The PDMS disk, which has micro columns on the 

upper surface, was placed at the inner bottom side. The upper PDMS disk 

had no micro pattern, and had two holes of 5 mm diameter machined by 

the punching tool. The silicone tubes were stuck at the holes without 

adhesives for the inlet and the outlet. 

 

2.4.1.2. Slit for C2C12 and Hepa1-6 

The micro slits for cells were designed between micro cylindrical 

pillars. The dimension of each micro cylindrical pillar was as follows: 

0.025 mm diameter, and 0.06 mm height. Cylindrical pillars were arranged 

along the four lines by the photolithography technique. Each line was 

perpendicular to the flow direction of the channel. The pitch between lines 

was 0.5 mm. Each line had its own uniform gaps (the width of the slit) 

between pillars. The gaps were 0.025 mm at the first line. The gaps were 

0.020 mm at the second line. The gaps were 0.015 mm at the third line. 

The gaps were 0.010 mm at the fourth line. 

The micro slits were located at the middle part of the flow path (1 mm 

width, 30 mm length, and 0.06 mm height) between parallel plates (the 

upper plate of PDMS, and the lower plate of glass). The upper plate had 

two holes of 5 mm diameter for the inlet and for the outlet for the flow of 

the cell suspension. 
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The slide glass plate (38 mm length, 26 mm width, and 1.0 mm 

thickness) was used for the base of the photomask. The disk was dipped in 

the pure water and cleaned by the ultrasonic washer. After the surface of 

the glass plate was hydrophilized by the oxygen plasma ashing, titanium 

was deposited on the surface of the glass plate with 100 nm thickness in 

the electron beam vapor deposition apparatus. After the oxygen ashing, 

HMDS was coated on the titanium coated glass plate by the spin coater to 

improve affinity to the photoresist material. After the positive photoresist 

material of OFPR-800LB was coated on the surface with the spin coater, 

the photoresist was baked in the oven at 368 K. After the pattern for the slit 

was drawn on the mask with the laser drawing system, the photoresist was 

baked in the oven. The photoresist was developed with NMD-3 for one 

minute, rinsed with the distilled water, and dried by the spin-dryer. After 

confirmation of free of residual resists by the microscope, the titanium 

coated plate was etched with the plasma gas using the reactive ion etching 

system. For etching, the gas of SF6 with Ar was applied at 100 W at 4 Pa 

for five minutes. The residual OFPR-800LB was removed by acetone. The 

plate was dipped in the distilled water in one minute, in ethanol for one 

minute, and dried by the spin-dryer. 

The slide glass was used for the base of micro cylindrical pillars, after 

cleaning with acetone. The surface of the glass plate was hydrophilized by 

the oxygen plasma ashing. After the negative photoresist material of high 

viscosity (SU8-100) was coated on the slide glass at 3000 rpm for 30 s 

with the spin coater, the photoresist was baked at the hotplate at 338 K for 

three hours. The photoresist was exposed to the ultraviolet light through 

the mask in the mask aligner. The photoresist was baked at the hotplate in 

two processes: at 338 K for one minute, and at 368 K for ten minutes. The 

photoresist was developed with SU-8 Developer. The glass surface with 

the micro pattern was rinsed with IPA, and with pure water. The pattern 

was baked at the hotplate at 393 K for five minutes. At the end of the 

process, the micro morphology of the surface with the micro-pillars was 

observed by the scanning electron microscope. 

PDMS was poured with the curing agent on the mold. After degassing, 

PDMS was baked at 333 K for one hour in the oven. The baked plate of 
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PDMS (3 mm thickness) was exfoliated from the slide glass plate. Another 

PDMS plate was cut to make the rectangular upper plate for the flow 

channel. Two holes with the interval of 25 mm were punched by the 

punching tool to make the inlet and the outlet. Adjusting the position of 

holes to make the flow channel, the upper plate was stuck on the lower 

plate with micro pattern. The rectangular parallelepiped channel was 

formed between plates. The two plates stuck together with their surface 

affinity. The flow channel was placed on the stage of the inverted phase-

contrast microscope. 

Two kinds of biological cells were used in the flow test alternatively: 

C2C12, or Hepa1-6. Before the test, the surface of the flow channel was 

hydrophilized by the oxygen plasma ashing. The channel was filled with 

the 4% bovine albumin aqueous solution, and placed in the incubator for 

one hour to coat stable proteins on the inner surface of the channel. The 

channel was washed out with the saline solution, and filled with the saline 

solution. The flow path was carefully examined to avoid mixing of air 

bubbles, which might stir the medium in the flow channel. 

The suspension of cells was added into the inlet port of the flow 

channel. The suspension of cells was introduced to the slits by the pressure 

difference between the inlet and the outlet, which was kept by the 

gravitational level of the medium. 

The cell passing through the slit was observed by the microscope, and 

recorded by the video camera, which is set at the eyepiece. The passing 

behavior of each cell through the slit was observed.  

 

2.4.2. Micro-Slit between Weir Walls 

The single micro slit was fabricated between weir-walls on the glass 

plate using the photolithography technique: 0.1 mm length and 0.055 mm 

height. Variation was made on the width of the slit: 0.010 mm, and 0.015 

mm to make wider variation of the strain at the cell in the experiment.  

The single micro slit was set in the flow path between parallel plates. 

The dimensions of the cross section of the flow channel were 2 mm width, 

30 mm length, and 0.055 mm height. The upper plate had two holes of 5 

mm diameter for the inlet and for the outlet of the flow of the cell 
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suspension. The upper plate with the micro slit was made by two kinds of 

molds, which were made by the following process. 

The slide glass plate was used for the base of the mold (Figure 1). The 

polyimide tape (0.055 mm thickness, 10 mm width) was pasted at the 

center of the glass plate. The tape was cut by the ultra-short pulse laser to 

make the mold for the upper part of the flow channel with the single slit. 

After the mold of the slide glass plate was enclosed with the peripheral 

wall of polyimide tape, PDMS was poured with the curing agent on the 

mold. After degassing, PDMS was baked at 368 K for 15 min in the oven. 

The baked plate of PDMS (4 mm thickness) was exfoliated from the mold 

of the slide glass plate. The PDMS plate was cut to make the rectangular 

upper plate for the flow channel. Two holes (diameter of 5 mm) with the 

interval of 25 mm were punched by the punching tool to make the inlet and 

the outlet. The morphology of the slit was observed by the scanning 

electron microscope. 

The slide glass plate was used for the base of the lower plate. After 

PDMS was coated on the glass plate with the spin coater, it was baked in 

the oven at 368 K for ten minutes. The surface of the lower plate was 

hydrophilized by the oxygen plasma ashing. 

By the surface affinity, the upper plate was stuck on the lower plate to 

make the flow channel. The rectangular parallelepiped channel of 30 mm 

length × 2 mm width × 0.05 mm height was formed between upper and 

lower plates. The two plates stuck together with their surface affinity. The 

flow channel was placed on the stage of the inverted phase contrast 

microscope. 

Two types of biological cells were used in the test alternatively: 

C2C12, or Hepa1-6. The inner surface of the flow channel was 

hydrophilized by the oxygen plasma ashing, and prefilled with the bovine 

serum albumin aqueous solution. The flow occured by the pressure 

difference between the inlet and the outlet, which was kept by the 

gravitational level of the medium (< 3 mm). 

 

 

 



Shigehiro Hashimoto 50 

 

Figure 1. Machining process of upper plate with slit [1]. 

2.4.3. Micro-Slit between Rectangular Ridge and Plate 

The slit was designed between the transparent PDMS plate and the 

borosilicate glass plate. The upper plate of PDMS had the rectangular ridge 

of 0.05 mm height, 0.10 mm (L) width, and 2 mm length. The lower plate 

of glass had the rectangular groove of 0.010 mm (H) depth, 2 mm width, 

and 20 mm length, which had the narrow part of 0.8 mm (W) width. The 

width had enough dimension for the cells to slip through. These plates 

made contact to make slits (width (W) of 0.8 mm, length (L) of 0.1 mm and 

height (H) of 0.010 mm) between them (Figure 2). 

 

 

Figure 2. Micro-slit between rectangular ridge and plate [2]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Mold 

2. PDMS on mold 

 

 
 

L H 

W 



Applications of Polydimethylsiloxane 51 

The glass plate of 0.2 mm thick was used for the base of the 

photomask for the upper plate. Before the vapor deposition of titanium, the 

surface of the glass plate was hydrophilized by the oxygen plasma ashing. 

Titanium was coated on the surface with 150 nm thick in the electron beam 

vapor deposition apparatus. The positive photoresist material of OFPR-

800LB was coated on the titanium at the plate with the spin coater. The 

photoresist was baked on the heated plate at 368 K. The pattern was drawn 

on the mask with the laser drawing system. The pattern was baked on the 

heated plate at 368 K. The photoresist was developed with NMD-3 for 5 

minutes. The plate was rinsed by the ultrapure water, and dried by the spin-

dryer. The titanium coating plate was etched with the plasma gas (SF6, Ar) 

using the reactive ion etching system. The residual OFPR-800LB on the 

surface was exfoliated by acetone. 

A glass plate (38 mm × 26 mm × 1 mm) was used for the surface mold 

for the upper plate. The plate was cleaned by the ultrasonic cleaner with 

alkaline solution, and rinsed by the ultrapure water. The surface of the 

glass plate was hydrophilized by the oxygen plasma ashing. The negative 

photoresist material of high viscosity (SU8-10) was coated on the glass 

plate at 1000 rpm for 30 s with the spin coater. After the photoresist was 

baked on the heated plate at 338 K for two minutes, the plate was baked on 

the heated plate at 368 K for seven minutes. SU8-10 was coated on the 

plate at 1000 rpm for 30 s with the spin coater again. After the photoresist 

was prebaked on the heated plate at 338 K for five minutes, the plate was 

baked on the heated plate at 368 K for one hour. The photomask was 

mounted on the surface of SU8-10, and the photoresist was exposed to the 

ultraviolet light through the mask in the mask aligner. After the photoresist 

was prebaked on the heated plate at 338 K for one minute, the plate was 

baked on the heated plate at 368 K for five minutes. The photoresist was 

developed with SU-8 developer. The glass surface with the micro pattern 

was rinsed with IPA, and with the ultrapure water. The plate was dried by 

the spin-dryer. The plate was baked on the heated plate at 368 K for three 

minutes. 

PDMS was poured together with the curing agent on the mold. After 

degassing, PDMS was baked at 373 K for one hour in the oven. The baked 
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plate of PDMS was exfoliated from the mold. Two holes of 8 mm diameter 

were machined with the punching tool at the upper disk to make the inlet 

and the outlet for the flow channel. 

The glass plate of 0.2 mm thick was used for the base of the 

photomask for the lower plate. Before the vapor deposition of titanium, the 

surface of the glass plate was hydrophilized by the oxygen plasma ashing. 

Titanium was coated on the surface with 150 nm thick in the electron beam 

vapor deposition apparatus. The part of Titanium coating was covered with 

the polyimide tape to make the flow channel of 2 mm width (narrow part: 

0.8 mm width) × 20 mm length. The titanium coating disk was etched with 

the plasma gas (SF6, Ar) using the reactive ion etching system. After the 

etching, the polyimide tape was exfoliated.  

A glass plate for the lower plate was cleaned by the ultrasonic cleaner 

with alkaline solution, and rinsed by the ultrapure water. The surface of the 

glass plate was hydrophilized by the oxygen plasma ashing. The negative 

photoresist material of high viscosity (SU8-10) was coated on the glass 

plate at 2000 rpm for 30 s with the spin coater. After the photoresist was 

baked on the heated plate at 338 K for three minutes, the plate was baked 

on the heated plate at 368 K for seven minutes. The photomask was 

mounted on the surface of SU8-10, and the photoresist was exposed to the 

ultraviolet light through the mask in the mask aligner. After the photoresist 

was prebaked on the heated plate at 338 K for one minute, the plate was 

baked on the heated plate at 368 K for five minutes. The photoresist was 

developed with SU-8 developer for three minutes. The glass surface was 

rinsed with IPA for two minutes, and with the ultrapure water. The plate 

was dried by the spin-dryer. 

The upper plate of PDMS was rinsed with IPA, and with the ultrapure 

water. The plate was dried by the spin-dryer. The surface of the PDMS 

plate was hydrophilized by the oxygen plasma ashing. The plate was rinsed 

with aminopropyl-triethoxysilane for five minutes, and with the ultrapure 

water. The plate was dried in the oven at 338 K for three minutes. The 

upper plate of PDMS was adhered on the lower plate of SU8-10 to make 

the slit, and was baked on the heated plate at 338 K for five minutes. 
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Several kinds of cells were used in the flow test: C2C12, Hepa1-6, 

HUVEC, MC3T3-E1, and Neuro-2a. After the bovine serum albumin 

solution was prefilled in the flow channel, the suspension of the cells was 

poured at the inlet of the flow channel. The behavior of cells near the slit 

was observed with the inverted phase-contrast microscope at 298 K. The 

microscopic movie images of thirty frames per second at the shutter speed 

of 1/2000 s were recorded by the camera. At the images, the outline of 

each cell was traced with “Image J,” and the projected area was calculated. 

The deformation ratio was detected by the projected area of the cell in the 

slit compared with that before the slit. The velocity of the cell passing 

through the slit was calculated at the movie by “Kinovea.” Most of cells 

passed through the slit in a few seconds. The velocity ratio was calculated 

at each cell by the velocity in the slit compared with that before the slit. 

 

 

3. RESULTS 
 

Results of both manufactured micro-devices of PDMS and the test of 

each device applied to biological cells are described in each section. 

 

 

3.1. Micro-Pattern for Orientation 
 

Dimension of each type of micro-pattern manufactured on the scaffold 

surface was confirmed by the laser-microscopic image. Cells were cultured 

on the scaffold surface with each type of micro-pattern to observe the 

orientation of each cell. 

 

3.1.1. Micro-Ridgeline 

 

3.1.1.1. Height of Micro-Ridge for Orientation 

The hydrophilic property of the scaffold surface was confirmed by the 

contact angle. Figure 3 shows the contact between the surface of PDMS 

and the medium. The figure shows that the contact angle decreases (from 
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θ1 to θ2) after the oxygen plasma ashing on the surface of PDMS. The 

contact angle decreases, when the surface of PDMS becomes hydrophilic. 

 

 

Figure 3. Contact angle of drop of medium on PDMS before (θ
1
) and after (θ

2
) oxygen 

plasma ashing [3]. 

Each cell stayed on the top of the ridge lower than 2.5 µm, and 

extended the pseudopodium along the longitudinal direction of the ridge. 

Cells, on the other hand, fell down into the groove of the interval of 7 µm 

between the ridges higher than 3 µm, and extended along the longitudinal 

direction of the groove. Near the end of the ridge, some cells extended the 

pseudopodium into the space between ridges. 

The angle (θ) between the longitudinal axis of each cell and the 

longitudinal direction of the parallel micro-ridge was able to be measured 

through transparent PDMS by the optical microscope during the cell cultre 

(Figure 4). 

The mean value of the angle (30 cells for each height) is shown with 

the standard deviation in Figure 5. The mean value will be 45 degree with 

even distribution of angles. Most of the angles distributed in the area lower 

than 45 degree, which showed the tendency of the orientation of each cell 

along the longitudinal direction of the parallel ridge-lines. Every cell was 

forced to be aligned to the longitudinal direction of the groove between the 

ridges of the height of 3.5 µm (every angle is zero at 3.5 µm in Figure 5). 

The mean value was smaller than 45 degree on the parallel ridges with the 
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height of 0.7 µm. The major axis of the adhered cell tended to align to the 

longitudinal direction of the parallel lines of micro-ridges (width of 3 µm, 

interval of 7 µm) higher than 0.7 µm. The height of 0.7 µm was used for 

the minimum value for the micro-ridges to control the orientation of cells 

on the surface of the scaffold in the other section. 

 

 

Figure 4. Angle (θ) between longitudinal axis of C2C12 and longitudinal direction of 

ridge [3]. 

 

Figure 5. Mean angle (point) between longitudinal axis of C2C12 and longitudinal 

direction of ridge in relation to height of ridge. Each vertical bar shows standard 

deviation [3]. 
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3.1.1.2. Behavior of Cell on Micro-Ridge 

SEM image shows successfully manufactured regular morphology of 

the surface of the mold for the scaffold surface of PDMS (Figure 6). The 

dimensions of the micro pattern measured by the laser-microscope were as 

follows: 1.3 µm of the depth, 1 µm of the width. Variations made on the 

interval between ridges were confirmed as 3 µm, 5 µm, and 7 µm. 

 

 

Figure 6. SEM image of lines of grooves on mold. Perspective view [4]. 

The tracing of the scaffold surface morphology across the lines of 

ridges of PDMS measured by the laser microscope showed the height of 1 

µm, and width of 3 µm. The tracing also showed the variation on the 

interval for comparison: between 1 µm and 7 µm. Most of cells extended 

along the lines of ridges. Some cells of L929 bridged between ridges. The 

most of cells of Neuro-2a were rounded on the micro pattern, although 

several cells extended the neurite on the smooth surface. The most of cells 

of 3T3-L1 extended along the lines of ridges, although cells extended to 

random direction on the smooth surface. C2C12 extended at the ridges of 

the interval between 1 µm and 4 µm. 

By the time laps images, continuous activity of each cell was easily 

traced through the transparent scaffold with surface-miro-ridges: 

migration, deformation, and proliferation. Each cell repetitively extended 

pseudopods. Each cell tended to tilt to the perpendicular direction to the 

centrifugal force after proliferation. Each cell tended to align along the 
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longitudinal direction of the striped pattern, which was parallel to the 

centrifugal force direction. The tendency was relieved in 12 hours after the 

centrifugal force stimulation. Each cell even tended to align along the 

longitudinal direction of the striped pattern, which is perpendicular to the 

centrifugal force direction. The tendency continued for 24 hours after the 

centrifugal force stimulation. Each cell was elongated to the longitudinal 

direction of the striped pattern by the hysteresis of the exposure to the 

tangential centrifugal force field more frequently at 100 G than at 50 G. 

Each cell was elongated within 12 hours after adhesion to the scaffold. 

Each cell tended to be rounded after the centrifugal force stimulation. The 

number of rounded cells on the ridges decreased immediately after 

centrifugation. The elongation tendency was apparent, when the 

longitudinal direction of the micro ridge was parallel to the direction of 

centrifuge. Each cell extended along the striped pattern more frequently in 

6 hours after the centrifugal force stimulation, although the tendency 

decreased in 12 hours after the centrifugal force stimulation. At 

proliferation, each cell tended to elongate to the direction perpendicular to 

the hysteretic tangential force direction. 

 

3.1.2. Micro-Checkered Pattern 

The tracings of the laser microscope showed that the height of the 

micro pattern on the mold was 0.7 µm, which was equal to the minimum 

height of the ridge to control the orientation of the single cell (see 3.1.1.1.). 

The checkered convexo-concave pattern of micro quadrangular prisms was 

successfully made with the top of each square of 0.01 mm × 0.01 mm 

(Figure 7). On the pattern of 0.7 µm height, observation of cells was easy 

without the much light scattering through the micro-pattern. 

Each cell tended to extend to the direction of the neighbor prism. The 

tendency made orientation of cells to the diagonal direction of the 

quadrangular prism. The orientation can be controlled by the aspect ratio of 

each square in the checkered pattern. The orientation of myotubes 

developed after 12 days of culture. 
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Figure 7. SEM image of surface of scaffold with checkered micro-pattern. C2C12 

adheres to the pattern [5]. 

3.1.3. Taper-stripe pattern for durotactic migration 

The taper-alternative-stripe pattern of SU-8 (wider on the left hand) or 

PDMS (wider on the right hand) was successfully made on the surface of 

the scaffold for the cell culture. The ratios of SU-8 area at left side and at 

right side are 48% and 32%, respectfully. The tendency of the migration of 

cells can be analyzed by comparison between the left side and the right 

side. 

Because of the difference of the surface hardness between PDMS and 

SU-8, the dimension of the taper-alternative-striped pattern on the scaffold 

surface was able to be sensed as the intended step (1 µm) by the surface 

scanning-stylus with the indentation load of 3×10－5 N. 

C2C12 was cultivated on the micro pattern for 24 hours. The contour 

of each cell was traced to calculate the total area of cells on each band: SU-

8 (yellow), and PDMS (dark red) (Figure 8). Migration tended to be active 

in the wide band of SU-8. Each cell tended to migrate to the area of SU-8 

from PDMS. 
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Figure 8. C2C12 cultured on micro pattern for 24 hours. Traced contour of each cell: 

on SU-8 (yellow), and on PDMS (dark-red) [6]. 

 

3.2. Micro-Groove for Capture 
 

The dimension of each kind of manufactured micro-groove was 

confirmed by the laser microscopic image. The grooves were contained in 

the flow channel, and applied to capture the flowing cell. 

 

3.2.1. Hole of Cylindrical Column 

The laser measurement of surface morphology of the mold showed that 

the diameter ranged from 0.01 mm to 0.04 mm, same as the designed 

dimension. The laser measurement also showed that the mean height of 

micro columns on the mold was 0.01 mm. 

The observed behavior of each cell was as follows (Figure 9). The 

diameter of each cell suspended in the medium was approximately 0.01 

mm. When cells flowed at the flow rate between 3 ×10-11 m3/s and 7 ×10-11 

m3/s, every cell rolled on the bottom surface of the flow channel and was 

trapped in the hole. When cells flowed at the flow rate of 1.4 ×10-10 m3/s, 

some of cells were trapped in the holes. Other cells, on the other hand, 

passed over the holes. When cells flowed at the flow rate of 2.8 ×10-10 m3/s, 
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every cell passed over the holes on the surface of the disk. Several cells, 

which were captured in a hole, flowed out from the hole with the flow. 

 

 

Figure 9. L929 (circle) flows over holes of cylindrical column [7]. 

3.2.2. Hole of Half-Cylindrical Column 

The laser measurement of surface morphology of the mold showed that 

the diameter of half cylindrical column was 0.02 mm, same as the designed 

dimension. The laser measurement also showed that the mean height of 

micro columns was 1.5 µm. 

The flow tests showed the following results. The moving cells over the 

holes were able to be observed with the microscope at the test system. The 

diameter of the suspended cell was approximately 0.01 mm. The trapped 

time of the cell was able to be measured compared with the movement of 

floating cell. In the case of C2C12, one of the cells was trapped in the hole 

for 5 seconds at the flow rate of 2.8 ×10-10 m3/s. Another cell was trapped 

in the hole for 8 seconds at the flow rate of 8.3 ×10-10 m3/s (Figure 10). In 

the case of MC3T3-E1, one of the cells was trapped in the hole for one 

second at the flow rate of 2.8 ×10-10 m3/s. Every cell rolled over the hole in 

the flow rate at 8.3 ×10-10 m3/s. The time of trapped in the hole was longer 

with C2C12 than with MC3T3-E1. 
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Figure 10. C2C12 (circle) enters (left), is trapped for 8 s (middle), and exits from hole 

(right). Flow (8.3 ×10-10 m3/s) from right to left [8]. 

3.2.3. Groove of Quadrangular Prism 

The grooves of the quadrangular prism were successfully 

manufactured: the depth of 2.0 µm, the width of 0.025 mm, the length of 

0.2 mm (Figure 11). The trapped time of the cell was able to be measured 

compared with the movement of floating cell in the main flow. When the 

air bubble was trapped in the groove, every cell moved along the boundary 

of the groove. Some cells moved along the fringe of the groove. C2C12 

tended to be trapped in the micro groove for the longer period than 3T3-

L1. 

 

 

Figure 11. Manufactured three pairs of grooves: phase-contrast microscopic image [9]. 
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3.2.4. Oblique Groove of Quadrangular Prism 

The dimension of the width of each groove were confirmed at the 

microscopic image same as the designed value. The density of the normal 

C2C12 was 1.065 g/cm3. The density of the malnourished C2C12 was 

lower than 1.06 g/cm3. The malnourished C2C12 did not adhere to the 

scaffold within 30 minutes in the incubator. The diameter of each cell was 

in the range between 13.1 μm and 21.7 μm. The velocity of each cell 

immediately before the groove was in the range between 0.038 mm/s and 

0.80 mm/s according to the pressure difference between the inlet and the 

outlet. The velocity decreased with the time, because the pressure head at 

the inlet decreased with time. 

The shifted distance was in the range shorter than 11.1 μm. Data of the 

shifted distance of C2C12 were collected in relation to the diameter (D) of 

each cell. The shifted distance at the groove (0.03 mm < the width of the 

groove (w) < 0.05 mm) scattered between 4 μm and 12 μm, when the 

diameter of each cell was in the range between 12 μm to 20 μm. The value 

of the shifted distance tended to increase with the width of the groove. 

 

 

Figure 12. Shifted distance (y [µm]) vs. D / w: 0.1 mm/s < vx < 0.2 mm/s [10]. 
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Figure 13. Shifted distance (y [µm]) vs. D / w: normal cell (circle), and malnourished 

cell (triangle) [10]. 

Figure 12 shows the shifted distance (y) in relation to D/w, when the 

velocity of cell (vx) was between 0.1 mm/s and 0.2 mm/s. The ratio of D/w 

was unity, when the diameter of the cell (D) was equal to the width of the 

groove (w). The shifted distance (y) tended to decrease with the increase of 

the ratio of D/w. When the diameter of the cell (D) was big compared with 

the width of the groove (w), the travel along the groove was shorten. Data 

of malnourished cells were added in Figure 13. The shifted distance (y) of 

the malnourished cell was shorter than that of the normal cell. 

 

 

3.3. Micro-Marker for Tracings 
 

The laser microscopic image of the photomask showed that the 

diameter of each hole was 4 µm, and the pitch between adjacent holes was 

0.03 mm. The thickness of the film (6.4 µm) of the scaffold was estimated 

by the measurement at the step of the mold with the stylus. The 

measurement by the stylus on the mold showed that the depth of the hole 

was 2 µm, which corresponded to the height of protrusions on the film. 

The thin film with micro markers was successfully made of PDMS, 

and had enough transparency for observation of myotubes by the inverted 
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phase-contrast microscope. Figure 14 shows the scanning electron 

microscope image of micro protrusions array on the film. Each protrusion 

had the hemisphere shape, and the pitch between adjacent protrusions was 

0.03 mm. The myoblasts (C2C12) were able to be cultured on the film of 

the scaffold to be differentiated into myotubes (Figure 15). The markers of 

micro protrusions on the counter side of the film were able to be observed 

by adjusting the focus on the microscope.  

 

 

Figure 14. SEM image of micro protrusions (circle) array on PDMS film [11]. 

 

Figure 15. Myotubes on the film with markers (circle): culure day 12 [11]. 
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When the electric pulses (amplitude of 30 V, 0.06 A) were applied 

between electrodes of the titanium wire dipped in the medium, the 

repetitive contractions of myotubes synchronous to the period of the 

electric pulses were able to be observed through the transparent scaffold by 

the microscope. The tracings of the distances between adjacent micro 

pattern markers on the film of the scaffold showed the local strain 

amplitudes of 0.01. The cyclic strain occurred both in the parallel and in 

the perpendicular directions to the longitudinal axis of the myotube. 

 

 

3.4. Micro-Slit for Sorting 
 

3.4.1. Micro-Slit between Pillars 

The slit of 2 µm was successfully made between micro cylindrical 

columns of PDMS. The morphology of the slit was confirmed by the 

image of SEM (Figure 16). In Figure 17, the medium flows from left to 

right at the mean velocity of 2.8 mm/s. Every deformed erythrocyte passed 

through the slit. 

 

 

Figure 16. SEM image of micro slit between micro cylindrical columns [12]. 
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Figure 17. Erythrocyte (circle) passes through micro slits. The diameter of each 

column is 0.05 mm [12]. 

 

Figure 18. SEM image of micro slits between micro cylindrical columns [13]. 

Figure 18 shows SEM image of the micro pillars. The morphology of 

the gap between pillars kept rectangular slit. The micro pillars stood 

perpendicular to the surface of the glass slide. 

Figure 19 exemplifies C2C12 passing through the slit (0.01 mm of 

width) between micro pillars. The cell approached to the slit, was captured 

between micro pillars, deformed to pass through the slit, and slipped out 

from the slit. Several cells were caught in the slits of 0.01 mm. Most of 

cells, on the other hand, passed through the slits wider than 0.015 mm. The 
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diameter of each cell suspended in the saline solution distributed around 

0.02 mm. 

The passing time of C2C12 was shorter than that of Hepa1-6. The 

passing time distributed wider at C2C12 than at Hepa1-6. Among the 

passed cells, the maximum deformation ratio was higher at C2C12 than at 

Hepa1-6. C2C12 took longer time to be deformed to the higher 

deformation ratio. 

 

 

Figure 19. C2C12 (circle) passes through slit between micro cylindrical pillars: 

diameter of cylinder is 0.025 mm: flow from left to right [13]. 

3.4.2. Micro-Slit between Weir Walls 

Figure 20 shows SEM image of the slit (the rectangular groove) 

between weir-walls. The top opening side of the groove was covered by 

the counter plate to make the slit. Figure 21 exemplifies the microscopic 

image of C2C12 passing through the slit. The cell approached to the slit, 

entered in the slit, moved through the slit, and moved away from the slit. 

Hepa1-6 did not pass through the slit of 0.010 mm width. Some 

myoblasts passed through the slit of 0.010 mm width with the higher 

deformation ratio at the higher flow rate. At the higher flow rate, C2C12 

passed through the slit with the higher deformation ratio. At the wider slit 

of 0.015 mm width, on the other hand, even the cell of the bigger diameter 

passed through the slit at the lower flow rate. Neuro-2a tended to adhere to 

the wall of the flow channel. The movement of Neuro-2a passing through 

the slit was difficult to be observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.02 mm 



Shigehiro Hashimoto 68 

 

Figure 20. SEM image of slit [1]. 

 

Figure 21. Hepa1-6 (circle) passing through slit: flow from left to right [14]. 

3.4.3. Micro-Slit between Rectangular Ridge and Plate 

Figure 22 shows the dimension of the manufactured ridge of the upper 

part measured by the laser microscope. The mean value of the height was 

55 µm. The mean value of thickness of the sheet of silicone rubber was 57 

µm. Figure 23 exemplifies the swine erythrocyte passing through the slit. 

The cell flowed from left to right. The velocity of the cell moving through 

the slit was not accelerated compared with the decrease of cross section of 

the flow path, because of the friction between the deformed cell and the 

wall of the slit. C2C12 was not able to pass through the same slit. 

The tracing across the ridge on the upper disk of PDMS measured by 

the laser microscope showed that the height of the ridge was 61 µm, which 

made the height of the flow channel. The tracings across the ridge on the 

lower disk measured by the laser microscope showed that the height of the 
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ridge was 11 µm, which made the height of the slit. Figure 24 shows the 

micro slit between ridges observed by the inverted phase-contrast 

microscope. 

 

 

Figure 22. Laser microscopic image of the rectangular ridge [µm] [15]. 

 

Figure 23. Erythrocyte approaches to slit (length: 50 µm). Flow from left to right [15]. 

The velocity in the slit was low with Neuro-2a. Some cells of C2C12 

passed the slit at the higher velocity with the small deformation ratio. The 

deformation ratio tended to increase with the increase of the velocity of the 

cell (HUVEC, Hepa1-6). HUVEC elongated to the direction of flow during 

the movement through the slit. Erythrocyte and Hepa1-6, on the other hand, 

were deformed into the flat circular disk during the movement through the 

slit (Figure 25).  

The tracing across the ridge on the lower disk measured by the stylus 

profiler showed that the height of the ridge was 10 µm, which made the 
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height of the slit. Some cells of C2C12 got caught at the inlet of the slit. 

Others passed through the slit. 

 

 

Figure 24. Micro slit (width: 0.8 mm) between ridges [16]. 

 

Figure 25. Cell (circle) passing through slit (length: 0.1 mm): flow from left to right 

[17]. 

The bigger cell made the larger projected area in the slit with the 

higher deformation ratio. The ratio of the cross-sectional area between the 

flow channel (0.064 mm height × 2 mm width) and the slit (0.01 mm 

height × 0.8 mm width) was 16. The ratio was confirmed by the mean 

velocity ratio of the erythrocyte, which flowed through the slit. 

At the most of cells of Hepa1-6, the velocity of the cell in the slit was 

much lower than that before the slit. At C2C12, the velocity of the cell in 
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the slit was lower than that before the slit in the case of the higher velocity 

before the slit. At MC3T3-E1, on the other hand, the velocity of the cell in 

the slit was sometimes higher than that before the slit. 

As the deformation ratio increased, the velocity ratio decreased. The 

tendency was remarkable at MC3T3-E1. Every velocity ratio of each cell 

was lower than three. 

 

 

4. DISCUSSION 
 

Biological cells adhere on the matrix of collagen in vivo. In the 

previous studies, the scaffold of cells was designed to simulate the 

biological matrix: fibers, or networks. A lot of chemical treatments have 

been tried on the scaffold to control the behavior of cells. 

In this chapter, the micromachined PDMS is applied to the surface of 

the scaffold with the micro-morphology of quantitatively controlled 

dimension. This kind of methods has advantage to analyze the physical 

properties of the biological cells. 

 

 

4.1. Micro-Pattern for Orientation 
 

Control methodology (the acceleration technique) for orientation, 

proliferation and differentiation of cells would be applied to the 

regenerative tissue technology. The electrical stimulation affected cells 

[18]. The shear flow governs the orientation of endothelial cells [19]. The 

mechanical stress exfoliates several cells, which makes vacancy around the 

adhered cell. The mechanical stimulation can decrease proliferation of cells. 

The mechanical stress, on the other hand, can accelerate differentiation of 

C2C12 into myotubes. The differentiation can be optimization of cells to 

the changing environment. Cells are responsive to the micro morphology 

of the scaffold. 
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4.1.1. Micro-Ridgeline 

The biological cell is sensitive to the property of the surface of the 

scaffold. The hydrophilic property of the scaffold can be confirmed by the 

small contact angle. The micro pattern was designed to control the 

orientation of cell in the tissue in vitro [20]. The adhesion of cell was 

controlled with hydrophilic-hydrophobic micro-domains of polymer [21]. 

The tissue was designed to control interaction between cell and polymer in 

vitro [22]. Control methodology for orientation and proliferation of 

myoblasts has a potential to be applied to a bio-actuator [23]. 

To make orientation of cells in the cultured tissue, several 

morphologies were applied to the cell culture: a micro capillary, and a sub-

millimeter groove. In these experiments, the cells orient along the wall, and 

cells are forced to be aligned to the longitudinal direction of the space 

sandwiched between walls. 

In the previous studies, cells were cultured on various morphological 

pattern of scaffold. In the conventional preparation, the morphology of the 

scaffold surface was controlled with the dimension of sub-millimeter. In 

this chapter, the dimension of sub-micrometer at the morphology of the 

scaffold surface has been controlled by the photolithography technique. 

The biological cells, on the other hand, can sense micro morphology of 

the surface smaller than their own dimension through their cytoskeleton or 

membrane [24]. The effect of the curvature of grooves of micro-meter 

order on the behavior of cell was studied in the previous study [25]. 

Morphology of nanometer order of the surface can affect behavior of cells 

[26]. 

In the most of previous studies, there were two ways to design the 

micro-structure of scaffold for cell culture: nanometer-structure with 

molecular-structure, and sub-millimeter-structure with surface machining. 

Between these two dimensions, micrometer-structure can be controlled on 

the surface of PDMS with the photolithography technique. In this chapter, 

the effect of micrometer order of morphology on the orientation of cells 

has been highlighted. 

The experimental results show that each cell moves and extends along 

the ridge. Although the single ridge is not enough to make orientation of 
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cells, multiple ridges affect orientation of cells. The experimental results 

with C2C12 show that cells adhere on the top of the ridge and align in the 

longitudinal direction of the micro ridges with the height between 1.5 µm 

and 2.5 µm. The ridge, which is lower than 0.3 µm, is not enough to make 

orientation of the cell. The ridge, which is higher than 3 µm, is too high for 

the cell to stay on the top of the ridge. Between the higher ridges, the cells 

fall down into the valley between ridges, and extend along the valley. Near 

the higher single ridge, the cells tend to align along to the wall of the ridge. 

The surface morphology of micrometer level affects cells behavior. 

The differentiation of cells can be accelerated with micro ridges. The 

alignment of cells affects that of neighbor cells. A cell tends to rotate to 

make the parallel alignment to the neighbor cell. A cell can change the 

alignment through proliferation. The alignment of the single cell governs 

orientation of cells in the tissue. 

To study about the effect of surface micro morphology of the solid 

scaffold on the alignment of the cell, the alignment of the longitudinal 

direction of the cell was measured after adhesion of the cell in vitro. If 

cells proliferate to the confluent state, interaction between cells is 

dominant. In that case, each environmental effect on orientation of cells 

cannot be distinguished each other. Sparsely seeding of cells is preferable 

for the study about each effect on the individual single cell. 

In the differentiation of C2C12, cells fuse and make myotubes. The 

alignment of cells governs the alignment of the myotube. In the case of the 

solid surface of the scaffold, the micro grooves can give a space for the 

flow of the medium between the cell and the scaffold. That can make better 

condition to grow the tissue. The behavior of the cell on the lines of ridges 

depends on the cell types: extended, or got rounded. 

The gravity in the fluid is reduced by the buoyancy [27]. Measurement 

of the density of cells by the phthalate ester method showed that the 

density of cells was between 1.06×103 kg/m3 and 1.07×103 kg/m3. When 

the cells floating in the medium of the density of 1.00×103 kg/m3, the 

effective centrifugal force ratio calculated from the difference of two 

density is 6.5 G at centrifuge of 100 G. 
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Each cell deforms and migrates randomly on the uniform scaffold. The 

behavior of the cell depends on the direction of the hyper-gravitational 

field. Each cell changes its own direction during migration. The migration 

depends on the morphology of the scaffold surface. When a cell cannot 

keep adhesion under stimulation, the cell deforms to be a sphere. When the 

cell rounds, the contact between the cell and the scaffold decreases. The 

cell easily exfoliates from the scaffold at the small contact area. After the 

cell rounds at proliferation, alignment of cells along the longitudinal 

direction of the striped pattern is relieved. The typical cell cycle of 

proliferation is 24 hours. The elongated cell, on the other hand, tends to 

align along the longitudinal direction of the striped pattern of ridges on the 

scaffold surface. 

The cell on the striped pattern not parallel to the centrifugal force 

stimulation hardly makes contact to the scaffold surface at 100 G by 

centrifugation. The hysteresis of centrifugation affects each cell to increase 

the contact area with the surface of the scaffold. Each cell tends to align 

along the pattern on the scaffold surface at the higher tangential force field 

than at the lower tangential force field. Cells tend to migrate to the 

direction to keep away from the area of the stripes perpendicular to the 

centrifugal force direction. Cells passively follow the direction in the 

strong tangential force field: migration, and deformation. Immediately after 

the centrifugation, cell can start to show active responses to the mechanical 

stimulation. The mild tangential force field induces the active reflection of 

myoblasts to tilt perpendicularly to decrease internal force of the cells. The 

cell shows adaptation against stimulation. 

The stimulation leaves hysteresis in the cell. The hyper-gravitational 

stimulation affects the behavior of the cell after stimulation. The number of 

cells, which do not align to the longitudinal direction of ridges, tends to 

decrease by hysteresis of the hyper-gravitational stimulation. The tendency 

of the C2C12 to align along the longitudinal direction of ridges is enhanced 

on the ridge perpendicular to the direction of the excess gravity by the 

centrifuge. 

A microstriped pattern can be used to orient a single cell on the 

scaffold prior to stimulation. The average diameter of the floating cell in 
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the medium is 20 μm. A cell can migrate over the ridge of the height of 0.7 

μm. The micro striped pattern on the scaffold can also be the position 

marker to trace the behavior of each cell. 

To apply continuous uniform mechanical stimulation to the cells, the 

centrifugal force field is useful [28]. The response of biological system to 

the microgravity field was studied using the space satellite [29]. The 

muscle tissue decreases in the micro gravitational field [30]. In the 

hypergraviational field, on the other hand, the differentiation of C2C12 can 

be accelerated. The myotube can align to the direction perpendicular to the 

centrifugal field [31]. The muscle tissue can increase in the hypergravity 

[32]. The hyper-gravitational field thickens the myotubes in vitro.  

 

4.1.2. Micro-Checkered Pattern 

Each myoblast makes orientation along the longitudinal direction of 

the rectangular top surface of the micro quadrangular prisms (Figure 26). 

C2C12 migrates and extends along the longitudinal axis of the ridges. 

These action depends on the alignment of the neighbor prism. The micro 

checkered pattern can control the orientation of cells. The orientation of the 

single cell can accelerate subsequent orientation of cells in the tissue. 

Myotube tends to make orientation following the neighbor myotube [33]. 

 

 

Figure 26. Orientation of cell on checkered pattern [34]. 

4.1.3. Taper-Striped Pattern for Durotactic Migration 

The cell can sense the rigidity of the scaffold surface. The taper-striped 

pattern with variation of mechanical property can be successfully 
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manufactured on the scaffold surface with the aid of the photolithography 

technique. The introduction of another material of the liquid phase by the 

capillary effect into the groove space, which is sandwiched between 

surfaces of the base and the cap, is effective technique to make variations 

of mechanical property according to the surface micro pattern. 

Because few cells show orientation at the border between bands, the 

height of the step between bands was confirmed lower than 1 µm. The gap 

of the step between bands was small enough for the random migration of 

each cell. The value, which the stylus shows, was related to the difference 

of compliance (rigidity) of the surface between two bands. The tracing 

showed that the compliance of the band of PDMS is higher than that of 

SU-8 [35]. 

Cells were seeded at the low density on the scaffold to trace the 

response of sparsely populated single cell. In the confluent state, 

interaction between cells governs the behavior of cells. 

 

 

4.2. Micro-Groove for Capture 
 

Several kinds of systems were designed for the cell sorting in vitro. 

There are several methods to sort biological cells. The microfluidic system 

was applied to sort cells [36], and to trap biological cells. Non-invasive 

way is preferable to sort cells with minimum damage. Non-destructive cell 

sorting systems were also designed in several studies [37]. The flow 

cytometry is one of the technologies, which is used for cell sorting. Cells 

suspended in the fluid are analyzed by the laser. 

Fluorescence technique was used in the sorting systems [38]. The 

fluorescently labelled components in the cell are analyzed by the light 

emission. The label-free methods were designed with microfluidic systems 

[39, 40]. Some of them were designed to capture cancer cells: using the 

microfluidic system [41], and using the micropatterns [42]. The system 

also was used to study on the local environment around the cultured cell. 

The photolithography technique was applied to fabricate the microfluidic 

channel. The morphology of micro channel simulated the lymph system in 
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the circulatory system in vivo. In several studies, permeability of the 

membrane was controlled related to designing artificial vessels. 

The micro-pattern of the surface has been applied to study the surface 

effect of adhesion of cells [43]. The property of the surface governs the 

affinity between the surface and the cell. Because of the change of the 

property of the outer surface of the membrane of the cell, the damaged cell 

will show different behavior on the micro groove. The experimental results 

will contribute to analyze adhesive mechanism of cancer cell during 

metastasis. The micro trap can simulate the adhesive mechanism of 

flowing cells. The sorting technique can be applied to selection of cells for 

regenerative medicine and diagnostics of disease. 

In 2.2.1., the depth of the micro holes was 0.01 mm of the cylindrical 

hole. In 2.2.2., the depth of the micro holes was 2 µm, which was smaller 

than diameter of the cell. The deeper hole has advantage to catch the cell. 

The shallow trap, on the other hand, has an advantage to distinguish cells. 

The duration of the trapped time of the cell is related to several factors: 

adhesiveness between the cell and the surface of the micro pattern, 

deformability of the cell, and specific gravity. The asymmetrical hole can 

be more suitable for the trap of the cell than the symmetrical hole. 

The movement of cell travelling on the wall was modified by the 

oblique micro groove on the bottom wall under the cell velocity lower than 

1 mm/s. The angle of 45 degrees between the longitudinal direction of the 

groove and the flow direction was effective to shift the streamline of the 

cell. The shift movement along the oblique groove depends on the several 

parameters: the diameter of cells, the width of the groove, the velocity of 

the cell, and the cell types. As the diameter of the cell decreases, the 

traveling length along the groove increases. The movement can be related 

not only to the diameter but also to the deformability of the cell. 

The movement of flowing cell at the bottom surface of the flow 

channel relates to the specific gravity of the cell: the density ratio between 

the cell and the medium. The shifted distance of malnourished cells by the 

oblique groove was smaller than that of normal cells. 
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The cell density in the suspension is very low in this section to reduce 

the interaction between the cells. Cells can be sorted by the traveling 

length along the micro groove. 

 

 

4.3. Micro-Marker for Tracings 
 

The contraction of the specimen of muscle tissue was measured by 

laser preparation [44]. The local movement should be observed to analyze 

the force of contraction at the single myotube. 

In another study, cells were cultured on the micro pillars to measure 

the contraction movement by the deformation of the micro pillar [45]. The 

deformability of the micro pillar depends on its height. The 

micromorphology of the surface of the scaffold, however, affects the 

behavior of myoblast [46]. To separate the effect of micromorphology on 

the myoblast from the contraction of the myotube, the micro-protrusions 

were used as the markers on the counter side of the scaffold in this section. 

The photolithography technique can be applied to control compliance 

of the surface [47]. Several studies showed that the harder scaffold 

accelerated differentiation of cells. The sheet lined with micro-protrusions 

array has distribution about local micro compliance at the counter side of 

the scaffold. The myoblast made the orientation on the scaffold sheet at 

any direction regardless of the position of the micro-protrusions on the 

counter side of the sheet. 

To minimize the optical scattering through the transparent scaffold 

sheet, the height of the micro-protrusions is lowered. The film of the 

scaffold should deform synchronously with the myotube to detect the 

contraction force of the myotube. The surface of the scaffold was 

hydrogenized by oxygen ashing. The surface of the thin film of the 

scaffold had enough affinity to the myotube to keep adhesion during 

contraction of the myotube. Interaction between cell and PDMS was 

examined according to the property: hydrophobic, and hydrophilic [48]. 

The behavior (adhesion and motility) of cell on PDMS was investigated 

[49]. The thickness of the PDMS film of the scaffold was made as thin as 
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possible [50] to have enough compliance to follow the contraction with the 

small force of myotubes [51]. 

The contractile force of myotube at the electric stimulation estimated 

by the movement of the markers of the film is 1 mN, calculated by the 

following parameters: the elastic modulus of 2 MPa [45], the strain of 0.01, 

and the cross-sectional area of 0.06 mm2. The movement of myotube can 

be measured along the longitudinal direction of the myotube using the 

arrangement of micro markers. 

 

 

4.4. Micro-Slit for Sorting 
 

The effects of flow on cells were investigated in many studies. An 

erythrocyte has flexibility and deforms in the shear flow. It also passes 

through micro-circulation, of which the dimension is smaller than the 

diameter of the erythrocyte. An erythrocyte deforms as the shear stress 

increases. The deformability of erythrocyte can be described by the 

mechanical parameters: the maximum deformation, and the specific stress 

[52]. The deformability of erythrocyte changes with aging. The sublethal 

damage can be detected by the abnormal deformation: cyclic deformation 

in the shear field [53]. The fatigue of erythrocytes can be evaluated by 

mechanical parameters: the shear stress, and the exposure time multiplied 

by the shear rate [54]. It was also evaluated by the behavior of cells 

through the narrow path. 

After the circulation through the blood vessels for days, the erythrocyte 

is trapped in the micro-circulation systems in vivo. The erythrocyte, on the 

other hand, passes through the micro slit narrower than 1 µm in the spleen. 

The fine architecture of the red pulp of the spleen was investigated [55]. 

The continuity between capillaries and splenic sinuses was examined with 

the microscope. The special morphology relates to the function for sorting 

erythrocytes. In many studies, the typical diameter of the micro cylindrical 

channel, which simulates the capillary blood vessel, is around 5 µm. 

Preparation of the slit with the controlled dimension of sub-micrometer 

is not easy. Deformability can be measured during passing through the 
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narrow slit. The micro-slit is also useful for diagnostics on the biological 

cell. The low Reynolds number can be realized at the microfluidic systems, 

which has an advantage to analize the mechanical property of cells in the 

flow quantitatively. Reynolds number (Re) is calculated by Equation 1. 

 

Re = ρ v w / η  (1) 

 

In Equation 1, ρ is density of the fluid, v is the mean flow velocity, w is 

the width of the flow channel, and η is the viscosity of the fluid (the 

medium). Re is 1, when ρ, v, w, and η are 103 kg m－3, 1×10－3 m/s, 2×10－3 

m, and 2×10－3 Pa s, respectively. The turbulent flow may not occur in the 

flow of small value of Reynolds number. 

The velocity profile between the parallel walls can be approximated to 

parabolic, when the distance between two parallel walls is small compared 

with the width of the channel. The shear rate (γ, [s-1]) on the wall of the 

disk is calculated by Equation 2. 

 

γ = 6 q / (b D2)  (2) 

 

In Equation 2, q is the flow rate [m3 s-1], b is the width of the canal [m] 

and D is distance [m] between two parallel walls. The wall shear rate γ is 

16 s-1, when D, b, q, are 0.1 mm, 1 mm, and 0.3 ×10-10 m3/s, respectively.  

 

4.4.1. Micro-Slit between Pillars 

For the reason of the photolithography process, the edge of the ridge 

was not sharp, but it had the edge with the small width at the top. The 

biological system, on the other hand, might have the sharper edge (1 µm). 

A cell passes easily through the slit with the shorter travel distance (1 µm) 

in vivo. The cell has to struggle to pass through the slit in the experimental 

device with the longer travel distance (Figure 2: L). 

A cell makes three-dimensional deformation. The combination of two 

ways of observation is effective to trace the three-dimensional 

deformation: the slit between pillars, and the slit between ridges. The 
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rectangular shape of slit smaller than 0.01 mm height (Figure 2: H) was 

successfully manufactured with the micromachining technique. 

The shorter passing time of C2C12 at the smaller deformation ratio 

indicated that the frictional resistance with the surface of the wall might be 

smaller at C2C12 than Hepa1-6. The capture of the cell at the slit depends 

on several factors: the dimension of the slit, the dimension of the cell, the 

deformation of the cell, the wall shear stress (the shear rate) at the slit, and 

the affinity of the cell to the wall of the slit. Related to the affinity, the 

following procedure was effective to make the property of the inner 

surface of the flow-chanel stable. The channel was pre-filled with the 4% 

bovine serum albumin aqueous solution, and placed in the incubator for 

one hour. 

The adhesion of the cell to the inner surface of the channel in the flow 

depends on the morphology of the wall and on the wall shear stress. The 

vacancy of the cell arrangement on the tissue wall of flow path can cause 

the capture of cells. The capture also depends on the property of the cell. 

The mechanism of adhesion was applied to sorting of cells [56]. The 

experimental results can contribute to analyze adhesive mechanism of 

cancer cell during metastasis. The micro trap can simulate adhesive 

mechanism of flowing cells. 

 

4.4.2. Micro-Slit between Weir Walls 

In parallel multiple slits system, the driving force of the cell passing 

through each slit changes with the clogging at some of the slit. In the 

parallel slits system, the media flow velocity cannot be controlled at each 

slit separately. The single slit has an advantage to trace the media flow 

simply at the slit. The single slit preparation of sub-micrometer is not easy. 

The slit of the narrow width (0.010 mm, and 0.015 mm) was machined by 

micromachining techniques: the ultra-short pulse laser, and 

photolithography. The results of the dimension by the machining was 

acceptable for the slit to observe the movement of each cell. The higher 

flow rate was necessary for the bigger cell (the bigger diameter with the 

higher strain) to pass through the slit. The deformation of the harder part of 

the cell was necessary to pass through the narrower slit. 
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The resistance of the flow channel with the narrow slit is very high. 

The resistance of the flow channel increases, when the cells clogged the 

slits. Internal pressure of the flow channel should be carefully controlled, 

otherwise leakage or cavitation would occur. The flow control by the 

difference of the pressure head is easier than by the syringe pump. The 

flow path is carefully examined to avoid mixing of air bubbles, which stirs 

the medium in the flow channel. The small pressure difference (0.03 Pa) 

between the inlet and the outlet of the flow channel was maintained by the 

difference of the level of the fluid between the inlet and the outlet. 

The diameter (5 mm) of the inlet port was much larger than cross 

sectional area of the slit to keep the level of the inlet port in the longer 

period. The flow rate can be confirmed by the flow speed of the cell during 

the microscopic observation. The surface was not completely flat at the 

wall of the slit, which might increase frictional resistance. The micro-

roughness at the wall of the slit might affect the movement of each cell 

passing through. 

 

4.4.3. Micro-Slit between Rectangular Ridge and Plate 

The lower ridge had the curvature of 0.01 mm at the tip of the side 

wall, which can reduce turbulence of the flow in the channel. The height of 

the slit (Figure 2: H) was successfully maintained everywhere over the 

width (Figure 2: W) of the slit despite of the elasticity of PDMS. The 

machined micro ridge had enough hardness to maintain dimension of the 

slit. 

The height of the slit was confirmed by the change of the diameter of 

the deformed cell during slipping through the slit. The height of the slit 

was selected as the dimension slightly smaller than the diameter of the cell 

(C2C12, Hepa1-6, and HUVEC). The dimension of the width of the slit 

was selected 0.87 mm, which was wide enough for the deformed cell to 

slip through. 

At the coupling, adjusting the position of micro ridges precisely each 

other between the counter plates is not easy. At the parallel position, the 

slit cannot be made, when the position shifts even with the very short 
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distance each other. To adjust easily the position of each micro ridge at the 

counter wall, the tops of the ridges are set perpendicularly each other. 

The deformability of the cell is related to the density of intra-cellular 

contents. While the cell passed through the slit, the cell kept the circle 

shape at the two-dimensional projected image. HUVEC elongates along 

the streamline on the blood vessel wall in vivo. Endothelial cells cover the 

inner surface of the vessel wall, and are exposed to the blood flow every 

time in vivo. HUVEC has the high sensitivity to the flow direction. 

HUVEC may have the inner structure to elongate to the direction of the 

flow. Both C2C12 and Hepa1-6, on the other hand, might have the inner 

structure to keep the circular disk under the flow. Hepa1-6 may have high 

passive deformability to the moving velocity. 

The biological cells are sorted according to the shape, and 

deformability in vivo. Several cells pass through the micro slit. Some 

fragments, which pass through the slit, are decomposed. Some cells, which 

cannot pass through the narrow channel, are captured. 

The most of biological cells kept the spherical shape, when they are 

flowing in the medium. The micro slit was designed with the narrower 

dimension (Figure 2: H) than that in the study with capillaries to observe 

the deformation of cells. In this section, the deformation was evaluated 

with the ratio of the two-dimensional projected area of the cell during the 

slit-passing. Some cells of HUVEC passed through the slit at the higher 

velocity with the small deformation ratio. Several bigger cells of Hepa1-6 

passed through the slit at the higher velocity with the large deformation 

ratio. 

The velocity of each cell was lower than that of the media due to the 

friction between the cell and the wall of the slit. The cell of the larger 

diameter is forced to be deformed at the higher deformation ratio in the slit. 

The higher deformation ratio makes the larger projected area in the slit. 

The higher deformation ratio can increase the frictional resistance at the 

slit. 
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CONCLUSION 
 

Several kinds of devices (micro-ridges, micro-grooves, micro-markers, 

and micro-slits) for the observation of the behaviour of biological cells 

were successfully manufactured with PDMS by micro-machining: 

photolithography, and etching. Surface morphology and compliance of 

PDMS can be controlled by the micro-machining process. The property of 

the surface of PDMS can be controlled by the additional processes: the 

oxygen plasma ashing, and the dipping in the protein aqueous solution. 

The effectiveness of each kind of device was evaluated by experiments 

with several types of biological cells. 

Dimension of the surface morphology was checked using the 

biological cells, which has the 20 µm diameter suspended in the medium. 

To make orientation of cells on the scaffold, the minimum height of the 

microridge is one thirtieth of the cell size. The micro-pattern can be 

applied to trace the hysteresis effect of the mechanical force field on the 

orientation of each type of cell. The micro-pattern with the dimension 

smaller than cell size is effective to make orientation of each cell to make a 

tissue. The shifted distance of each cell along the oblique shallow groove 

in flow channel depends on the ratio of the cell diameter per the width of 

the groove. The malnourished cell can be distinguished by the shifted 

distances in the flow. The contraction movement of the myotube can be 

traced by the micro-protrusions marker on the backside of the thin film 

scaffold of 6 µm thick (PDMS). The micro slit with the dimension smaller 

than cell size can detect deformation characteristics of each type of cell. 

PDMS can be applied to make the microstructure of the functional surface 

for observation of the biological cell. The technology will contribute to 

several applications in the field of the biomedical engineering: medical 

diagnostics, and regenerative medicine. 
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ABSTRACT 
 

PDMS is one of the most widely used polymers for the fabrication of 

biomedical devices. Of particular relevance is the application of PDMS in 

urinary tract devices such as urinary catheters and ureteral stents. As 

these devices are being used by a growing number of patients and 

indwelling times are increasing in an aging population, the incidence of 

urinary tract infections is rising. These infections have implications on 

the quality of life of the patients and represent a severe burden on 

healthcare systems.  
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This chapter reviews the main uses of PDMS in urinary tract devices 

and associated complications. As new solutions are needed to reduce 

bacterial adhesion and biofilm formation on PDMS-based devices, a 

testing platform is described to evaluate surface performance in both 

urinary catheters and ureteral stents. Examples of these solutions are also 

discussed in a quest for more efficient urinary tract devices. 

 

Keywords: PDMS-based surfaces, urinary catheters, ureteral stents, urinary 

tract infections, antibiofilm coatings, flow systems 

 

 

ABBREVIATIONS  
 

3D    three-dimensional 

AgNP   silver nanoparticles 

AMP   antimicrobial peptide 

CAUTI   catheter-associated urinary tract infection 

CFD   computational fluid dynamics 

CFU   colony forming unit 

CLSM   confocal laser scanning microscopy 

DAPI   4´-6-diamidino-2-phenylindole 

ECDC European Centre for Disease Prevention 

and Control 

EPS   extracellular polymeric substance 

FDA   Food and Drug Administration 

GA    gallic acid 

HAI   healthcare-associated infection 

IAR   initial adhesion rate 

L-AmB   liposomal amphotericin B 

MRD   modified Robbins device 

MRSA methicillin-resistant  

Staphylococcus aureus 

PC    phosphoryl-choline 

PCA   plate count agar 

PDA   polydopamine  

PEG   polyethylene glycol 
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PLC(P)   polycaprolactone polymer 

PPFC   parallel plate flow chamber 

PTFE   polytetrafluoroethylene 

SD    standard deviation 

SMZ   sulfamethoxazole 

TANP tetraetherlipid-silver nanoparticle-

norfloxacin-polylactide 

TMP   trimethoprim 

UTD   urinary tract device 

UTI   urinary tract infection 

UV    ultraviolet 

VRE   vancomycin-resistant enterococci 

 

 

1. INTRODUCTION 
 

Since the 1960s, silicone materials have been extensively applied in 

the medical field due to their high biocompatibility [1, 2]. Polydimethy-

lsiloxane (PDMS) is one of the most used class of commercially available 

silicone polymers [3, 4]. This polymer is non-toxic, biological and 

chemically inert, optically clear, elastomeric, gas-permeable, hydrophobic, 

mechanically resistant, and inexpensive [4, 5]. Moreover, the risk of 

PDMS biodegradation and migration appears to be inexistent [6]. 

Therefore, the high biocompatibility and stability of PDMS contributed to 

its success in several medical applications, including the development of 

urinary tract devices (UTDs) [4, 7]. 

The several benefits of silicone compared to other available 

biomaterials have made it the material of choice for the construction of 

urinary tract devices [8]. However, despite of its outstanding properties, 

silicone is prone to bacterial adhesion and biofilm formation [9, 10]. The 

complications associated with the use of indwelling urinary catheters and 

ureteral stents have driven the technological evolution in the surface 

coatings. Up to date, numerous studies have described different coating 
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strategies changing the PDMS physicochemical properties or conferring it 

antimicrobial potential.  

In this chapter, the PDMS-based surfaces developed to prevent urinary 

tract infections (UTIs) will be reviewed. Additionally, different flow 

systems available for surface evaluation will be discussed and their 

importance will be evidenced with an experimental approach to study 

bacterial adhesion and biofilm formation under hydrodynamic conditions that 

mimic those found in urinary catheters and ureteral stents.  

 

 

2. PDMS IN URINARY TRACT DEVICES 
 

Urinary tract devices, including urinary catheters and ureteral stents, 

are some of the most widely used medical devices in hospitals and 

healthcare facilities. The first urinary devices were constructed using 

metallic materials such as copper, tin, bronze and gold [9]. However, in the 

last decades, metals were replaced by polyvinylchloride, polyurethanes, 

silicone and latex rubbers in order to reduce their rigidity [8-10]. Over the 

years, polymeric materials have been improved towards higher 

biocompatibility, tensile strength, softness and elasticity, and biological 

and chemical resistance [9, 11, 12]. Table 1 lists the advantages and 

disadvantages of different biomaterials used in the manufacture of UTDs.  

Silicone presents several advantages compared to other polymeric 

materials. Due to the nontoxic and inert nature of silicone, this polymer 

displays higher tissue compatibility than latex or polyvinylchloride. 

Simultaneously, it is non-irritating and non-sensitizing, having low surface 

tension and moderate resistance to abrasion and external compression. 

Conversely to latex, silicone is UV and chemical resistant and is more 

thermally stable than polyurethane. However, although this biomaterial 

reveals desirable properties for a urinary device, silicone has a low 

drainage efficacy. In terms of encrustation, there is a reduced incidence of 

struvite and calcium phosphate hydroxyapatite stones, whereas 

encrustation by calcium carbonate and calcium oxalate stones is more 

frequent. Moreover, similarly to latex and polyurethane, silicone is prone 
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to bacterial adhesion [8-10]. Despite having some disadvantages, silicone 

has become the “gold standard” material for urinary devices [9-12]. 

 

Table 1. Biomaterials used for urinary tract devices:  

Advantages and disadvantages 

 
Material Advantages Disadvantages 

Silicone  Biocompatible 

Non-irritating and non-sensitizing 

Chemically and thermally stable 

UV resistant 

Low surface tension 

Moderate resistance to abrasion 

Improves surface lubrication 

Long lifetime before encrustation and 

blockage 

Highly resistant to external compression 

Decreased struvite and calcium phosphate 

stones incidence 

Inexpensive 

Can be uncomfortable due to its 

rigidity 

Prone to premature device failure 

Prone to bacterial adhesion 

Decreased drainage efficacy 

Prone to encrustation by calcium 

carbonate and calcium oxalate 

stones 

Latex Can be modified by hydrogel or Teflon 

coatings 

Inexpensive 

Easily manipulated 

High tensile strength 

Poor biocompatibility 

Poor UV and chemical resistance 

Poor tissue adherence 

Can promote biofilm formation and 

encrustation 

Causes allergic reactions 

Polyurethane Excellent biocompatibility 

Soft and smooth 

Resistant to external forces 

Sensitivity to heat 

Cannot be autoclaved 

Prone to bacterial adhesion 

Prone to encrustation by calcium 

carbonate and calcium oxalate 

stones 

Polyvinyl-

chloride 

Long lifetime 

Chemically stable 

Inexpensive 

Reduced flexibility 

Public health concerns due to 

additives that can leach in vivo 

Compiled using data from [8-11]. 

 

Based on these evidences, several authors have studied the efficacy of 

PDMS urinary catheters on the prevention of catheter-associated 

infections. Moola and Konno conducted a systematic review about the 

management of indwelling urethral catheters to prevent UTIs where 

uncoated silicone catheters were compared with other types of catheters 
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[13]. According to this study, there were no differences between PDMS 

and latex urethral catheters. However, the use of PDMS catheters was 

associated with an overall infection rate of 2.1% at 24 h, 6.8% at 48 h, and 

20% at 96 h [13]. Stenzenlius et al. reported similar results for PDMS 

urinary catheters (an incidence of bacteriuria of 5.5%) after a mean period 

of 2 days of catheterization [14]. Additionally, Thibon and co-workers 

demonstrated that silicone Foley catheters had a cumulative bacteriuria 

incidence of 11.9% [15]. Lastly, Moola and Konno also registered an 

incidence of bacteriuria and funguria per 1000 catheter days of 38.6% for 

silicon catheters [13].  

Regarding PDMS ureteral stents, there are few data demonstrating 

their efficacy. According to Hoe, although silicone stents are tolerated by 

patients and associated with low complication rates, 28% of inserted stents 

failed [16]. Conversely, a study carried out by Tunney et al. demonstrated 

that silicone has a higher resistance to encrustation compared to other 

materials [17].  

Thus, the complications associated with silicone urinary tract devices 

warn of the need to develop new PDMS-based surfaces to avoid bacterial 

colonization and encrustation. 

 

 

3. PROBLEMS ASSOCIATED TO URINARY TRACT DEVICES  
 

Urinary tract devices have been widely applied in the treatment and 

mitigation of some diseases, improving the quality of life of the patients. 

However, despite all care and preventive measures taken to avoid 

contamination during the insertion of these devices, UTIs are increasingly 

common.  

UTIs are one of the most common healthcare-associated infections 

(HAIs), being responsible for about 17% of hospital-acquired bacteremia 

[18]. In fact, the HAI annual incidence reports pointed to a prevalence of 

36% and 27% of hospital-wide UTIs in the United States and Europe, 

respectively [19, 20]. Furthermore, the same authors found that UTIs were 

responsible for a mortality rate of 2.3% [20]. In 2017, the European Centre 
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for Disease Prevention and Control (ECDC) also noticed a UTI emergence 

of 2% among the patients hosted in intensive care units for more than two 

days; 98% of these UTI episodes were associated with the use of a urinary 

catheter [21]. 

Urinary catheters are considered the most common indwelling devices. 

Currently, in the United States, over 30 million urinary catheters are 

inserted per year [22]. Previous studies carried out in several European and 

US hospitals reported about 15-25% of patients experiencing 

catheterization during their hospital permanence. The emergence of 

catheter-associated urinary tract infections (CAUTIs) is increasingly 

common, representing approximately 75% of hospital-acquired or 

nosocomial UTIs [23, 24]. Moreover, when compared to other 20 types of 

medical devices, catheters revealed an infection incidence of 33% [22]. 

The likelihood of developing CAUTIs increases with the duration of 

catheterization. Studies described that the incidence of CAUTIs among 

patients undergoing non-Foley or short-term urinary catheterization (< 7 

days) was 10-50%, increasing to 90-100% in long-term catheterization (> 

28 days) [25, 26]. 

Ureteral stents are also commonly used devices in modern urology 

practice. Like catheters, stents are very prone to contamination and 

colonization by different pathogens. Actually, 31% of the patients with 

ureteral stents develop UTIs [27], and 45–100% of patients have 

bacteriuria [28]. As with any biomedical device, exposure time is a risk 

factor for bacterial/fungal colonization. In fact, a previous research found 

that the incidence of stent colonization and bacteriuria increases from 69% 

in patients with temporary stents to 100% in patients carrying chronic 

indwelling stents [29]. 

Besides these alarming numbers, there is also an increasing cost 

associated with UTIs. In the United States, the problems related to UTIs 

have an estimated cost of $1.6 - $3.5 billion each year [30]. Regarding 

CAUTI, the annual treatment costs are over $350 million [31] and £1–2.5 

billion [32] in the United States and the United Kingdom, respectively. In 

relation to stent-associated UTI, the total economic costs are approximately 

$15 per patient per day [33]. 
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The successful treatment of catheter and stent-associated UTIs requires 

the background knowledge of the pathogens involved in the infection. 

Different microorganisms have been responsible for the colonization of 

UTDs. Some of the most commonly observed are Escherichia coli, 

Staphylococcus aureus, Pseudomonas aeruginosa, Proteus spp., Klebsiella 

pneumoniae, Staphylococcus epidermidis, Enterococcus spp., and Candida 

spp. [9, 34, 35]. These microorganisms commonly attach to indwelling 

medical devices, forming biofilms. These are complex three-dimensional 

(3D) structures composed by sessile microbial communities surrounded by 

a matrix of self-produced extracellular polymeric substances (EPS), 

including proteins, polysaccharides, nucleic acids, and molecules involved 

in cell-cell communication [36, 37]. 

Biofilm formation is, along with encrustation, the main reason why 

device-associated infections are considered so recalcitrant. Although they 

are two distinct phenomena generated by different factors, they can overlap 

and, consequently, worsen the infection. The development of new surface 

materials/techniques to overcome these infections requires the full 

comprehension of both phenomena.  

Biofilm growth is governed by a number of physical, chemical and 

biological processes, and begins with the reversibly microbial adhesion to 

a conditioned surface either by physical forces or bacterial appendages (pili 

or flagella) [38]. Physical forces associated with this weak bacterial 

adhesion include van der Waals forces, as well as hydrophobic, steric and 

electrostatic interactions [39]. The rate of cell adhesion depends not only 

on the type and number of free-swimming cells, but also on the 

physicochemical characteristics of the material used in the implanted 

device, the fluid behaviour, and other environmental factors, such as 

temperature and pH [40]. When bacterial appendages overcome the 

physical repulsive forces [41], an irreversible attachment between bacterial 

surface structures and substratum occurs and microorganisms start to 

communicate with each other via quorum sensing by the production of 

autoinducer signals. In a maturation stage, a significant growth of the 

biofilm population occurs, with an increase of biofilm thickness up to 200 
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μm [42]. The final stage of biofilm development includes the detachment 

of bacteria, which may then colonize new areas [38].  

Ureteral stents and urinary catheters are usually colonized both on 

extraluminal and intraluminal sides. While in an initial phase, biofilms are 

composed of single-species populations, in a further stage, multispecies 

communities are commonly detected. Overall, the chronicity of the 

infections associated with implanted biomedical devices is attributed to the 

growing resistance of the pathogens to antimicrobial agents, which is 

strongly related to the slow penetration of drugs within the EPS matrix, as 

well as the presence of persister cells that stay in a transitory dormant state 

and induce recurrent infections [43, 44]. The increasing antimicrobial 

resistance has limited the strategies to prevent and control UTIs. 

Encrustation, on the other hand, results from the colonization of 

indwelling devices by urease-positive pathogens. Despite being mainly 

caused by Proteus mirabilis [45], other species can be involved in the 

formation of these encrustations, namely Morganella morganii, P. 

aeruginosa, K. pneumoniae and Proteus vulgaris. During the process of 

blockage, urease catalyzes the hydrolysis of urea into ammonia and 

carbamate, increasing urinary pH and, consequently, promoting stone 

formation by salt precipitation (calcium phosphate and struvite crystals) 

and potentially leading to complete occlusion of the catheter/stent through 

encrustation [46]. Apart from blocking the stent lumen, these encrustations 

potentiate further bacterial adhesion and biofilm formation, frequently 

resulting in complete device failure [47].  

The complications associated with indwelling devices have been the 

main driving force for the development of alternative materials with 

antimicrobial and antifouling properties. 

 

 

4. PDMS-BASED SURFACES TO PREVENT INFECTIONS  

IN URINARY TRACT DEVICES 
 

In the last decades, a series of improvements have been performed in 

urinary catheters aiming to reduce pathogen colonization. As described in 
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previous sections, PDMS is prone to bacterial adhesion essentially due to 

its hydrophobic properties. In order to overcome this drawback, several 

coating strategies have been developed, conferring antimicrobial potential 

to PDMS or modifying its physicochemical properties, aiming to prevent 

bacterial adhesion and biofilm formation. Table 2 describes the antibiofilm 

strategies of different PDMS coatings and their potential against several 

bacterial and fungal species. PDMS coatings were grouped into four 

categories: (1) release of antimicrobial agents, (2) contact-killing, (3) anti-

adhesive, and (4) biofilm architecture disruption.  

Bactericidal/fungicidal strategies include the use of silver and 

antimicrobial agents or disinfectants (Table 2). Up to date, several studies 

have reported the effectiveness of silver/PDMS-coated catheters in the 

prevention and control of catheter-associated infections. The mechanisms 

of action of silver are already well characterized and include impairment of 

microbial membrane function by loss of membrane potential, protein 

dysfunction, and oxidative stress [8, 48]. Moreover, silver is one of the few 

antimicrobial agents approved by the Food and Drug Administration 

(FDA) for urinary catheter applications [8]. 

In the early 2000s, Ahearn et al. exploited the efficacy of silver/ 

hydrogel-coated PDMS catheters against a broad range of microorganisms. 

Coated catheters reduced the adhesion by 73% for Citrobacter diversus, 

65% for Enterobacter cloacae, 71-93% for Enterococcus spp., 70% for E. 

coli, 30% for K. pneumoniae, 70% for P. mirabilis, 92% for P. aeruginosa, 

and 96% for Staphylococcus saprophyticus compared to uncoated catheters 

[49]. Silver ions have also been applied as PDMS coatings, improving their 

potential against bacterial adhesion and biofilm growth [50]. Likewise, 

silver nanoparticles (AgNPs) decreased biofilm formation by E. coli, P. 

mirabilis and K. pneumoniae, preventing urinary tract infections [51]. 

Indeed, AgNPs are one of the most attractive types of catheter coatings. 

Dayyoub et al. prepared a PDMS hydrophobic film composed by tetraether 

lipids-coated silver nanoparticles distributed in poly(lactic-co-glycolic 

acid) loaded with norfloxacin, and tested it against a broad variety of 

bacterial species. In this study, adhered cells decreased about 48% on 

coated PDMS films compared to the uncoated PDMS [52]. In turn, Heidari 
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and co-workers evaluated silver/poly(p-xylylene)-coated catheters and 

observed a reduction in E. coli and Staphylococcus cohnii biofilms [53]. 

Recently, the efficacy of silver-polytetrafluoroethylene (Ag-PTFE) 

nanocomposites was evaluated against E. coli, P. mirabilis and S. aureus. 

Results showed that Ag-PTFE-coated catheters reduced bacterial adhesion 

and yielded strong antibiofilm activity (97%) [54, 55]. However, despite its 

broad-spectrum antimicrobial activity, silver-impregnated catheters can 

easily lose their properties in the long term and trigger bacterial resistance 

in intermittent catheterization [8].  

Antimicrobial coatings were introduced as a good option to inhibit or 

delay the onset of biofilm formation. Up to date, several antimicrobial or 

disinfectant agents have been impregnated into silicone urinary catheters. 

In 2000, Simhi et al. demonstrated that PDMS impregnated with a 

secondary metabolite produced by Myxococcus xanthus significantly 

reduced the number of E. coli cells adhered to the surface [56]. Similar 

results were obtained for silicone catheters coated with gendine. This 

disinfectant was able to reduce the number of viable cells adhered to 

internal and external catheter surfaces, except for P. aeruginosa [57]. In 

turn, triclosan-coated catheters presented high resistance to encrustation 

and blockage by P. mirabilis and prevented the colonization by MRSA and 

carbapenemases-producing E. coli for 12 consecutive weeks [58, 59]. 

Rifampicin and sparfloxacin-coated catheters also prevented bacterial 

colonization [58]. 

In 2015, Gonçalves and co-workers showed the strong effect of PDMS 

coated with poly(catechin) conjugated with trimethoprim and 

sulfamethoxazole on the reduction of adhered Gram-negative and Gram-

positive bacteria [60]. Likewise, the antimicrobial film composed by 

norfloxacin revealed a potent bactericidal activity, killing 99.9% of the 

adhered bacteria [52]. Lastly, Alves et al. proved that liposomal 

amphotericin B impregnated on silicone catheters reduced Candida 

albicans attachment by 3 Log CFU [21]. The success of this type of 

coating is usually attributed to the high-local concentrations of 

antimicrobial agents released at the potential site of colonization and their 

high effectiveness to target the pathogen [8]. Nevertheless, the continued 
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use of antimicrobial drugs may lead to bacterial resistance that 

compromises the application of these coatings [61]. 

In the last decade, antimicrobial peptides (AMPs) have emerged as 

contact-killing coatings for urinary catheters. This type of coating displays 

broad-spectrum activity targeting the pathogens through multiple pathways 

[8]. In 2014, Lim et al. described two arginine/lysine/tryptophane-rich 

antimicrobial peptides, RK1 and RK2. Catheters coated with these AMPs 

exhibited excellent antimicrobial activity towards E. coli, S. aureus and  

C. albicans [62]. C. albicans biofilm formation was also substantially 

inhibited (75-90%) by coumarin-linker-(ACHC-β3hVal-β3hLys)3-loaded 

catheters [63]. The synthetic AMP CWR11 was able to reduce the bacterial 

attachment on a PDMS surface by 92% for E. coli, P. aeruginosa and S. 

aureus [64]. Recently, Lim et al. developed a new antimicrobial peptide 

(HHC36) into anhydrous polycaprolactone polymer-based dual-layer 

coated [PLC(P)-POPC(P)]. The coated PDMS catheters reduced bacterial 

adherence on catheter surfaces by 100% [65]. Although AMPs have a 

strong activity towards bacteria and fungi and low level of induced 

resistance compared to other antimicrobial agents, they may be toxic at 

high doses [61]. 

Since microbial adhesion depends on the charge, roughness and 

topography of the surface, anti-adhesive surfaces have optimised the 

physicochemical properties in order to prevent the initial microbial 

adhesion and thus reduce the biofilm development. Several polymers such 

as polyethylene glycol (PEG), hydrogels, zwitterionic polymers and 

cationic polymers have been applied as antifouling coatings for PDMS 

catheters. The polyethylene glycol capability to adsorb nonspecific 

proteins has been reported by several authors [8, 66, 67]. In 2001, Park et 

al. developed PEG-modified PDMS surfaces and evaluated them against E. 

coli and S. epidermidis. Bacterial adhesion decreased approximately 1 Log 

CFU on PDMS modified with monomethoxy poly(ethylene glycol) [68]. 

Despite PEG-coated materials are effectively resistant to nonspecific 

protein adsorption and short-term bacterial adhesion, this kind of coating 

has limited success in preventing biofilm formation [67]. Moreover, the 
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potential immunogenicity of PEG has also been reported as a relevant 

weakness [8]. 

Similarly to PEG, hydrogel coatings increase surface hydrophilicity, 

inhibiting nonspecific protein adsorption. In 2002, Park and co-workers 

demonstrated the antifouling efficacy of a new hydrogel based on 

poly(ethylene oxide)-poly(polytetramethylene oxide) copolymer-coated 

silicone catheter. The hydrogel-coated silicone catheter was able to extend 

the catheter patency up to 20 h versus 7.8 h with the control [69]. Recently, 

Yong et al. reported that the addition of a N-halamine monomer (a biocide) 

to the hydrogel coating deactivated both E. coli and S. aureus after 30 min 

of contact and reduced biofilm formation by 90% [70]. Moreover, Chung 

et al. in a prospective interventional study demonstrated the effectiveness 

of hydrogel-coated catheters in the prevention of CAUTIs [71]. 

Polyzwitterion coatings also resist to non-specific protein adsorption 

through electrostatic and steric repulsion [8]. In 2014, Diaz Blanco et al. 

developed a new coating based on PDMS grafted with gallic acid (GA), 

activated by laccases triggering the polymerization of zwitterionic 

sulfobetaine methacrylate monomers. Catheters coated with this film 

demonstrated a strong ability to resist bacterial adhesion and biofilm 

formation by P. aeruginosa and S. aureus [72]. Additionally, Vatterott et 

al. produced a new copolymer constituted by a 2-(dimethylamino)ethyl 

methacrylate derivate and poly(sulfobetaine methacrylate) (PTMAEMA-

co-PSPE). Multilayer coatings on PDMS reduced S. aureus adhesion by 

40% [73]. Sulfobetaine acrylamide covalently conjugated with 

polydopamine films-deposited copper ions coating also exhibited high 

fouling resistance and antimicrobial properties towards E. coli and S. 

epidermidis, as confirmed by the low number of adhered bacteria [74]. In 

turn, PDMS coated with a copolymer formed by polyacrylate [ethylene 

glycol dicyclopentenyl ether acrylate-co-di(ethyleneglycol) methyl ether 

methacrylate] was able to inhibit E. coli and P. mirabilis biofilm formation 

by up to 95% [75]. Based on these data, polyzwitterion coatings appear to 

be an effective anti-biofouling strategy.  



 

Table 2. Antibiofilm coatings applied on PDMS-based urinary catheters 

 

Antibiofilm 

strategy 

Coating Species Major conclusions Year Refe-

rence 

Bactericidal/ 

Fungicidal 

 

Silver 

 Hydrogel/silver 

 

C. diversus 

E. cloacae 

E. faecalis 

E. faecium 

E. coli 

K. pneumoniae 

P. mirabilis 

P. aeruginosa 

S. saprophyticus 

 

Mean percentage reduction of adhesion to hydrogel/silver-

silicone catheters versus silicone catheters was 72.5% for       

C. diversus, 64.6% for E. cloacae, 70.6-92.5% for 

Enterococcus spp., 70.3% for E. coli, 30.1% for                      

K. pneumoniae, 70.3% for P. mirabilis, 91.8% for                  

P. aeruginosa, and 95.5% for S. saprophyticus.  

 

2000 

 

 

[49] 

  Silver  E. coli 

K. pneumoniae 

P. mirabilis 

Silver-coated catheters significantly decreased bacterial 

adhesion (ratio of means: 0.63, p = 0.0083) and biofilm 

formation (ratio of means: 3.01, p = 0.0488) when compared 

to non-silver-coated catheters. 

2015 [50] 

  Silver nanoparticles K. pneumoniae 

P. mirabilis 

Silver-coated catheters decreased biofilm formation by 6 Log 

for E. coli on day 10 (p = 0.032); 4 Log for P. mirabilis (p = 

0.003) and 1 Log for K. pneumoniae, both on day 14  

(p = 0.036). 

2016 [51] 

  Silver with poly(p-xylylene) E. coli 

S. cohnii 

The supernatant of the silver/poly(p-xylylene)-coated 

catheters significantly reduced biofilm formation, similar to 

the antibiotic control (penicillin-streptomycin). 

2017 [53] 

  Tetraether lipids-coated silver 

nanoparticles distributed in a 

hydrophobic film of 

poly(lactic-co- 

E. coli 

P. aeruginosa 

P. mirabilis 

S. aureus 

Adhered cells decreased about 48% on coated silicone films 

compared to the control. 

 

2017 [52] 



 

Antibiofilm 

strategy 

Coating Species Major conclusions Year Refe-

rence 

Bactericidal/ 

Fungicidal 

 

Silver 

glycolic acid) loaded with 

norfloxacin 

 

S. epidermidis 

E. faecalis 

   

 Silver-polytetrafluoroethylene 

nanocomposites 

E. coli 

S. aureus 

P. mirabilis 

The Ag-PTFE-coated catheters reduced bacterial adhesion and 

exhibited strong antibiofilm activity (97.4%) compared with 

the silicone catheters. Coated catheters resisted encrustation to 

78 ± 5.66 h and 89.5 ± 3.54 h with an initial concentration of 

106 and 103 cells/mL in the bladder, respectively, versus 33.3 

± 1.1 h and 36.2 ± 1.1 h achieved by control catheters. 

2019 [54, 55] 

 Antimicrobial 

agents/Disinfectants 

Macrocyclic secondary 

metabolite produced by         

M. xanthus 

 

 

E. coli 

 

 

 

The secondary metabolite significantly reduced the number of 

adhered bacteria on the silicone surface (approximately less 

7.0 x 106 cell/cm2 compared to control). 

 

 

2000 

 

 

 

[56] 

 

 Gendine (a combination of 

Gentian Violet and 

chlorhexidine) 

E. coli 

P. aeruginosa 

MRSA 

C. parapsilosis 

The gendine-coated catheters significantly reduced the 

number of viable organisms adhering to their internal and 

external surfaces, except for P. aeruginosa, when compared to 

the uncoated control (p < 0.01). 

2005 [57] 

 Hydrogel impregnated with 

triclosan, iodine and 

polyhexamethylene biguanide 

P. mirabilis Only catheters containing triclosan showed enhanced 

resistance to encrustation and blockage by P. mirabilis  

(up to > 7 days). 

2010 [59] 

 Poly(catechin) conjugated with 

trimethoprim and 

sulfamethoxazole  

 

E. coli 

P. aeruginosa 

P. mirabilis 

S. aureus 

The most significant reduction in adhesion was observed with 

poly(catechin)-TMP (85% for Gram-negative and 87% for 

Gram-positive bacteria) and with poly(catechin)-TMP-SMZ 

(85% for Gram-negative and 91% for Gram-positive bacteria).  

2015 [60] 

 

 



  

Table 2. (Continued) 

 

Antibiofilm 

strategy 

Coating Species Major conclusions Year Refe-

rence 

Bactericidal/ 

Fungicidal 

 

Antimicrobial 

agents/Disinfectants 

 

 

S. epidermidis 

B. subtilis 

   

 Tetraether lipids-coated silver 

nanoparticles distributed in a 

hydrophobic film of poly (lactic-

co-glycolic acid) loaded with 

norfloxacin 

E. coli 

P. aeruginosa 

P. mirabilis 

S. aureus 

S. epidermidis 

E. faecalis 

The antimicrobial film killed 99.952% of the adhered bacteria. 2017 [52] 

 Rifampicin, triclosan and 

sparfloxacin 

E. coli (NDM-1) 

MRSA 

Antimicrobial urinary catheter prevented colonisation by 

MRSA and carbapenemases-producing E. coli for 12 weeks. 

2019 [58] 

 Liposomal amphotericin B C. albicans L-AmB immobilized reduced fungal attachment by 

approximately 3 Log. 

2019 [21] 

Contact-

killing 

 

Antimicrobial peptide (AMP) 

Arginine/lysine/tryptophane-rich 

antimicrobial peptides: 

RK1 (RWKRWWRRKK) and 

RK2 (RKKRWWRRKK) 

 

E. coli 

S. aureus 

C. albicans 

 

The peptide-coated silicone surfaces exhibited excellent 

microbial killing activity towards bacteria and fungi (> 70%). 

 

2014 

 

[62] 

 Synthetic antimicrobial peptide: 

CWR11 (CWFWKWWRRRRR-

NH2) 

E. coli 

P. aeruginosa 

S. aureus 

Bacterial attachment on the PDMS-CWR11 surface was 

significantly reduced by 92%. 

2015 [64] 

 Coumarin-linker-(ACHC-

β3hVal-β3hLys)3 (β -peptide 1) 

C. albicans Β-peptide-loaded catheters substantial reduced C. albicans 

biofilm formation by 75-90%. 

 

2016 [63] 

  



 

Antibiofilm 

strategy 

Coating Species Major conclusions Year Refe-

rence 

Contact-

killing 

 

Antimicrobial peptide (AMP) 

Antimicrobial peptides (HHC36) 

into anhydrous polycaprolactone 

(PCL) polymer‐based dual layer 

coating PCL(P)‐POPC(P) 

 

E. coli 

P. aeruginosa 

S. aureus 

 

The PCL(P)‐POPC(P)-coated silicone urinary catheters 

significantly inhibited planktonic bacteria and reduced 

bacteria adherence on catheter surface by 100%. 

 

 

2018 

 

[65] 

Anti-adhesive 

 

Poly(ethylene glycol) (PEG) 

Monomethoxy poly(ethylene 

glycol) (MPEG) grafts 

 

E. coli 

S. epidermidis 

 

Bacterial adhesion significantly decreased after PDMS-based 

polyurethanes were modified with monomethoxy PEG (from 

4.0 x 104 to 5.0 x 103 CFU/cm2). 

 

2001 

 

[68] 

 Hydrogel  

Hydrogel (multiblock 

copolymer) based on 

poly(ethylene oxide)-

poly(polytetramethylene oxide) 

copolymer 

 

P. mirabilis 

 

 

The performance of the hydrogel-coated silicone catheter was 

extended up to 20 ± 3.1 h versus 7.8 ± 3.1 h with the control. 

 

2002 

 

[69] 

 Hydrogel impregnated with N-

halamine monomer 

E. coli 

S. aureus 

The addition of a biocidal N-halamine monomer to the 

hydrogel coating deactivated both S. aureus and E. coli within 

30 min of contact and reduced biofilm formation by 90%. 

2019 [70] 

 Polyzwitterion  

PDMS was plasma-activated and 

preaminated, allowing 

subsequent laccase-catalyzed 

grafting of the natural phenolic 

compound GA. 

 

P. aeruginosa 

S. aureus 

 

 

Biofilm formation on PDMS-coated samples was reduced by 

about 80% compared to the P. aeruginosa biofilm produced 

on the urethra part of uncoated catheters, and by about 90% in 

the case of S. aureus biofilm produced on the catheter balloon. 

 

2014 

 

[72] 

 

 

 



  

Table 2. (Continued) 

 

Antibiofilm 

strategy 

Coating Species Major conclusions Year Refe-

rence 

Anti-

adhesive 

 

Polyzwitterion  

The tethered GA residues were 

activated by laccases to phenoxy 

radicals, triggering an 

enzymatically initiated radical 

polymerization of zwitterionic 

sulfobetaine methacrylate 

monomers.grafting of the natural 

phenolic compound GA. The 

tethered GA residues were 

activated by laccases to phenoxy 

radicals, triggering an 

enzymatically initiated radical 

polymerization of zwitterionic 

sulfobetaine methacrylate 

monomers. 

 

 

 

 

 

 

 

 

 PTMAEMA-co-PSPE S. aureus Multilayer films not only reduced the bacterial adhesion by 

40% relative to uncoated PDMS, but also killed the bacteria 

adhered to the surface. 

2016 [73] 

 Polyacrylate [ethylene glycol 

dicyclopentenyl ether acrylate -

co-di(ethyleneglycol) methyl 

ether methacrylate] 

 

E. coli 

P. mirabilis 

 

Coated PDMS inhibited E. coli and P. mirabilis biofilms by 

up to 95% when compared with uncoated PDMS after 10 days 

of continuous bacterial exposure. 

2017 [75] 

  



 

Antibiofilm 

strategy 

Coating Species Major conclusions Year Refe-

rence 

Anti-

adhesive 

Polyzwitterion  

Copper ions deposited on 

polydopamine films with 

covalent conjugation of 

sulfobetaine acrylamide (pDA-

SBAA) 

 

E. coli 

S. epidermidis 

 

r-pDA-SBAA coatings exhibited fouling resistance and 

antimicrobial properties which were confirmed by low 

adherent bacterial numbers (≈ 1x 105 cell/cm2) and high dead 

fraction (0.8). 

 

2019 

 

[74] 

 Cationic polymers  

N-acetyl-d-glucosamine-1-

phosphate acetyltransferase 

inhibitors plus protamine 

sulphate 

 

P. aeruginosa 

S. epidermidis 

 

Confocal microscopy confirmed that coated-silicone catheters 

were almost free from bacterial colonization.  

 

2006 

 

[76] 

 Polydopamine- poly(2-

methacryloyloxyethyl)trimethyla

mmonium chloride 

(pDA-g-pMTAC) 

E. coli 

P. aeruginosa 

The pDA-g-pMTAC-coated catheters showed a significant 

reduction in bacterial adhesion (50% for E. coli and 90% for 

P. aeruginosa). 

 

2016 [77] 

Antifouling 

 

Cationic polymers  

Isobornyl methacrylate/ 

diethylene glycol ethyl ether 

methacrylate (IBMA/DEGMA) 

(3-acrylamidopropyl) 

trimethylammonium chloride 

(AMPTMA) with 

trimethylammonium chloride 

(AMPTMA) 

 

 

E. coli 

P. aeruginosa 

S. aureus 

 

IBMA/DEGMA polymer demonstrated a bacterial coverage 

of less than 0.5%. 

 

2016 

 

 

[78] 

 

 



  

Table 2. (Continued) 

 
Antibiofilm 

strategy 

Coating Species Major conclusions Year Refe-

rence 

Antifouling 

 

Cationic polymers  

with quaternized 

polyethylenimine methacrylate 

(Q-PEI-MA) together with 

(polyethylene glycol 

dimethacrylate, PEGDMA) 

 

E. coli 

P. aeruginosa 

S. aureus 

MRSA 

VRE 

 

AMPTMA/PEGDMA film coating exhibited good antibiofilm 

and antimicrobial effect against MRSA, with 99.4% in vitro 

reduction and 98.9% in vivo reduction. 

AMPTMA/PEGDMA/Q-PEI-MA film coating had significant 

efficacy against VRE, with 96.8% in vitro reduction and 

94.5% in vivo reduction.  

 

2017 

 

[79] 

 

 

Dodecyl 

methacrylate/poly(ethylene 

glycol) methacrylate-and an 

acrylic acid 

(Poly(DMAmPEGMA-AA)) 

E. coli 

S. aureus 

Polymer-coated surface displayed significantly reduced 

attachment of bacteria (> ∼8-fold) compared to the non-

coated substrates.  

2017 [80] 

 Other polymers 

  Calixarene polymer 

 

E. coli 

P. mirabilis 

 

Biofilm formation was significantly reduced in the coated 

silicone samples compared to uncoated control (p = 0.02). 

 

2018 

 

[81] 

 

Disruption 

of biofilm 

architecture  

Enzymes for EPS disruption 

  Acylase and α-amylase 

 

E. coli 

P. aeruginosa 

S. aureus 

 

Assembly of both enzymes in hybrid nanocoatings resulted in 

stronger biofilm inhibition (30%) under both static and 

dynamic conditions. The quorum quenching and matrix-

degrading enzyme assemblies delayed biofilm growth up to 7 

days. 

 

2015 

 

[82] 

   Acylase P. aeruginosa Biofilm formation was inhibited by 80% in the balloon part, 

while the urethra part inserted into the bladder model was able 

to inhibit biofilm formation by 45%. 

2015 [83] 



 

Table 3. Antibiofilm coatings applied on PDMS-based ureteral stents 

 

Antibiofilm 

strategy 
Coating Species Major conclusions Year Reference 

Bactericidal Silver 

Silver and hydrogel 

 

E. coli 

E. faecalis 

 

The surface material had no direct influence on 

bacterial adhesion. 

 

1997 

 

[84] 

 

Tetraetherlipid-silver nanoparticle-

norfloxacin-polylactide coating (TANP)  

E. coli 

P. aeruginosa 

S. aureus 

S. epidermidis 

E. faecalis 

TANP-coated samples displayed a reduction in 

the precipitate concentration (> 20%) and 

biofilm volume (80%). 

2018 [85] 

Antifouling PEG 

Mimics mussel adhesive protein 

conjugated to polyethylene glycol 

(mPEG-DOPA3) 

 

E. coli 

P. mirabilis 

E. faecalis 

 

The mPEG-DOPA3 coating significantly 

resisted the attachment of all uropathogens 

tested, with a maximum 231-fold reduction in 

adherence compared to uncoated disks. 

 

2008 

 

[86] 

Anti-

encrustation 

Hydrophilic polymers 

Phosphoryl-choline 

 

 

P. mirabilis 

 

PC-coated stents showed lower encrustation 

compared with uncoated stents. PC-coating did 

not reduce microbial colonization or 

encrustation of the surfaces of these devices. 

There was some evidence that PC-coating 

makes these devices less vulnerable to these 

processes. 

 

2002 

 

 

[87] 
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Cationic polymers can also be anti-adhesive coating agents. Contrary 

to what was described before, this type of coating adsorbs both proteins 

and bacterial cells by attraction through the negatively charged bacterial 

membrane, exerting an anti-adhesive and antimicrobial effect [8].  

Burton et al. developed a coating of N-acetyl-d-glucosamine-1-phosphate 

acetyltransferase inhibitors with protamine sulphate and evaluated its efficacy 

against P. aeruginosa and S. epidermidis. In this study, the coated silicone 

catheters were almost free of bacteria [76]. Likewise, the polydopamine-poly 

(2-methacryloxyethyl) trimethylammonium chloride showed a significant 

reduction in bacterial adhesion of 50% for E. coli and 90% for P. aeruginosa 

[77]. Adlington et al. demonstrated that the cationic polymer IBMA/DEGMA-

coated PDMS displayed a bacterial coverage of less than 0.5% for E. coli, P. 

aeruginosa and S. aureus [78]. Recently, Zhou and colleagues developed two 

methacrylate polymers with excellent in vitro and in vivo antibiofilm and 

antimicrobial activities [79]. Lastly, poly(DMAmPEGMA-AA)-coated PDMS 

surfaces significantly inhibited bacterial attachment by 8 Log CFU compared 

to uncoated surfaces [80]. Another type of polymers, such as calixarene 

polymers, were reported as effective coatings to prevent biofilm formation by 

E. coli and P. mirabilis on PDMS surfaces [81]. 

Currently, different strategies are emerging aiming to disrupt the 

architecture of biofilm through matrix degradation or quorum sensing 

interruption. A study conducted by Ivanova et al. demonstrated the potential of 

acylase and α-amylase enzymes against extracellular polymeric substances. 

Assembly of both enzymes in hybrid coatings resulted in a strong biofilm 

inhibition (about 30%) for E. coli, P. aeruginosa, and S. aureus. Moreover, the 

quorum quenching and matrix-degrading enzymes delayed biofilm growth up 

to 7 days [82]. The same authors showed that acylase-coated PDMS catheters 

inhibited P. aeruginosa biofilm formation by 80% in the balloon part of the 

catheter, and by 40% into the urethra part [83]. These results revealed that 

enzymatic catheter coatings are promising to inhibit or delay biofilm 

formation. 

Unlike in urinary catheters, antibiofilm coatings for ureteral stents were 

less exploited. Table 3 lists antibiofilm strategies based on distinct PDMS 

coatings and their effectiveness against several bacterial species. In 1997, 

Cormio et al. verified that PDMS stents coated with silver/hydrogel had no 
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direct influence on bacterial adhesion [84]. However, Frant et al. recently 

developed a new tetraetherlipid-silver nanoparticle-norfloxacin-polylactide 

(TANP) coating and tested its antibiofilm potential towards E. coli, P. 

aeruginosa, S. aureus, S. epidermidis, and E. faecalis. TANP-coated stents 

reduced the precipitate concentration on silicone surfaces by up to 20% and 

the biofilm volume decreased 80%, showing the effectiveness of the coatings 

[85].  

In 2008, Ko et al. introduced a new approach inspired in marine 

mussels to prevent biofilm formation. The biomimetic mussel adhesive 

protein conjugated to polyethylene glycol coating significantly resisted 

attachment of uropathogens, with a maximum 231-fold reduction in 

adherence compared to the control [86]. Lastly, the application of 

hydrophilic polymers such as phosphoryl-choline on silicone stents did not 

reduce microbial colonization or encrustation [87].  

Although a wide range of antibiofilm coatings for PDMS-based 

urinary devices is currently available, there is a growing need to develop 

new effective and stable coatings to prevent or delay biofilm formation. 

The development of biomimetic polymeric superhydrophobic surfaces 

generated an increasing interest due to their outstanding anti-biofouling 

properties. A strategy to combat microbial biofouling consists in modifying 

the topographical structure of the surface at nanometer to micrometer 

levels avoiding cell attachment, colonization and, ultimately, biofilm 

formation. Some authors, inspired on the nature, physically modified 

surfaces creating micropatterns to control the hydration layer and turn them 

superhydrophobic. This technology allows the development of surfaces 

that mimic the texture of shark skin or the self-cleaning properties of lotus 

leaves [88, 89]. In 2014, Bixler and co-workers produced PDMS-

microstructured surfaces inspired by rice leaves and butterfly wings, and 

tested their anti-biofouling effectiveness against E. coli. Data demonstrated 

that the modified surface resulted in a coverage area reduction of 28%, 

suggesting the importance of surface geometrical features on fouling 

resistance [90]. Although these novel bioinspired surfaces have shown 

promising antifouling activity, their application in the medical field and, 
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particularly, in the construction of urinary tract devices needs further 

research.  

 

 

5. FLOW SYSTEMS FOR SURFACE EVALUATION 
 

A wide variety of in vitro biofilm model systems have been established 

to evaluate the efficacy of antimicrobial and antifouling surfaces under 

flow conditions. Indeed, this type of experimental set-up is more 

advantageous compared with static experiments, allowing a better 

representation of the hydrodynamic conditions that occur in different parts 

of the human body. Furthermore, it is well known that fluid flow affects 

not only cell adherence to the surface material, but also biofilm formation 

and its structure [91]. In this section, we briefly summarize the commonly 

used platforms for the in vitro assessment of cell adhesion and biofilm 

formation under flow conditions, with an emphasis on two types of flow 

systems - the modified Robbins device (MRD) and the parallel plate flow 

chamber (PPFC) [92-94]. Each reactor presents advantages and 

disadvantages that must be considered before use. 

 

 

5.1. Drip Flow Reactor 
 

The drip flow reactor has been used to mimic the flow inside 

indwelling medical devices and to evaluate potential antimicrobial 

materials [95, 96]. These reactors consist in a device with four completely 

separate parallel chambers with vented lids (each chamber contains a 

coupon where the biofilm can form) and are recommended for 

visualization and quantification of biofilms formed at low shear stress 

conditions [97]. These reactors require small space, are easy to operate, 

and allow noninvasive sample analysis. However, they present some 

disadvantages as the low number of sampling surfaces and the 

heterogeneity of biofilm development on the coupons due to 

hydrodynamics [98]. 



PDMS in Urinary Tract Devices 119 

5.2. Rotary Biofilm Reactors 
 

Three different types of rotary biofilm reactors are also commonly 

used in the assessment of material and fluid flow effects on biofilm 

development: the rotary annular reactor, the rotary disk reactor and the 

concentric cylinder reactor. These reactors have different designs. The 

rotary annular reactor is composed by a stationary outer cylinder and a 

rotating inner cylinder whose rotation frequency can be controlled so that a 

well-mixed liquid phase, turbulent flow and constant shear stress fields 

may be obtained [99]. The rotary disk reactor contains a disk that holds 

several coupons and is connected to a magnet that allows the regulation of 

the rotational speed [100]. The concentric cylinder reactor is composed of 

four cylindrical sections that can be rotated at variable speeds within four 

concentric chambers [101]. The last one can be used to test different cell 

suspensions, since each chamber of the concentric cylinder reactor contains 

independent feeding and sampling ports. The primary limitation of these 

reactors is related to the low number of individual strains that can be tested 

simultaneously (one microorganism per experiment in the rotary annular 

reactor and disk reactor, and up to four in the concentric cylinder reactor). 

 

 

5.3. Microfluidics 
 

Microfluidics can also be used to demonstrate the combined effect of 

several factors on the development of medically relevant biofilms [102-

104]. Microfluidic systems allow the precise manipulation of the fluid 

contained in the microchannels, and their main advantages include the low 

volume requirements, the precise gradient generation, the easy handling 

due to their small dimensions, and the capacity to mimic microscale 

events, such as drug delivery systems [105-107]. 

 

 

 

 



M. Gomes, L. C. Gomes, R. Teixeira-Santos et al. 120 

5.4. Flow Cells 
 

Flow cells have been widely used to study bacterial cell adhesion and 

biofilm formation under hydrodynamic conditions that mimic the urinary 

tract [92, 108, 109]. Originally developed by Jim Robbins and Bill McCoy, 

and later patented by the Shell Oil Company, the Robbins device consists 

of a tube incorporating several threaded holes where different coupons are 

fixed on the end of screws placed into the liquid stream. These coupons are 

parallel aligned to the fluid flow and can be independently removed to be 

further analyzed [110, 111]. MRD is a new version of the original Robbins 

device that is essentially composed by a square-channel tube with equally-

spaced sampling plugs where the coupons are mounted without disturbing 

the flow characteristics [112]. It has an entry section long enough to allow 

the flow to stabilize before reach the coupons and, consequently, a constant 

shear stress is maintained along all the platform [113], which is extremely 

important to minimize the differences between the coupons. In fact, it is 

well known that the transport rate of oxygen, cells and nutrients to the 

coupon surface is strongly dependent on the fluid hydrodynamics [114]. 

Moreover, it can support biofilm growth for several weeks without 

stoppage, which constitutes an important advantage of the MRD over the 

original Robbins device [115, 116]. Our research group has been using a 

custom-made semi-circular flow cell whose hydrodynamics was fully 

characterized by computational fluid dynamics (CFD) [117], and which 

can be operated at low or high flow rates in order to mimic the biofilms 

formed in medical devices or industrial pipes and equipment, respectively 

[115, 117]. This flow cell was constructed so as to have an enough inlet 

length for full flow development, and a large surface area on which the 

hydrodynamic conditions remain constant for a wide range of flow 

velocities. The flow cell system is mainly composed by a recirculating 

tank, one vertical semi-circular flow cell (about a meter high), and 

peristaltic and centrifugal pumps. 
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5.6. Parallel Plate Flow Chamber 
 

Contrary to the flow systems previously described, the PPFC was 

designed to allow real-time observation of microbial adhesion and biofilm 

development. Several authors have frequently applied PPFCs to monitor 

biofilm formation [118, 119]. This platform can contain one or two glass 

viewing ports that enable the use of a microscope and a camera for image 

capture and further monitorization of bacterial adhesion to the material. 

PPFCs are usually smaller than flow cells and cheaper to build. They can 

also be used to conduct experiments in parallel under the same operational 

conditions, which enables a higher throughput. 

 

 

6. ADHESION AND BIOFILM FORMATION  

IN URINARY CATHETERS AND URETERAL STENTS: 

EXPERIMENTAL APPROACH  
 

A PPFC was used in this work to evaluate the transition from initial E. 

coli adhesion to the complex structure of the biofilm formed on PDMS, one 

of the most widely used materials for the manufacture of UTDs. This in vitro 

flow system was fully characterized by CFD [92] and showed to be 

adequate to mimic the flow conditions found in different biomedical 

systems [120, 121], including urinary catheters and ureteral stents. The 

numerical simulations revealed that the average shear strain rate value of 

15 s-1 reported for urinary flow in catheters [122] can be attained in the 

PPFC system at a flow rate of 2 mL/s. On the other hand, shear stress 

values between 0.01 and 0.038 Pa were described for problematic zones in 

ureteral stents [123]. The average shear stress in critical areas that are 

prone to encrustation (0.024 Pa) can be obtained by operating the PPFC 

system at a flow rate of 4 mL/s. Therefore, the PPFC was selected for this 

study because it can replicate relevant hydrodynamic conditions of UTDs 

and allows direct observation of bacterial adhesion to PDMS in real-time 

by conventional light microscopy, as well as offline monitoring of biofilm 

development on the same substrate. 
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6.1. PPFC System 
 

The PPFC system used in the present work is represented in Figure 1. 

The flow chamber had a rectangular cross section of 0.8 × 1.6 cm and a 

length of 25.4 cm, and contained a bottom and a top opening for the 

introduction of the test surfaces. This setup generated a window of 6.7 × 

1.6 cm through which bacterial adhesion within the chamber may be 

visualized. The PPFC was coupled to a jacketed glass tank connected to a 

centrifugal pump and a valve by a silicone tubing system. The valve 

allowed the bacterial suspension to circulate through the system at a 

controlled flow rate, in this case, 2 or 4 mL/s in order to obtain wall shear 

forces similar to those found in urinary catheters or ureteral stents, 

respectively. A recirculating water bath was connected to the tank jacket to 

enable temperature control at 37ºC to mimic human body conditions.  

 

 

Figure 1. Schematic representation of the PPFC system. 

Before performing adhesion or biofilm formation assays, the PPFC 

system was sterilized by recirculating a sodium hypochlorite solution (3% 

v/v, 3 cycles of 15 min each). Then, it was washed with sterile water and 

placed inside a laminar flow chamber for 30 min of UV sterilization. All 
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the surfaces (glass microscopic slides for the top and PDMS slides for the 

bottom of the PPFC) were sterilized by spraying with absolute ethanol for 

5 min.  

 

 

6.2. Synthesis and Thermodynamic Characterization of PDMS 
 

The PDMS surfaces were prepared according to the procedure fully 

described by Moreira et al. [92]. Briefly, glass microscope slides (W × D × 

H = 76 × 26 × 1 mm, VWR) were washed with a commercial detergent 

(Sonasol Pril, Henkel Ibérica SA) and immersed in a sodium hypochlorite 

solution. The clean slides were then coated with PDMS. The PDMS 

(Sylgard 184 Part A, Dow Corning) was first submitted to an ultrasound 

treatment to eliminate air bubbles. The curing agent (Sylgard 184 Part B, 

Dow Corning) was added to the PDMS at a 1:10 ratio and the mixture was 

deposited as a thin layer (with a uniform thickness of 10 µm) on the top of 

glass slides by spin coating. 

Surface and bacterial hydrophobicity (∆𝐺𝑠𝑤𝑠
𝑇𝑂𝑇 and ∆𝐺𝑏𝑤𝑏

𝑇𝑂𝑇, respectively) 

were evaluated according to the approach of van Oss et al. [124-126]. The 

contact angles were determined by the sessile drop method in a contact 

angle meter (Dataphysics OCA 15 Plus, Germany) using water, formamide 

and α-bromonaphtalene as reference liquids. In this approach, the ∆𝐺 

values can be calculated from the surface tension components by Equation 

(1):  

 

∆𝐺𝑇𝑂𝑇 = −2(√𝛾𝑠
𝐿𝑊 −√𝛾𝑤

𝐿𝑊)
2
+ 4(√𝛾𝑠

+𝛾𝑤
− +√𝛾𝑠

−𝛾𝑤
+ −√𝛾𝑠

+𝛾𝑠
− −

√𝛾𝑤
+𝛾𝑤

−) (1) 

 

If ∆𝐺𝑇𝑂𝑇  < 0 mJ/m2, the material is considered hydrophobic; if  

∆𝐺𝑇𝑂𝑇 > 0 mJ/m2, the material is hydrophilic. 

The free energy of adhesion between a surface and bacteria (∆𝐺𝑏𝑤𝑠
𝑇𝑂𝑇) 

can be calculated by Equation (2): 
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∆𝐺𝑏𝑤𝑠
𝑇𝑂𝑇 = 𝛾𝑠𝑏

𝐿𝑊 − 𝛾𝑠𝑤
𝐿𝑊 − 𝛾𝑏𝑤

𝐿𝑊 + 2 [√𝛾𝑤
+(√𝛾𝑠

− +√𝛾𝑏
− −√𝛾𝑤

−) +

√𝛾𝑤
− (√𝛾𝑠

+ +√𝛾𝑏
+ −√𝛾𝑤

+) − √𝛾𝑠
+𝛾𝑏

− −√𝛾𝑠
−𝛾𝑏

+] (2) 

 

Thermodynamically, if ∆𝐺𝑏𝑤𝑠
𝑇𝑂𝑇 < 0 mJ/m2, adhesion is favored, while 

adhesion is not expected to occur if ∆𝐺𝑏𝑤𝑠
𝑇𝑂𝑇 > 0 mJ/m2. 

 

Table 4. Contact angles with water (𝜽𝒘), formamide (𝜽𝑭)  

and α-bromonaphthalene (𝜽𝑩), surface tension parameters,  

free energy of interaction (∆𝑮𝒔𝒘𝒔
𝑻𝑶𝑻 or ∆𝑮𝒃𝒘𝒃

𝑻𝑶𝑻) of the bacteria (𝒃)  

and surface (𝒔) when immersed in water (𝒘), and free energy 

 of adhesion (∆𝑮𝒃𝒘𝒔
𝑻𝑶𝑻) between the bacteria and the surface 

 

 Contact angle (º) Surface tension 

parameters (mJ/m2) 

Hydrophobicity 

(mJ/m2) 

Free 

energy of 

adhesion 

(mJ/m2) 

𝜃𝑤 𝜃𝐹 𝜃𝐵 𝛾𝐿𝑊 𝛾+ 𝛾− 𝛾𝐴𝐵 ∆𝐺𝑠𝑤𝑠
𝑇𝑂𝑇 or ∆𝐺𝑏𝑤𝑏

𝑇𝑂𝑇 ∆𝐺𝑏𝑤𝑠
𝑇𝑂𝑇 

Surface 

PDMS 113.6 

± 0.6 

111.2 ± 

0.6 

87.6 ± 

1.8 

12.0 0.0 4.5 0.0 -61.8 32.6 

Bacteria 

E. coli  19.1 

± 0.9 

73.3 ± 

0.7 

58.5 ± 

2.0 

25.7 0.0 123.2 0.0 121.9 n/a 

Note: n/a - not applicable. 

Values are means ± SDs of three independent experiments. 

 

Table 4 presents the results of the thermodynamic analysis of PDMS 

coating and E. coli cells based on contact angle measurements. It was 

observed that PDMS is hydrophobic (∆𝐺𝑇𝑂𝑇 < 0 mJ/m2), whereas E. coli 

cells are hydrophilic (∆𝐺𝑇𝑂𝑇 > 0 mJ/m2). From the water contact angle (𝜃𝑤, 

Table 4), PDMS can also be classified as non-wettable since 𝜃𝑤  exceeded 

110° [127]. Regarding the polar surface components (𝛾+ and 𝛾−), results 

showed that PDMS and E. coli cells have monopolar surfaces, being 

electron donors. From a thermodynamic point of view (Table 4), the 
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adhesion of E. coli to PDMS was not expected to occur (∆𝐺𝑏𝑤𝑠
𝑇𝑂𝑇  > 0 

mJ/m2). 

 

 

6.3. Initial Adhesion Assays 
 

For the adhesion assays, the PPFC was mounted in a microscope 

(Nikon Eclipse LV100, Japan) to monitor cell attachment to PDMS in real-

time during 25 min. An E. coli JM109(DE3) suspension of 7.6 × 107 

cells/mL in citrate buffer 0.05 M was prepared and recirculated through the 

PPFC system at 2 or 4 mL/s. Citrate buffer was used to avoid any surface 

conditioning effects that may arise with using conventional culture 

medium. Images were acquired every 60 s with a camera (Nikon DS-Ri 1, 

Japan) connected to the microscope. The microscopic images were 

analyzed by ImageJ software (version 1.38e) to determine the number of 

adherent cells per square centimeter at each time point for each tested flow 

rate. 

Figure 2 shows the initial adhesion results obtained for PDMS for each 

flow rate (2 and 4 mL/s). It is possible to observe that the number of 

adhered cells increased with time for both flow rates, having achieved an 

average value of 1.15 × 106 cells/cm2 after 25 min of experiment. Moreover, 

the number of adhered cells was mostly similar between flow rates during 

the experimental time (P > 0.05 for 92% of the time points). Indeed, the 

initial adhesion rates (IAR) obtained from linear regression of the data 

presented in Figure 2 were very similar: 4.25 x 104 cells/(cm2 s) for the 

flow rate of 2 mL/s and               3.83 x 104 cells/(cm2 s) for the flow rate of 

4 mL/s. Usually, increased flow velocities result in higher adhesion due to 

the increased cell transport to the surface [128]. However, it was not 

surprising that doubling the flow rate did not increase the number of 

attached cells because the higher shear forces may have contributed to 

higher cell detachment or be high enough to hamper the process of initial 

reversible adhesion [92, 129]. 
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Figure 2. E. coli adhesion to PDMS surface at a flow rate of 2 mL/s (●; mimicking 

urinary catheters) and 4 mL/s (○; mimicking ureteral stents). The means ± standard 

deviations (SDs) for three independent experiments for each condition are illustrated. 

Statistically significant differences for a confidence level greater than 95% (P < 0.05) 

are indicated by +.  

 

6.4. Biofilm Formation Assays 
 

Biofilm formation experiments using the PPFC system previously 

described (Section 6.1) were carried out for 24 h. Note that it has been 

reported that biofilms developed in UTDs are completely mature after 24 h 

[130]. Synthetic urine was the culture medium chosen to prepare the E. coli 

suspension [109], which recirculated through the PPFC at 2 and 4 mL/s in 

order to mimic the urine flow behaviour in urinary catheters and ureteral 

stents, respectively. After 24 h of biofilm growth, the PPFC was opened 

and the cells adhered on PDMS were removed through the swabbing 

method [131]. 

The total number of sessile cells on PDMS was determined by 

epifluorescence microscopy by staining the biofilm suspension with 4´-6-

diamidino-2-phenylindole (DAPI; Merck, Germany) [132], while the cell 

culturability was assessed by spreading the biofilm suspension on plate 
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count agar (PCA, Oxoid, England) and incubating at 37ºC for colony-

forming unit (CFU) enumeration. Results of total and culturable cell 

quantification for both hydrodynamic conditions are shown in Figure 3. There 

were no statistically significant differences in the number of total and 

culturable cells between the two flow rates (P > 0.05). The 24-h biofilms 

formed on PDMS slides had on average 1.2 x 108 total cells/cm2 and about 

26% of these cells were culturable, regardless of the flow rate tested. These 

first results seem to indicate that the similar cell amount in E. coli biofilms 

developed under two different flow rates could be associated with the similar 

initial adhesion rates also obtained (Figure 2). 
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Figure 3. Number of total and culturable E. coli cells on PDMS after 24 h of biofilm 

formation at a flow rate of 2 mL/s (■; mimicking urinary catheters) and 4 mL/s (□; 

mimicking ureteral stents). The means ± SDs for three independent experiments for 

each condition are presented.  

The analysis of the biofilm cell number was complemented by their 

observation (Figure 4) and quantification (Figure 5) by confocal laser 

scanning microscopy (CLSM).  
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(A)        

 (B) 

Figure 4. 3D projections of 24-h E. coli biofilms formed on PDMS at a flow rate of 2 

mL/s (A; mimicking urinary catheters) and 4 mL/s (B; mimicking ureteral stents). 

These representative images were obtained from confocal 𝑧 stacks using IMARIS 

software and present an aerial view of biofilm structures, with the shadow projection 

on the right. White bars correspond to 200 µm. 
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(A)    (B)   (C) 

Figure 5. Biovolume (A), average thickness (B) and roughness coefficient (C) of 24-h 

E. coli biofilms formed on PDMS at a flow rate of 2 mL/s (■; mimicking urinary 

catheters) and 4 mL/s (□; mimicking ureteral stents). These quantitative parameters 

were obtained from confocal image series using the COMSTAT2 tool associated with 

the ImageJ software. The means ± SDs for three independent experiments for each 

condition are presented. 

This microscopic technique is a valuable tool for the study of biofilms 

developed on different surface materials, including those used in medical 

devices [133], as it allows the 3D visualization of fully hydrated, living 

specimens. In this work, the 24-h biofilms formed on PDMS surfaces 

placed inside the flow chamber were counterstained with Syto61 
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(Invitrogen, USA), a cell-permeant fluorescent nucleic acid stain, and 

observed using a Leica TCS SP5 II CLSM (Leica Microsystems, 

Germany). Three-dimensional projections of biofilm structures were 

reconstructed using the “Easy 3D” tool of IMARIS 8.4.1 software 

(Bitplane, Switzerland) directly from the xyz images series. Figure 4 

presents representative CLSM images of biofilms developed on PDMS 

when exposed to a flow rate of 2 (Figure 4A) and 4 mL/s (Figure 4B). The 

two images are clearly similar, with thick biofilms with a dense and 

smooth appearance obtained at both flow rates. 

Regarding quantification of biofilm structures, the COMSTAT2 tool 

associated with the ImageJ software was used to measure the biovolume 

(μm3/μm2), the average biofilm thickness (μm) and the roughness 

coefficient (Figure 5). Briefly, the biovolume is the overall volume 

occupied by the biofilm and an estimate of the biomass in the biofilm 

[134]. The average biofilm thickness provides a measure of the spatial size 

of the biofilm, while the roughness coefficient is a measure of variation in 

biofilm thickness across the field of view, giving an indication of biofilm 

heterogeneity [134].  

The biovolume, thickness and roughness of the biofilm were 

maintained with increasing flow rate (P > 0.05, Figure 5), which reinforced 

the visual inspection of the biofilm structures (Figure 4). 

When comparing all parameters obtained for the biofilm formed under 

two distinct hydrodynamic conditions (one that mimicked urine flow within 

urinary catheters and another that simulated fluid in ureteral stents), they 

were consistent with each other and follow the trend dictated by the adhesion 

results. Therefore, this study performed with the PPFC system suggests that 

the profile of initial adhesion can be used to estimate biofilm growth in urinary 

tract medical devices such as urinary catheters and ureteral stents. 

 

 

CONCLUSION 
 

PDMS has been widely used in the manufacture of urinary catheters 

and ureteral stents due to its outstanding properties. However, serious 
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complications are still arising due to biofilm formation on the surface of 

these indwelling devices. In the last years, numerous studies have been 

conducted in order to improve the antimicrobial and antifouling properties 

of PDMS-based surfaces. According to collected data, different strategies 

including the release of antimicrobial agents, contact-killing and anti-

adhesive coatings, and surfaces that cause disruption of biofilm 

architecture by matrix degradation or quorum sensing interruption, have 

been proposed to prevent or delay biofilm formation on PDMS surfaces.  

Despite the multiplicity of antibiofilm coatings for PDMS-based 

urinary devices, there is a need to develop new effective strategies, 

particularly for ureteral stents, where research in antibiofilm coatings is far 

less developed.  

Flow cells are attractive in vitro platforms to evaluate biofilm growth 

on potential antimicrobial and antifouling surfaces under dynamic 

conditions. The experimental approach explored in this chapter showed the 

importance of using PPFCs in the investigation of cell adhesion and 

biofilm formation. Additionally, the PPFC results revealed that initial 

bacterial adhesion can be used to estimate biofilm growth in urinary tract 

devices such as urinary catheters and ureteral stents. 
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ABSTRACT 
 

The development of PDMS structures emerges versatile and practical 

applications into industry, biology, medicine, and chemistry. This 

material is magnificently introduced in biological and medical researches 

due to its analogous to confined scales of cells and biomolecules 

dimensions, transparency for applying optical methods, biocompatibility 

and nontoxicity, possibility of applying different approaches for making 

the surface hydrophilic and cell adhesive, high conformality with cells 

and other biostructures, gas permeability for transfer of nutrients and 

oxygen, and flexibility. So, these properties make PDMS an excellent 

candidate for understanding the complex biological behaviors, which may 

be impossible to be investigated by other techniques, and for cutting-edge 
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bio-applications. Therefore, there is a growing interest in utilizing PDMS, 

driven by the demand of versatile strategies to cell-based assays 

biosensors, drug delivery, chemical biology applications, and cell 

differentiation. Besides, combining the plasmonic and PDMS structures 

has led to the generation of various approaches for thermal therapy, drug 

delivery, imaging and sensing applications. 

 

 

1. INTRODUCTION 
 

The continuous growth and development of new materials and novel 

structures creates up-to-date applications. During the past decades, 

emergence of novel substances and modern technology led to explosive 

growth of microfluidic as a potential field in multifunctional technologies 

such as biochemical [1-3], biological [3-6], clinical [7, 8] and medical 

studied [2, 9, 10]. By considering the capability of these systems to confine 

the liquids on the micrometer or even smaller scales close to the cell 

dimensions, this technology has exhibited great potential for understanding 

the sophisticated or impossible biological function [11-14]. Furthermore, 

microfluidic-based fabrication techniques are an enabling tool for 

mimicking the tissues and organs [15, 16]. The existing crucial challenges 

in tissue engineering such as the shortage of an organized system for 

conduction of oxygen and nutrients, and analysis of position, orientation, 

and metabolic of ambient cells in vasculature networks were solved [3, 16-

19]. Currently, the majority of these devices are fabricated from inorganic 

materials in industry such as in silica or glass [6, 20-22], metals [23, 24], 

and semiconductors [25, 26]. These materials would be selected for ease of 

deposition, high thermo-conductivity, excellent strength, and mature 

processing. However, hardness of them, high cost of fabrication, resistance 

to organic solvent for functionalization, and not being gas permeable have 

kept them away from various applications like long-term cell culture [6, 

27]. On the other hand, the motivation of elimination of such limitations 

leads to the introduction of elastomers and plastics as a promising and 

efficient mean for broader biological applications [20, 27-30]. The vast 

variety of polymers makes them an excellent candidate for bio-molecular 

studies [30-33], drug delivery [34-37], and bio-sensing [38-40]. Based on 
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physical properties of the polymers, they are classified into three groups of 

elastomers, thermoplastics and thermosets as follows: 

 

A.  Elastomers: Elastomers are loosely cross-linked polymers, which 

are particularly entangled. By applying external force to this 

material, they can be stretched easily, but return to their original 

shapes when the force or stress is removed. They display weak 

inter-molecular forces and their Young’s modulus is low. 

Polydimethylsiloxane (PDMS) is one of the most interesting 

elastomers because of the excellent optical transparency, ease of 

fabrication, bonding property to other substrates and elastomeric 

features. In spite of hydrophobic nature of PDMS, plasma 

exposure makes its surface hydrophilic. In contrast to glass, 

silicon, and other hard materials [(e.g., poly (methylmethacrylate) 

(PMMA) and polycarbonate (PC)], PDMS is gas permeable which 

is crucial for long-term cell culture and its surface is compatible 

for cell culture. 

B.  Thermoset polymers: Thermosets consist of irreversible chains, 

which are bound together when they are cross-linked. Lack of 

melting and swelling are their obvious properties. These materials 

are not suitable for long time cell culture.  

C.  Thermoplastic polymers: Thermoplastics are polymers which 

remold multiple times by reaching glass transition temperature. 

Their main feature is high cross-linking and preservation of their 

shape after cooling [6]. Higher cross-linking makes these material 

less flexible and more rigid than elastomers [41]. Unfortunately, 

not as convenient as PDMS, these polymers do not exhibit 

conformal contact with other surfaces such as biological cells [6]. 

Polystyrene (PS), PMMA and PC are the most common 

thermoplastic polymers. In addition, thermoplastic polymers such 

as poly(methylmethacrylate) (PMMA), polycarbonate (PC), 

polystyrene (PS) that are used as a resist in T-NIL hardly satisfy 

excellent mold releasing properties during the de-molding process 
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and simultaneously compromise adhesion of mold to the substrate. 

This creates defects in patterning process [42]. 

 

Consequently, among polymers, elastomers especially PDMS has 

showed great potential for microfluidic systems which are suitable for 

biological and cell culture applications. Due to the significant properties of 

PDMS, this material could open a new window for the investigation of cell 

interactions and behaviors in bio micro-technologies, which enables the 

simulation of in vivo structures in a minimized size [18, 43, 44]. 

Fortunately, in spite of other polymers such as thermoplastic and thermoset 

polymers, PDMS conveniently exhibits conformal contact with other 

surfaces even non-flat surfaces like biological cells [45, 46]. In addition, 

PDMS has attracted great attention because of its capability for patterning 

cells on large superficial areas that offers biocompatibility [6, 47, 48]. This 

material has high transparency, which is suitable for observations of 

morphological features of cells [48, 49]. Furthermore, the molecular 

weight of PDMS is low that provides portable point-of-care medical 

product [50]. In addition, mechanically flexible and bendable substrates 

compared with rigid substrates such as silicon and glass offers significant 

advantage in different medical and biological domail [6, 28]. 

Consequently, the integration of functional high-performance PDMS into 

biological applications makes it an excellent candidate for biosensors. In 

2012, Perez Leonardo and his colleagues [51] developed a micro-pressure 

sensor in the electrode array, which is applicable in cochlear implant. Ease 

of patterning via soft lithography as a substantial approach for prototyping 

of PDMS systems is considered as minimized platforms for tests in 

chemistry and biology [52, 53]. On the other hand, the development of 

plasmonic systems as an active area has emerged growing integrated 

biosensors [54-57]. Combining the plasmonic nanostructures and 

microfabrication has allowed promising applications particularly powerful 

analytical tools with highly sensitive and real time detection of biosamples 

such as protein and biomolecules, which play a central role in various 

cellular activities [58-60]. Aiming to reflect the trend in PDMS, we focus 

on the progress of PDMS as a motivating research area after its debut in 
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1990s especially in biological domain. First, this study presents the 

development of biological, physical, and chemical characteristics of PDMS 

employed for biomedical applications and continuously its applications 

would be discussed.  

 

 

2. BIOLOGICAL, PHYSICAL,  

AND CHEMICAL CHARACTERISTICS OF PDMS 
 

2.1. Biocompatibility and Nontoxicity of PDMS 
 

PDMS suggests new opportunities for plenty of structures with cell or 

subcellular size that makes it attractive for development of cell-based 

assays. Compared with the inorganic and silicon materials, PDMS was 

proved to be non-toxic and biocompatible. Ref. [61-63] provide the proof 

for this fact. Extensive nature of PDMS as a substances capable to 

sterilization and cell culture make it formidable and promising material for 

current and future biological applications. As we know, sterilization is one 

of the most prominent processes of cell culture that intensifies the isolation 

of cell lines and culture medium from unwanted growth of bacteria, 

microbes, etc. [64]. Alvaro Mata et al. [65] has implemented tests based on 

prevalent approaches for sterilization using ethanol (EtOH), ultraviolet 

light (UV), and steam autoclave (AS) and diverse PDMS (Sylgard 184) 

prepolymer and cross-linker were combined at various weight ratios (as 

PDMS1, PDMS2, PDMS3, PDMS4 and PDMS5, corresponding to 5.7, 

10.0, 14.3, 21.4, and 42.9 wt.% cross-linker, respectively). Since the 

evaluation of structure erosion depends on geometrical and surface 

properties, their SEM studies have not demonstrated any significant 

variation in patterns, roughness of surface, and hydrophobicity except for 

one specimen. Different formulations of PDMS have shown validity for 

biomedical applications. Furthermore, as the culture media contain 

nutrients and physical growth parameters necessary for microbial growth, 

Mata and et al. [65] have investigated the influence of cell culture media 

(α-MEM (Minimum Essential Medium), Gibco, Grand Island, NY) on 

chemical compounds of PDMS using analysis of X-Ray photoelectron 
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spectroscopy. Obtained results implies that surfaces of 5 PDMS specimens 

has not shown major distortion after media immersion except for the 

presence of nitrogen (N) (2.0% on PDMS3 to 6.0% on PDMS1), and an 

increase in the O/Si ratio and it is likely for the deposition of existed 

ingredients upon exposure to the α-MEM Minimum Essential Medium 

such as amino acids [65]. In addition, PDMS has attracted a lot of attention 

since applying temperature gradients does not make it damaged. 

Specifically for the biological applications where the temperature between 

40 to 95oC is required for processing of substances. Another point about 

PDMS that introduces this known material as a nontoxic biocompatible 

substance is based on this fact that approximately none of the references 

has declared any different types of toxicity for this material [66, 67]. 

Consequently, this material is suitable for the studies of tissue, cell [68-69] 

and proteins [70, 71] because of being nontoxic and gas permeable [44, 

72]. Tables (1-3) demonstrate the effects of different toxicities including 

acute oral, acute dermal, inhalation, and skin irritation. As we observe, 

approximately no serious hazard was reported.  
 

Table 1. The impact of PDMS rates on acute oral  

and acute dermal toxicity 
 

Toxicity type Species PDMS 

viscosity 

Hazard rating, LD50 

(mg kg-1) 

Refe- 

rences 

Acute oral toxicity Rat 1000 ≤ 4800 [66] 

Acute oral toxicity Rabbit/dog/cat 140 ≤ 9800 [66] 

Acute dermal 

toxicity 

Rabbit (Male 

New Zealand) 

350 No adverse effect at 24h, 

LD50 is ≤19400 mg kg-1 

[66] 

Acute dermal 

toxicity 

Rabbits 0.65-

1000000 

LD50 is ≤1020mg kg-1 [67] 

 

Table 2. The effects of PDMS rates on inhalation toxicity [66] 

 

Toxicity type Species PDMS materials Hazard rating, LD50 

(mg kg-1) 

Inhalation 

toxicity 

Wistar rat PDMS(10000 cs) aerosol in 

25%solution in white spirit 

No observed adverse effect, 

LC50: 4h ≤ 11582 mg m-3 

Inhalation 

toxicity 

Wistar rat Aerosol of 10000 cs PDMS 

fluid 25% solution in 

dichloromethane 

No observed adverse effect, 

LC50: 4h ≤ 695 mg m-3 
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Table 3. Influence of PDMS on skin irritation [66] 

 

Toxicity 

type 

Species PDMS 

viscosity 

(cs) 

Volume 

(ml) 

Application 

type 

No. of 

applica-

tions 

Duration 

(days) 

Effec

ts 

Skin 

irritation 

Rabbits 100 0.5 Applied to 

the ears 

under an 

occlusive 

dressing 

1 1 Non 

irritat

-ing 

Skin 

irritation 

Guinea 

pig 

100 0.5 Draize 

method, 10 

times per day 

10(daily) 15 Non 

irritat

-ing 

 

 

2.2. Flexibility and Conformality to Non-Flat Surfaces 
 

In spite of other materials such as glass, silicon, and hard plastics, 

PDMS has additional advantage that produce a Van der Waals contact 

(conformal contact) with smooth and non-flat surfaces such as proteins, 

cells, or biomolecules [73]. Comparatively, PDMS has displayed high 

conformality with most of the materials. Besides being conformal to non-

flat and flat surfaces, flexible PDMS biostructures provide several 

advantages such as lower invasiveness, portable point-of-care medical 

product, light-weight, low cost, stretch ability, transparency, capability of 

implantation and compressed recognition structure [6]. Integration of 

simpler procedure of fabrication and manipulation of PDMS surface 

characteristics (e.g., replica molding, casting, injection molding, and 

embossing) onto mechanically flexible and bendable substrates compared 

with rigid substrates such as silicon and glass [70, 74-78] offer significant 

advantage in different biological fields especially where fragile materials 

would fail. Also, diverse fabrication methods including nanoimprint 

lithography, electron-beam lithography, dip-pen lithography, scanning 

probe lithography, and near-field optical lithography have been developed 

which can create two- or even three dimensional nanoscale structures. 

Among these methods, there is a growing interest in utilizing of 

nanoimprint lithography [79]. Nanoimprint lithography makes it possible 
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to replicate nanostructures from a nano- or micro-scale molds to a 

light/thermal sensitive polymer resist layer by light or heat. Particularly, 

nanoimprint lithography based on heat has shown greater demand due to 

its potential to replicate nanostructures in the polymer and sol–gel derived 

oxide films [77, 78, 80]. In 2017, Ramendra K. Pal et al. [28] reported a 

patterned conducting polymer PEDOT:PSS on thin photo curable PDMS 

membranes via an ink consisting of polymer and a bio-friendly silk protein 

carrier. This flexible PDMS-based biosensor has the capability of 

entrapping bio-recognition molecules such as dopamine and ascorbic acid 

besides glucose. Its flexibility is significantly crucial for applications with 

involvement of soft and mechanically compliant surfaces [28].  

 

 

Figure 1. Fabrication of flexible PDMS-based biosensor for biomolecules recognition 

[28]. 

 

2.3. Transparency of PDMS 
 

As we know visible, near infrared and infrared regimes (VIS-NIR and 

IR) are the most applicable spectrum in biotechnology for optical detection 

approaches. PDMS is transparent in over a large frequency domain of 

visible/UV regions (>95%) [81]. Fig.2 shows the spectrum of PDMS with 

the optical loss in dB/cm. As we see, in the range between 400 nm and 

1100 nm approximately no significant loss is observable. This 

characteristic not only provides the reduction of losses but also makes it a 

suitable material for optical methods [82].  
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Figure 2. Loss in dB/cm in a PDMS sample [82]. 

 

2.4. Exposure to High Energy Treatment for Hydrophilicity  
 

In spite of hydrophobic nature of PDMS (contact angle ~110° and 

water contact angle ~108°  ±  7°) [18, 83, 84], applying oxygen plasma, 

UV/ozone treatment, polyelectrolyte multilayers (PEMs), chemical vapor 

deposition, silanization to PDMS makes its surface hydrophilic or more 

significantly, let PDMS be sealed to diverse polymers [85, 86]. Table.4 

describes the effect of these methods on hydrophobicity, stability, 

longevity, biocompatibility, and mechanical and optical properties of its 

surface. 

However, hydrophilic microstructures offer numerous advantages with 

respect to the hydrophobic structures such as increasing cell adhesion to 

the surface or less air trapping during filling with aqueous solutions or 

mixtures of aqueous and organic solutions [8, 87]. This has led many 

groups to devise different methods to render the PDMS surface hydrophilic 

and resistant to biomolecules adsorption [85]. Alvaro Mata et al. [65] have 

improved the bonding quality of PDMS to other surfaces by oxygen 

plasma supply, while applying air recovery for the hydrophobicity. 
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3. PDMS IN BIOLOGICAL APPLICATIONS 
 

In addition to above-mentioned properties, PDMS proposes the 

structures with intrinsic dimensions that are comparable with the length 

scales of eukaryotes and prokaryotic organisms, organelles, proteins, DNA 

and length scales for diffusion of CO2 or O2 into tissues [87]. There is a 

growing interest in utilizing PDMS, driven by the demand of versatile 

strategies to interface microfluidics with cell-based assay biosensors [69, 

88-90], proteins [91-93], and DNA [94-97]. We organized some of these 

utilities into categories; summarize them below. 

 

Table 4. Introduction of different approaches for making the PDMS 

surface hydrophilic and its effects on other parameters [8] 

 

Approach WCA(0) Throughput/ 

Stability 

Shelf Life 

(Longevity) 

Biocom-

patibility 

Optical/ 

Mechanical 

effect 

Plasma treatment 50-60 Current process Low (≤3 days) High Cracking 

possible 

Grafting-to (e.g., plasma, 

silanization) 

≤10-100 Low-medium(2-

7 added steps) 

Medium (14-

47 days) 

Not 

reported 

Likely not 

affected 

Grafting-from (e.g., 

SI.ATRP) 

10-80 Very low (many 

added steps) 

Medium-High 

(up to 3 month) 

Not 

reported 

Likely not 

affected 

Physisorption 15-90 Low(one-many 

added steps) 

Typically low Not 

reported 

Likely not  

affected 

Past studies with block 

copolymer(BCP) addition 

to other pre-I polymer 

additives 

63-104 Very high; no 

added steps 

Not reported; 

BCP or other 

additives 

dependent 

Not 

reported 

Likely not 

 affected 

A past study using 

PDMS-b-PEO addition 

21.5-

80.9 

Very high; no 

added steps 

2 months Not 

reported 

Likely not  

affected 

Current study-Addition of 

a PDMS- PEG BCP with 

optimized processing 

≤10-20 Very high; no 

added steps 

Very high(up 

to 20 months) 

High None when  

well-

designed 

 

 

3.1. Chemical Biology 
 

Several approaches have been proposed for introducing, pumping, 

isolation and manipulation of materials or cellular organism on the chips 
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such as electroosmosis and microvalve [99, 100]. However, these two 

methods introduce some obstacles to control. Quake et al. [101] have 

devised a method based on soft lithography that is able to fabricate 

pneumatically activated valves. PDMS systems provide the facility of 

studying the interactions between proteins, cells and molecules in a 

multiplexed format. In 2007, Zhuangzhi Wang’s team successfully 

reported the use of PDMS channels and surface plasmon resonance (SPR) 

imaging method to study the responses of DNA aptamer-human 

Immunoglobulin E (IgE) [102]. Furthermore, controlling the laminar 

streams of fluids produces the gradients of biostructure mixtures. On the 

contrary, other techniques such as gradients with complicated profiles and 

gradients of gradients cannot provide the gradients of combinatorial layout 

including immobilized biomolecules on surface [103-105]. In other words, 

PDMS not only makes it possible to simulate the natural environment 

especially tissue extracellular matrices with similar geometries [106] but 

also allows to study the cell behavior in response to the biochemical 

signaling factors. Gunawan et al. [107] explored the migration and polarity 

of rat intestinal IEC-6 cells on gradients of extracellular matrix proteins as 

well as demonstration of laminin gradients on migration of rat IEC-6 

intestinal crypt-like cells. Moreover, another useful property of PDMS 

networks is the isolation of single cells that makes it possible to survey the 

biochemistry and biophysics of single cells [101]. Ochsner’s team have 

developed a 3D fabricated array to control endothelial cells. This system 

has the capability to be used for other basic biological studies and cell 

monitoring tests [108]. In 2019, Gao et al. [109] have presented a 

minimized model of cellular microenvironments via creation of arrays of 

microcavities coated by various proteins. Recently, Kenneth H. Hu et al. 

[110] have proposed a model in which precise spatiotemporal control was 

accomplished using an atomic force microscope (AFM) that delivered the 

ligands and blocked the cell-surface receptors.  
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Figure 3. Bio applications of PDMS. From left to right: (a)Fabrication of a 

microstructured six-channel slide by microscale plasma-initiated protein patterning 

(μPIPP) technique [2]. (b)Fabrication of Miniature Surface Plasmon Resonance Sensor 

for cell adhesion studies and the detection of the cellular interaction [98]. (c)New cell-

imprint surface modification techniques based on cell-imprint surface modification 

techniques based on direct-cell photolithography and optical soft lithography using 

PDMS [47].(d) Synthesize of size-tunable polymerized DNA nanoparticles (PDNs) for 

cancer-targeted drug delivery by sequential processes of rolling circle amplification, 

condensation, and layer-by-layer assembly [49].(e) Fabrication of 2D plasmonic 

biosensor for study of membrane depolarization by infrared laser stimulation [79]. 

 

3.2. Drug Release 

 

It is recognized that polymers coating on drug eluting stent (DES) 

enables controlled and local drug delivery [111]. In 2008, Simmons et al. 

[112] studied the biostability and biological operation of a siloxane-based 

polyurethane elastomer (E2A) that had accompanied a therapeutic drug 

known as dexamethasone acetate (DexA). The research has not reported 

any significant alteration in biocompatibility of the system (i.e., 

biostability). In 2010, A. Scott et al. [113] suggested PDMS composite 

embedded Au nanoparticles in various forms of gels, foams and films. 

They have utilized these nanocomposites for water filtration, eliminating 

pollution and releasing the dye fluorescent as a platform for drug delivery. 
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In 2018, a model for drug containing structures was suggested by Jenny 

Holländer et al. [114] in which they combined 3D printing technique and 

UV-assisted crosslinking technology using UV-LED light. In 2019, 

N.Nagai et al. [115] reported a drug filling system consisting of PDMS 

silicon reservoir and an injectable gelatin/chitosan gel (iGel) for retina 

patients. This drug was successfully tested and could be a promising tool to 

administer the drugs for long-term. In 2019, Keonwook Nam have devised 

a method for synthesis of size-tunable polymerized DNA nanoparticles for 

cancer drug delivery by successive procedure of rolling circle 

amplification(RCA), generation of polymerized DND micro particles 

(PDMs), their condensation and layering with targeting moiety [49].  

 

 

3.3. Cell Differentiation 

 

The construction and analysis of systems suitable for mimicking the 

organ reconstruction ready for implantation is essential [116, 117]. 

However, there are numerous factors to be considered in developing such 

networks and implants for example the charge of surface and being 

commercially available modified cell culture plates [48]. To overcome 

these problems, several groups have investigated populated cells on 

different patterned surfaces to conduct more desirable cell growth [17, 

118]. PDMS has triggered valuable and excellent topographic 

modification, surface patterning, cell positioning on desired areas, promote 

contact with proper targets, and differentiation [48, 119]. In 2008, 

implemented surface modification of PDMS proposed by Sun-Jung Kim et 

al. [19] has controlled the proliferation and differentiation of umbilical 

cord blood-derived mesenchymal stem cells (UCB-MSCs). This study has 

opened up a new insight into stem cell therapy. In 2010, Béduer et al. [120] 

studied the effects of micropatterns and molecular coating for neuronal 

cells (Neuro2a cell line) growth and the differentiation on PDMS substrate. 

They utilized the carbon nanotube coating and optimal patterns which 

resulted in the differentiation rate close to 100%. In 2019, Kavand et al. 

[47] have presented a new approach for cell-imprint surface modification 

https://www.sciencedirect.com/science/article/pii/S0378517317310712#!
https://www.sciencedirect.com/science/article/pii/S0378517317310712#!
https://www.sciencedirect.com/science/article/abs/pii/S0939641118312931#!
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/silicone
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in which direct-cell photolithography and standard optical contact 

lithography process were used to imprint mesenchymal stem cells. 

 

 

3.4. Sensing 
 

The development of a vehicle for real-time and non-invasive analysis 

of biostructures that would generate hazard health risks or could be 

susceptible to danger seems necessary. PDMS-based platform is one of the 

best elements for sensing these biological hazards that threaten health 

condition, or require to be displayed following status of patient [121-123]. 

In 2003, Paranjape et al. [121] fabricated a bi-layer PDMS dermal patch 

for transdermal glucose sensing. Asadishad et al. [124] have optically 

described the impact of addicting nicotine chemical on colon cells cultured 

on a 2D plasmonic chip. In 2013, Zuo et al. [20] integrated a hybrid layout 

with graphene-oxide biosensors that have showed great potential for the 

detection of a wide variety of bacterial and viral pathogens. In 2019, 

Nootchanatet et al. [98] has focused on the fabrication of a novel plasmo-

nanomechanical optical biosensor placed in a microfluidic channel as a 

new tool for cell adhesion studies and the detection of the cellular 

interaction. Recently, Asadishad et al. [125] have successfully investigated 

the effects of addicting methadone and tramadol drugs on mesenchyme 

cells that have receptors of pain.  

 

 

3.5. Plasmonic Platforms 
 

The ability of nanoimprint lithography for fabrication of structures 

with arbitrary geometries has considered as a mainstream of fabrication 

methods in semiconductor industry. The increasing development of new 

tools and techniques has brought this innovatory method into some areas of 

emerging fields of research from photonics to biotechnology [126, 127]. 

On the other hand, recent advances in plasmonics has attracted an outburst 
attention for a wide range of applications in biosensing [128-132], photo 
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thermal therapy [132-135], environmental and agricultural pollutants [136, 

137], drug delivery [138-140], and imaging [141-143]. By considering the 

ability of this technology beyond diffraction limit, possibility of 

confinement of electromagnetic fields at subwavelength scale close to bio 

particles, being label-free and real-time, and signal enhancement, the 

implementation based on plasmonic resonance could open a new avenue 

for detection of bio particles and bio approaches at the molecular level [79, 

131]. Nanoimprint lithography is becoming mature technology as a 

potential platform for patterning at the nanoscale with high throughput and 

controlled precision especially for manufacturing the grating coupled 

nanostructures that play an important role in bio-plasmonic platforms [144-

149]. In addition, the challenges of grating fabrication have undoubtedly 

led to an upsurge in the investigation of various soft polymers as a 

patterned substrate and nanoimprint lithography as an attainable approach 

with high resolution, parallel, high throughput and moreover economical 

process [150]. As mentioned before, PDMS acts an excellent candidate for 

this purpose. Consequently, there is a plethora of examples in the literature 

that proves the potential effect of grating plasmonic structures and nano-

biosensor tools for utilization in cell biology [151-154]. In 2016, 

Kahraman et al. [154] presented a convenient and novel model comprising 

the combination of soft lithography and nanosphere lithography in which 

they used size tunable and mechanically flexible PDMS latex coated by 

Ag. They have shown that high SERS enhancement could be a great 

promising mean for detection and characterization of proteins.  

Combination of polymer compounds and nanostructures have indicated 

great potential for targeted drug delivery. Nanostructures could be used for 

broad range of applications where polymer network keeps the 

nanoparticles stabilized [113]. They use their harnessed photothermal and 

biocompatibility properties coupled with thermal and elastic characteristics 

of PDMS polymer [155, 156]. The photothermal effect could be adjusted 

by controlling the morphology of plasmonic structures [157]. Recently, the 

use of nanostructure-composited polymer as a plasmonic heat patch was 

proposed for bioapplications such as photothermal tumor therapy, 

bioimaging, and drug delivery [157-160]. In 2019, Saeidifard et al. [79] 
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have studied the membrane depolarization of Hep-G2 and mesenchymal 

cells cultured on 2D plasmonic chip by nanoimprint lithography under 

infrared laser irradiation without any need for functionalization. They have 

utilized photothermal impact of plasmonic layer coated on 2D chip for 

detection of the membrane activity which relied on changes of refractive 

index in the vicinity of the gold surface. Furthermore, neural cell activity 

based on different mechanisms could be assessed by nanostructures. 

Sohrabi et al. [161] have proposed a prototyping methodology by which 

they could record the neural activity of the cerebellum tissue slice cultured 

on a flexible plasmonic interface under electrical and chemical 

stimulations. In 2019, Asadishad et al. [162] have intensified the coupling 

of plasmonic hotspots of Au nanostructures and fluorophore from the green 

fluorescence proteins. In 2019, Nootchanat et al. [98] has fabricated SPR 

chips based on PDMS for detection of human immunoglobulin G.  

 

 

CONCLUSION 
 

In summary, we portrayed PDMS polymer as a bio-friendly 

composition whose physical, optical, mechanical, biological, and chemical 

properties make it an excellent candidate for biomedical, biochemical, and 

cell studies. PDMS is a particularly attractive material for fabrication of 

cell culture platform due to its flexibility, biocompatibility, transparency, 

permeability to gases, and ease of patterning. In addition, its high gas 

permeability and optical transparency enables easy on-chip cell culture and 

detection, respectively. Furthermore, advances in soft lithography has 

opened up possibility for surface patterning, thus facilitating desired forms 

and dimensions. Mentioned argues provide a number of advantageous 

features for drug delivery, cell differentiation, sensing, and biochemistry 

fields. In addition, the combination of PDMS and plasmonics has emerged 

as a promising concept for drug delivery, intensified photothermal effect, 

stimulation of cell, and optical imaging methods. 
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ABSTRACT 
 

In this study, a hybrid material of titanium dioxide and 

polydimethylsiloxane (TiO2-PDMS) was obtained and characterized 

using a sol-gel and electrospraying method. The micrographs revealed the 

formation of spherical microparticles 3.8 μm in diameter. Infrared 

spectroscopy (FTIR) showed bands at 920 and 612 cm-1, indicating the 

formation of Ti-O-Si and Ti-O-Ti-O bonds. The contact angle was 103°, 

which corresponds to a nonpolar material. TiO2-PDMS presented a 

decomposition start temperature at 240°C, obtained by thermogravimetric 

analysis (TGA). Subsequently, its adsorption capacity was evaluated for 

                                                      
* Corresponding Author’s E-mail: cristian.carrera@correo.uady.mx. 
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the removal of benzene and naphthalene using solid-phase 

microextraction (SPME) with a liquid chromatography-ultraviolet 

detector (HPLC-UV). Different polarity elution solvents were compared, 

and the adsorption capacity was determined at different concentrations 

while maintaining a fixed amount of adsorbing material. The micrographs 

revealed the formation of uniform spherical microparticles of 3.8 ± 0.7 

µm. The FTIR analysis of the hybrid composite material showed bands at 

920 and 612 cm-1, indicating the formation of Ti-O-Si and Ti-O-Ti bonds. 

The highest extraction percentages for benzene and naphthalene were 47 

and 84%, respectively, with a relationship of analytes to synthetized 

absorbent material of 2 ppm in 25 mg. These results indicate that the 

hybrid material obtained could be viable as an adsorbent and that the 

optimization of the process could reduce both cost and analysis time. 

 

Keywords: electrospraying, polydimethylsiloxane, titanium dioxide, 

benzene, naphthalene 

 

 

INTRODUCTION 
 

Polycyclic aromatic hydrocarbons (PAHs) are important industrial 

chemicals used worldwide and are involved in various chemical reactions. 

Recently, their presence has become ubiquitous as pollutants in outdoor 

and indoor environments. In terms of their toxicological properties, many 

countries have introduced legislation about their maximum concentration 

in drinking water (Qi et al. 2008). 

Naphthalene and benzene are priority pollutants because of their high 

human toxicity at even low concentrations. Naphthalene is extensively 

used in 2-naphtol synthesis, pigments and precursors for various dyestuffs 

(Olmez-Hanci, Kartal, and Arslan-Alaton 2012), and benzene is a powerful 

industrial solvent used in the manufacture of explosives, rubber, lubricants, 

paints and dyes, among others (E. Popek 2017). Both naphthalene and 

benzene exposure may damage or destroy red blood cells and the central 

nervous system and cause hemolytic anemia, acute leukemia and cancer in 

humans (Smith 2010; Tavakoly Sany et al. 2014). Therefore, there is  
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increasing interest in the development of a specific analytical procedure to 

measure these aromatic hydrocarbons in environmental water. 

Many techniques have been investigated for naphthalene and benzene 

removal from water, including chemical oxidation, reverse osmosis, 

microbial degradation, biofiltration, bioreactors, solvent extraction, 

adsorption and photocatalytic processes (Andas et al. 2014; Rubio-

Clemente, Torres-Palma, and Peñuela 2014). For commercialization of 

organic compound removal/degradation, adsorption by solid phase 

microextraction (SPME) is the most appropriate system, as this technique 

offers several advantages, such as high selectivity, applicability to trace 

levels and good reproducibility. However, solid phase microextraction is 

still laborious, time-consuming, and expensive, and a concentration step 

through solvent evaporation is often required, which can result in the loss 

of volatile components (Qi et al. 2008). In addition, despite the existing 

technological development, today’s commercial coatings for SPME do not 

cover the full range of requirements for the separation and extraction of 

analytes of interest, which makes it necessary to continuously search for 

new adsorbents for this technique that improve efficiency and optimize 

both cost and analysis time. 

That is why synthesized coatings have gained interest among 

researchers. Polymeric nanomaterials are one type of coating that can be 

synthesized by different techniques, such as drawing, template synthesis, 

phase separation, self-assembly, and electrohydrodynamic techniques. 

These electrohydrodynamic techniques, namely, electrospinning and 

electrospraying, are powerful approaches for developing materials with 

morphological features suitable for several applications. The incorporation 

of nanoparticles allows the generation of multifunctional materials that can 

be used in different applications ranging from filters for pollutant removal 

to wound dressings. Regarding pollutants, metal oxides (mainly ZnO and 

TiO2) are the most promising nanoparticles (Rodríguez-Tobías, Morales, 

and Grande 2016).  
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Comparing electrohydrodynamic techniques, the electrospraying 

process enables a higher nanoparticle surface area prone to act as 

antibacterial agents or degrading materials, regardless of the presence of 

aggregates obtained in most cases. On the other hand, certain nanoparticles 

promote other specific properties, such as thermal stability, original 

crystallization behavior, and enhanced mechanical properties, which can 

lead to the diversification of polymeric/nanoparticle-based materials 

(Korina et al. 2013; Rodríguez-Tobías, Morales, and Grande 2016). 

TiO2 has been extensively used as an adsorbent for aromatic compound 

removal due to its photocatalytic properties, low cost, improved activity 

over a large pH range, and long-term stability (Rubio-Clemente, Torres-

Palma, and Peñuela 2014; Wang et al. 2014). As an example, carbon 

nanotube-doped titanate nanotubes have been used as catalysts for the 

degradation of benzene (Tang et al. 2011). Titanium-based nanocomposites 

and metal oxide nanoparticles with large surface areas are advantageous 

for adsorbing and degrading organics at even low concentrations (Tunçal 

and Uslu 2015). In addition, TiO2 can not only decompose organics but 

also kill bacteria and other microorganisms (Yang et al. 2016). 

Zhang et al. 2008 designed a solid phase extraction system (SPME) 

that replaces the conventional cartridge with a micropipette tip, in which a 

bed of fibers obtained by electrospinning from polystyrene and polymethyl 

methacrylate is deposited. The system was used to investigate the 

extraction of hydrocortisone, cortisone acetate, ethinylestradiol and 

estradiol in human hair samples. In this work, it was found that when the 

tip was used for the detection of cortisol in human hair, the pretreatment 

efficiency of the biological sample was better than that of the traditional 

method of SPME (Zhang et al. 2008). Based on the above, this work 

focuses on the study of the physicochemical properties of a hybrid material 

based on titanium dioxide and polydimethylsiloxane (TiO2-PDMS) and its 

capacity to adsorb two aromatic compounds (benzene and naphthalene) 

from water by using the micropipette tip method described by Zhang et al. 

2008. 
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MATERIALS AND METHODS 
 

Materials 
 

The following analytical grade reagents were used: titanium 

tetrahydrofuran (TIPT, Sigma Aldrich), polydimethylsiloxane with 

terminal hydroxyls (PDMS-OH, Sigma Aldrich, MW: 550 g / mol), 

tetrahydrofuran (THF, JT Baker), nitric acid (HNO3, Sigma Aldrich), 

ethanol (EtOH, Sigma Aldrich), HPLC grade acetonitrile (C2H3N, Sigma 

Aldrich), benzene (C6H6, Sigma Aldrich), naphthalene (C10H8, Sigma 

Aldrich), and hexane (HEX, Sigma Aldrich). Distilled water was used to 

prepare all solutions. 

 

 

Synthesis of TiO2-PDMS 
 

A solution of THF-PDMS and a solution of EtOH-TIPT at a ratio of 

1:0.37 and 1:0.75 by volume, respectively, were prepared individually. 

Subsequently, the two solutions were mixed, and the resulting solution was 

magnetically stirred for 5 min at 80°C. Immediately, without stirring and 

heating, 500 μL of concentrated HNO3 was added. After 20 min another 

200 μL of concentrated HNO3 was added, and then, after 8 min, 100 μL 

more was added. Finally, the mixture was kept for 5 min under stirring and 

heating to achieve better curing before being used in the electrospinning 

system. 

The polymeric solution was introduced into a 10 mL syringe equipped 

with a luer needle OD= 8 mm, L= 15 mm flat tip (NEL_0815, Linari 

Engineering). The solution was electrospun using vertical TL-1 

electrospinning and spray equipment, as shown in Figure 1, with a metallic 

fixed collector plate. 

The electrospraying conditions used for the experiments were as 

follows: voltage, 14-15.5 kV and feed rate, 1 mL/h for the first two hours 

and then at 1.5 mL/h, and the distance between the needle and collector 

was 12 cm. 
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Figure 1. Illustration of the electrospinning technique. 

 

CHARACTERIZATION OF TIO2-PDMS 
 

Scanning Electron Microscopy (SEM) 
 

To study the morphology a Nova NanoSEM 200, FEI brand scanning 

electron microscope. A small portion of the material was dispersed in THF 

by means of ultrasound energy for 4 hours. A drop of the previous 

dispersion was placed in the equipment sample holder, and the solvent was 

allowed to evaporate. Finally, the sample was coated with a gold layer in 

the metallizing of the sorbent, images of the material at different 

magnifications were taken using equipment for 60 seconds. The samples 

were analyzed at an acceleration voltage of 10 kV under high vacuum. The 

average diameter of the particles was measured using image processing 

software (ImageJ, developed by the National Institute of Health) by taking 

a minimum of 100 particles per sample. 

 

 



Study of TiO2-PDMS as an Adsorbent in Solid Phase … 185 

Contact Angle 
 

On a tablet of the material to be analyzed, a drop of water with a 

volume of 2 μL was placed at room temperature (23°C). As soon as the 

drop was placed, a photo of it was captured to measure its angles, both on 

the left and right sides. This procedure was performed six times to 

calculate an average of the angles and obtain an accurate result. The 

images were obtained from a Nikon camera, model D5100, and the angle 

was also determined through ImageJ processing software. 

 

 

Fourier Transformed Infrared Spectroscopy (FTIR) 
 

With a completely homogenized mixture of 120 mg of previously 

dried KBr and 3 mg of sample, a tablet was made in a Carver hydraulic 

press applying a pressure of 90 psi. The spectrum was obtained with the 

Omnic Spectral Files program using the Thermo Nicolet 380 FTIR infrared 

spectrophotometer, with 64 scans in the spectral range of 4000-400 cm-1 

with a resolution of 4 cm-1. 

 

 

Thermogravimetric Analysis (TGA) 
 

Samples (5 to 15 mg) were taken from the polymeric material and 

deposited in equipment sample cups. The measurements were carried out 

in a Perkin Elmer TGA 7 thermogravimetric analyzer. The analysis 

conditions were as follows: temperature sweep from 40 to 600°C, heating 

rate of 10°C/min in an inert nitrogen atmosphere and flow rate of 20 

mL/min. 
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Nitrogen Adsorption-Desorption Isotherms (BET) 
 

The specific surface area and pore volume were calculated using the 

Brunauer-Emmett-Teller (BET) method using a Quantachrome Nova 

Station A surface area and porosity analyzer. A sample mass of 40 mg was 

first degassed for 6 h at 120°C to remove any residual material before BET 

analysis. Each characterization was performed in triplicate. 

 

 

Evaluation of TiO2-PDMS as an SPME Adsorbent 
 

It has been known for many years that titanium dioxide has a strong 

ability to adsorb PAHs (Nagao and Suda 1989; Yuzawa et al. 2011; 

Sharma and Lee 2015). Therefore, benzene and naphthalene solutions at 

desired concentrations were prepared individually using acetonitrile as the 

solvent. Calibration curves were obtained by high-performance liquid 

chromatography (HPLC). Subsequently, SPME tests were performed by 

packing 25 mg of the obtained powder material into 1000 μL micropipette 

tips that contained filter paper in the lower part to avoid loss of the material 

when exerting pressure when passing the solution. Finally, 3 mL of the 

standard solutions was passed through the sorbent material at 

concentrations of 2, 4, 6 and 8 ppm, and the solutions were collected in 

Eppendorf tubes and centrifuged at 13,000 rpm for 10 min. The amount of 

adsorbed analyte was quantified by HPLC according to the following 

conditions: column Fenomex 5U model Jupiter, reversed-phase C18 with a 

particle size of 10 μm and length and internal diameter of 250 x 4.60 mm. 

A UV-Vis detector was used at a wavelength of 214 nm. Eluent flow: 1 

mL/min, mobile phase A: water, mobile phase B: acetonitrile, injection 

volume 20 μL, gradient elution. The gradient programming was as follows: 

initially 40% of B, at minute 20, B reached 80%, and at minute 22, the 

percentage of B returned to 40%. This percentage was maintained for 5 

min up to 27 min. 
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After saturation, the absorbed analytes were eluted with 1 mL of 

solvent (tests were performed with acetonitrile/water 60:40 and hexane 

HPLC grade). All experiments were carried out in triplicate. 

 

 

RESULTS AND DISCUSSION 
 

Scanning Electron Microscopy 
 

The morphological characteristics of the TiO2-PDMS electrosprayed 

material are presented in Figure 2. SEM images show that spherical, 

homogeneous, smooth, and monodispersed nanoparticles were obtained 

with an average diameter of 3.65 ± 1.25 μm. This small diameter means a 

high specific surface area, with more active sites on the surface, which 

should lead to a high adsorption capacity. 

The concentration of the polymeric solution was the main factor that 

influenced the resulting morphology of the material. The formation of 

particles is attributed to the fact that a solution of low concentration was 

used to control the increase in viscosity and the tension of the solution. 

 

 

Figure 2. (a) Scanning electron micrograph at 10 kV, magnification = x2000 and (b) at 

10 kV, magnification = x5000 of spherical TiO2-PDMS particles obtained by 

electrospraying. 

During the electrohydrodynamic process, when the number of chain 

crossings of the polymeric solution that modify the viscosity is exceeded, 

(a) (b)
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the molecular surface tension leads to the formation of spherical particles 

(Al-Qadhi et al. 2015). 

 

 

Contact Angle 
 

The contact angle measurement was carried out by making 6 

measurements in different areas and taking the average value. The results 

obtained (see Table 1) reveal that there is a small variation in the polar 

character for each sample; however, as expected, the 3 samples were found 

to have an angle greater than 90° (average angle of 103°), indicating 

nonpolar behavior because most of the structure contains methyl groups 

that are nonpolar. On the other hand, this nonpolar behavior is also 

influenced by the induction of charges in the material, as during the 

electrospraying process, the Ti-O and Si-O bonds are reoriented towards 

the interior of the material, giving it a hydrophobic character in the surface. 

 

Table 1. Average contact angle for each sample  

indicating the degree of polarity 

 

Sample Average polarity degree Standard deviation of triplicates Polarity 

1 103° 4.52 Nonpolar 

2 113° 3.74 Nonpolar 

3 98° 0.89 Nonpolar 

 

 

Fourier Transformed Infrared Spectroscopy (FTIR) 
 

Figure 3 shows the infrared spectrum of the hybrid product TiO2-

PMDS compared to the precursor compound PDMS-OH. In the spectrum 

corresponding to the hybrid material, a band located between 3000-3500 

cm-1 and the band near 1750 cm-1 correspond to the vibrations of the OH 

group and surface adsorbed molecular water, respectively (Sharma and Lee 

2015). Characteristic infrared bands for PDMS can be seen at 2958 cm-1 

(asymmetric CH3 stretch), 1392 cm-1 (asymmetric CH3 bending), 1100 and 
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1010 cm-1 doublet (Si-O stretch) and 797 cm-1 (Si-CH3) (Sadeghi and 

Mollahosseini 2018). Several studies have revealed that a peak near 920 

cm-1 corresponds to the Si-O-Ti vibration (Franc et al. 2006; Wallidge et 

al. 2004; Tada et al. 2011; Haitao Wang, Sheng Meng, Peng Xu, Wei 

Zhong 2006). 

The formation of the Si-O-Ti bond indicates the interactions of 

covalent bonds between the structures of silica and titania, which shows 

that the correct hybridization was carried out. The band located at 612 cm-1 

corresponds to the vibration of Ti-O-Ti (Mauritz and Jones 1990; Sadeghi 

and Mollahosseini 2018), and these links can only be observed in the 

spectrum of the hybrid material, indicating its presence. 
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Figure 3. FTIR spectra of hybrid and nonhybridized material. 
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Thermogravimetric Analysis (TGA) 
 

The results of the thermogravimetric analysis of the TiO2-PDMS 

hybrid material shown in Figure 4 allow the proportion between the 

organic and inorganic parts, as well as the thermal stability of this material, 

to be determined. 

In Figure 4, there are two inflection points in the graph before the 

PDMS-OH decomposes. The first fall begins at approximately 70 °C, and 

the second occurs at approximately 205 °C and ends at 250 °C. This may 

be due to the presence of residual volatile solvents, nonhydrolyzed alkoxy 

groups, low molecular weight PDMS-OH contained in the sample and 

moisture that may have been trapped in the network of the particles. 
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Figure 4. TGA curves of the hybrid TiO2-PDMS material. 

Concerning PDMS-OH, (Tomer et al. 2012) reported its 

decomposition temperature at 340°C, reaching its maximum close to 

550°C. However, according to the report by (Vera‐Graziano, 

Hernandez‐Sanchez, and Cauich‐Rodriguez 1995), noncrosslinked PDMS 

loses weight near 100°C due to the presence of low molecular weight 
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siloxane, while for cross-linked PDMS, it starts close to 425°C. The more 

crosslinked the material is, the higher the temperature at which the mass 

loss begins. 

Because the solution of precursor is transferred to the electrospinning 

system before it reaches a complete cure, complete crosslinking in the 

polymer does not occur, and therefore, the material decomposes at lower 

temperatures. Therefore, the second decrease that begins at approximately 

240°C can be attributed to the decomposition. Likewise, the residual 

content (once the last plateau is established) corresponds to the inorganic 

part of the material (silicon and titanium). 

When analyzing the thermogram in a quantitative way, it can be 

observed that the weight loss of the solvents and humidity represents 

approximately 7%, the low molecular weight TIPT and PDMS 

approximately 20%, the high molecular weight PDMS hybrid polymer 

approximately 25% and the inorganic part of the particles 48% by weight. 

These results are consistent with the stoichiometry of the reaction. It 

was expected that the inorganic part was 48% by weight, corresponding to 

SiO2 and TiO2, and the remaining 28% corresponded to the methyl groups 

coming from the PDMS. 

 

 

Nitrogen Adsorption-Desorption Isotherms (BET) 
 

Nitrogen adsorption-desorption isotherms for this material (Figure 5) 

demonstrate sigmoidal-shaped behavior with narrow hysteresis loops of the 

H3 type. This behavior indicates the formation of aggregates with initially 

nonporous particles that are characterized by textural porosity (Kruk and 

Jaroniec 2001). The sigmoidal-shaped isotherms observed for the sample 

correspond to type III in the IUPAC classification of pores. This behavior 

can be observed when lateral interactions between adsorbed molecules are 

strong in comparison to the interactions between the adsorbent surface and 

adsorbate. Type III adsorption isotherms have been reported for water 

adsorption on certain organic-inorganic nanocomposites with hydrophobic 

surfaces. The surface characterization allowed us to determine that the 
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hybrid material obtained presented a specific surface area of 13.02 m2/g 

and a pore volume Vp (voids between TiO2-PDMS particles in their 

aggregates) of 48 cm3/g. 
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Figure 5. BET nitrogen adsorption isotherm plot for TiO2-PDMS material. 

 

Evaluation as an Adsorbent Material 
 

Table 2 shows the percentages of adsorption of benzene and 

naphthalene on the TiO2-PDMS particles. Naphthalene has a higher 

affinity towards the synthesized particles since the percentages of 

adsorption of this compound are higher. 

The standard deviation values observed for the data are due to the 

slight variation of both the initial concentration that each point presents 

and the mass amount of particles in each cartridge. (Qi et al. 2008) 

obtained similar values of standard deviation to those in this report, 

working in the same way with both nano- and microscale polymeric hybrid 

materials as adsorbents of aromatic compounds by solid phase 

microextraction. 
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In general, for naphthalene, an inverse correlation of the percentage of 

adsorption with respect to the initial concentration of the sample can be 

observed, where the adsorption percentage decreases with increasing 

concentration of aromatic compounds. However, for benzene, despite the 

increase in its concentration, the percentage of adsorption did not decrease 

significantly. 

 

Table 2. Adsorption percentages and standard deviations of  

benzene and naphthalene on TiO2-PDMS 

 

Adsorption capacity (%) 

Concentration (ppm) Benzene Naphthalene 

2.5 46.73 ± 7.73 83.89 ± 5.84 

4.5 48.56 ± 9.08 68.66 ± 16.38 

6.5 45.54 ± 8.92 62.93 ± 16.25 

8.5 43.75 ± 6.16 58.41 ± 11.40 

 

 

Comparison of Elution Solvents 
 

Figure 6 shows the percentages of elution obtained by comparing two 

solvent systems, one of nonpolar character (hexane) and the other of polar 

character (water-acetonitrile) in cartridges with 25 mg of microparticles. 

The elution percentages were calculated with respect to the concentration 

of analytes retained in the extraction process. 

The previous results show that hexane with nonpolar behavior has a 

greater elution capacity for the analytes, since these are also nonpolar. It 

can be observed that the water-acetonitrile mixture failed to elute even half 

of what hexane was able to elute, even when there was a lower 

concentration of analytes for the first solvent. Hexane is considered a good 

option for the elution process because although other nonpolar solvents 

such as diethyl ether, toluene and chloroform may have an equal or better 

entrainment of these analytes, these are more expensive, harmful to health 

or dangerous. 
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Figure 6. Percentages of elution of benzene and naphthalene with hexane  

and water-acetonitrile. 

 

CONCLUSION 
 

Spherical particles of TiO2-PDMS approximately 3.5 μm ± 1.2 in 

diameter were obtained. From the FTIR spectra, the presence of the 

characteristic vibrations of the hybrid polymer (Si-O-Si, 1100-1010 cm-1) 

was observed, and the Si-O-Ti bond was formed (920 cm-1). The 

percentages of organic and inorganic material obtained by TGA analysis 

were 45% and 48%, respectively; the contact angle analyses show that a 

nonpolar material was obtained (>90°). 

The hybrid particles were evaluated as an adsorbent material for SPME 

using 0.025 g of SPME in the extraction of benzene and naphthalene. For a 

concentration of 3 ppm of both analytes, the analytical signal was higher 

for naphthalene, achieving extraction percentages of up to 83% and 84% 

for its elution using hexane as the solvent. The material has high potential 

as an adsorbent for aromatic compounds similar to naphthalene in structure 

and polarity. 

 

 

 

Benzene 

Naphthalene 
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ABSTRACT 
 

Polydimethylsiloxane (PDMS), as a common silicone polymer, has 

attracted the attention of many researchers due to its own characteristics 

that make it desirable for use in different applications. This promising 

material is applied in a variety of fields including mechanics, electronics, 

medicines, cosmetics and fibers. According to its flexibility, low cost, 

optical transparency, long service life, good dielectric properties and ease 

of fabrication, the use of PDMS is expanded to new and exciting 

applications, especially in active plasmonic devices. The fabrication of 

PDMS-based 2D plasmonic grating switch is realized in a straightforward 

method, enabling the active control over the plasmonic properties. In 

order to advance the applications of PDMS, a significant part of this 
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chapter is devoted to introduce first the polymer (PDMS) and its 

properties, then describes the design steps of fabrication of the plasmonic 

structure and finally presents the switching effect of the sample showing 

the relevance of PDMS in this application. 

 

Keywords: PDMS substrate, 2D plasmonic grating, active plasmonic 

system, switching effects, active control  

 

 

INTRODUCTION 
 

The scientific field of active plasmonics, which exploits the active 

control of surface plasmon resonance, has attracted significant attention for 

plenty of applications such as plasmonic switches [1-3], active color filter 

[4-6], modulators [7-9] plasmonic waveguides [10] and polarizers [11-14]. 

In the same context, the important need to have effective instruments for 

chemical and biological detection is also booming and developing 

considerably due to the high demand for medicine or for food control, to 

name just two. Among the large number of existing detection devices, also 

called “switches”, one of them is based on a physical phenomenon of 

surface lattice resonance (SLR). This type of active plasmonic component 

is particularly used today because it has proven its ability to provide high 

response speeds under external controlled methods. The working principle 

can be derived from the singular surface plasmon property of guiding light 

along a metal / dielectric interface as well as the properties of the dielectric 

medium. More specifically, surface plasmons are surface waves whose 

characteristics are very sensitive to the surrounding medium, which is in 

contact with the surface of the metal. A small variation in the refractive 

index of this medium causes a change in the so-called “resonance” 

conditions. By measuring this change, it is then possible to detect, in real 

time, the presence of chemical and / or biochemical species in the vicinity 

of the metal surface and thus to produce very sensitive sensors for 

quantitative analyzes of biomolecular reactions as an example. 

In fact, the design of an active plasmonic structure must take into 

account the type of material in which the structure is based on. Among 
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different soft polymers, polydimethylsiloxane (PDMS) is chosen to be used 

here in this research to open a new window in plasmonic switching 

applications. 

Due to its promising properties which are presented below in detail, 

many articles have been published on soft polymer systems made in PDMS 

and their applications. Its currently used for example as flexible substrates 

of E-skin [15] and other stretchable electronics [16-17], as the mechanical 

interconnection layer between two silicon wafers [18], in medical devices 

[19-20], in biomaterial science [15,21] as well as it was integrated in 

microfluidic systems [22], etc. Whereas a few are successfully reported 

about the integration of PDMS in active plasmonics devices [23]. 

With the development of active plasmonics devices, we have 

demonstrated that the fabrication of plasmonic switches in PDMS-based 

systems can be successfully realized. 

For this purpose, this chapter briefly introduces a clear picture about 

the important properties of PDMS. Afterwards, it provides how active 

plasmonic switch in PDMS-based system can be fabricated as well as 

describes how the active control of this system can be achieved. Finally, 

the last section presents an example about the characterization of the 

switching effect of the PDMS-based structure under different external 

fields. 

 

 

PROPERTIES OF PDMS AND ITS APPLICATIONS 
 

Materials based on silicones have been commercialized in the United 

States in the early 1940s, and have been used in numerous applications in 

civil engineering, construction, electricity, transport, aeronautics, defense, 

textiles and cosmetic industry [24]. The main product in the silicone series 

is polydimethylsiloxane (PDMS). PDMS is a linear polymer that has 

repeating units of -O-Si(CH3)2-groups consisting of two methyl groups 

attached to the silicon atom [25]. It is by the presence of silicon and by the 

existence of the Si-O bond that silicones are distinguished with from other 

organic polymers, giving the rise for polydimethylsiloxanes (PDMS) 



Houssein Mbarak, Seyedeh Mehri Hamidi
 
and E. Mohajeran 202 

properties of excellent temperature resistance, weather resistance, 

biocompatibility and lubricity [26]. The flexibility and high mobility of the 

PDMS chain results in a small change in physical properties such as 

viscosity, temperature, relatively high solubility and permeability to gases 

(in particular to water vapor) [27]. Consequently, PDMS has low glass 

transition temperature [26], unique flexibility [28], high dielectric strength 

[29] low boiling point (oligomers), low freezing point and high 

compressibility. 

The structural formula and a 3D model of the fundamental chemical 

structure of a polydimethylsiloxane (PDMS) are shown in Figure 1(a, b) 

[30]. 

 

 

(a)                                                               (b) 

Figure 1. (a) Chemical structure of PDMS, (b) Spatial representation. 

The main characteristics that make these kinds of materials interesting 

and applicable in many different applications are its elastomeric properties, 

easy to fabricate, optical transparency and inexpensive [31]. In addition to 

this, PDMS is differentiated by its low surface energy, no surface viscosity, 

low reactivity, inertly, toxicity and combustibility [28]. Also, PDMS is 

considered water insoluble, good dielectric insulator [24] and non-

flammable [32]. Since PDMS is a quite flexible macromolecule, it occurs 

in a semi-crystalline state and therefore has characteristics halfway 

between solid and liquid materials [33]. Thus, all these physical and 
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chemical properties of the PDMS mentioned above open numerous 

opportunities for applications, ranging from cosmetic industry to medical 

field as well as from chemical and biological applications to the production 

of microfluidic devices [34], and nowadays in active plasmonincs.  

Thanks to its good biocompatibility, low toxicity, chemical stability, 

transparency and mechanical elasticity, PDMS was used in biomaterials 

science such as implants, contact lenses and tissue engineering [21, 35], in 

which the response of biological cells and tissues can be affected by its 

mechanical properties [31]. On the other hand, PDMS was appeared in 

biomedical devices such as catheter and drainage tubing, dialysis 

membrane, micro pumps and micro valves [36]. Furthermore, since its 

surface undergoes the plasma modification it was used also in both 

medicine and medical diagnostic [20]. Thanks also to its low cost, good 

microstructural characteristics and good manufacturing ability, polymeric 

systems will displace glass and silicon based systems for fabricating 

microfluidic devices, involving simpler and less expensive manufacturing 

processes [22]. Other possible applications are its use in aero-space, 

electronics and semiconductor industry [25]. More and more, it can be 

used in sensor technology and radar absorbing materials [37]. 

At last, another important use which this chapter focuses on, is how to 

use PDMS to create a substrate and deposit different thin layers on its 

surface, such as gold layer [20]. Keeping in mind the following advantages 

of PDMS: long service life, flexibility, ease of fabrication into different 

shapes, good dielectric properties, optical transparency, high surface 

mobility, low reactivity and low environment hazard, PDMS is devoted to 

be used in a promising field in the development of active plasmonic 

devices, which is nothing that plasmonic switches.  

 

 

PREPARATION OF PDMS-BASED 2D  

PLASMONIC GRATING 
 

It is important to keep in mind, while the fabrication of a plasmonic 

structure, to be sure of two things, first, a convenient soft-polymer that can 
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realize the conditions of the plasmon resonances of the system, and second, 

a suitable active medium with tunable dielectric responses under external 

fields. 

Our fabricated sample in active plasmonic field is focused primary on 

PDMS polymer [38]. As we mentioned above, owing to its characteristics, 

experiences have proved that PDMS is an interesting and desired material 

in wide fields of different applications, especially in active plasmonics.  

In the present study, a 2D gold grating based on PDMS is fabricated 

using nanoimprint lithography method [39]. The preparation process of this 

sample is schematically shown in Figure 2.  

 

 

Figure 2. The fabrication process of the PDMS-based 2D plasmonic grating. 

To create the sample, our first step was to separate a two dimensional 

(2D) charge coupled device (CCD) from a camera, in which each CCD is 

characterized by a unique code enabling specific dimensions of the grating 

obtained from the PDMS. Then, a plexiglas frame was placed on this CCD 

stamp and glued by thermal adhesive around it. After that, the silicone 

elastomer base (PDMS) and curing agent were mixed homogenously in a 

fixed ratio of 10:1 for 5 minutes. Then, a good quantity of approximately 

1.4 mm thickness was infiltrated in the frame. In order to remove the 

trapped air bubbles from the PDMS composite, the sample was degassed 
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for 15 min using a vacuum pump and then kept at different temperatures 

(from 50 to 100 °C) for one hour on a hot plate. Actually, to assure a good 

drying of PDMS, the sample must take place at room temperature for one 

day and therefore the CCD stamp can be easily removed. Finally, the 

obtained 2D grating based on PDMS was coated by a thin gold layer with a 

thickness of 35nm using PVD device. Figure 3(a) and 3(b) show a 

representative SEM and AFM images of the 2D plasmonic grating in a 

simple cubic structure, having a unit cell size about 1.2 μm. Also, the 

figures show the nanowires between each cube and the displacement of the 

crystal period. 

 

  

(a)                                                        (b) 

Figure 3. (a)The SEM image and (b) the SEM image of the sample [38]. 

By this manner, the fabricated plasmonic structure is ready now for 

depositing different tunable surrounding media on the gold surface 

enabling the switching effect under many external fields.  

This sample has attracted other groups in different domains in 

plasmonics such as random lasing and biomedical substrate [40-41]. 

The goal of our first experimental work was focused on the realization 

of the electrically switching effect of the PDMS-based 2D plasmonic 

grating using nematic liquid crystal as an active medium. 
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For this reason, a typical ITO glass substrate was fixed on the 2D 

grating gold surface, using a spacer of 10 µm mixed with UV adhesive 

under a UV light for around 20 min, forming a cell as shown in Figure 

4(a). The real picture of the flexible sample is shown in Figure 4(b). 

 

 
(a)                                                       (b) 

Figure 4. (a) Schematic of our main preparation cell, (b) Real picture of the flexible 

sample [38]. 

 

APPLICATION OF PDMS IN PLASMONIC SWITCHES 
 

After the deposition of the gold thin layer on the PDMS substrate, a 

thin layer of E7 liquid crystal was typically injected between the gold 

surface and ITO glass achieving the tuning of optical plasmonic properties 

of the structure as well as the switching manner under external electric 

field. 

Actually, an electric field was applied across the cell between the ITO 

substrate and the perforated Au film. Therefore, the director of the liquid 

crystal molecules can be oriented along the electric field direction driving 
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variation in the propagation constant of the SPR by changing the refractive 

index and accordingly modulating the reflected light [42]. 

The reflectance spectrum of the 2D gold grating array was recorded 

experimentally at different voltages for TM and TE polarization 

respectively Figure (5). As can be seen in this figure, a redshift associated 

with an amplitude change of the reflectance spectrum for both 

polarizations can take place for an increasing voltage from 0V to 20V. The 

outcomes of this work are discussed in details in this paper [38]. 
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Figure 5. Reflectance spectra for p and s polarizations. 

Finally, voltage-induced 2D-plasmonic grating switching time was 

realized by recording the variation of the reflection intensity between 0V 

and 20V. When we applied the voltage on the sample, the LC molecules 

start to align with each other causing a noticeable increasing in the 

reflectance intensity Figure (6). The reflectance decreases in the absence of 

voltage, indicating the random state of LC molecules. It means that the LC 

filled 2D-palsmonic array can reduce the intensity of the reflected light 

well without applying external voltage. This reversible switching was 
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repeated many times and the intensity change was approximately the same 

during many cycles, confirming that the change in the refractive index of 

the LC in the sample is reversible and reliable. The response time for the 

off voltage-switching process is estimated to be ~56 s. 
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Figure 6. (a) The switching manner of the sample under external voltage and (b) the 

fitted decay graph [38]. 

In accordance with the first experimental work, we have been able to 

realize for the first time an all-optical plasmonic switch based on 

photochemical material (8-hydroxypyrene-1,3,6-trisulfonate, HPTS). We 

used this photoacid (HPTS) as an active surrounding medium that can be 

optically controlled enabling the switching effect and the modulation of 

plasmon resonanses. The PDMS-based 2D-plasmonic grating was coated 

by thin film of HPTS exposed to UV irradiation. By tuning the UV light on 

and off, the HPTS thin film maintains an excited-state proton transfer 

(ESPT) process followed by green fluorescence resulting in a good 

switching manner of the system, accompanied with a plasmonic redshift of 

the reflection spectrum. The response time of the photoswitching process is 

considered to be 270 ms for S polarization. Actually, the results of this 

work are submitted in a new paper, which is under review state. 
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On the other hand, we have studied the switching effect of the same 

PDMS-based 2D plasmonic grating coated by NiFe thin film under an 

external magnetic field. The switching manner of the sample was measured 

under external magnetic field in “on” and “off” states, using UV-visible 

spectrometer and spectral longitudinal magneto-optical Kerr effect 

measurements. In fact, the results of this work are accomplished, just in 

need to be published. In summary, this PDMS-based 2D plasmonic sample 

is characterized by its simple fabrication, feasible price, good efficiency 

and the possibility to be reproduced easily at high scales. It has the ability 

to be coated by different materials that can be controlled by many external 

fields, enabling the active control of the plasmonic properties as well as the 

switching effects of the system. An improvement in the efficiency of this 

sample, is expected, and should be further investigated to obtain a 

promising tuning of the plasmonic properties, leading to high sensitivities, 

using other tunable optical materials. 

 

 

CONCLUSION 
 

The fabrication of a tunable 2D plasmonic structure in 

polydimethylsiloxane (PDMS) is realized for the first time, which is based 

on an array of gold nanoparticles. In this structure, the gold layer is 

deposited on a PDMS substrate using nanoimprint lithography method. As 

a first attempt, working with new application in active plasmonics, the 

PDMS-based system can act as an electrical plasmonic switch based on 

nematic liquid crystal. By applying an external field, the average 

orientation of the rod-like liquid crystal molecules can be reversibly 

switched, inducing a refractive index change, resulting in a spectral shift in 

the surface plamons resonances. Since PDMS is flexible and inexpensive, 

the PDMS-based plasmonic structure possess high design flexibility as 

well as simplicity of fabrication, making it useful in important applications 

in switching and sensing. 

In this chapter only the optical effect is mentioned, but by using other 

tunable optical materials accompanied with different external fields (all-
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optical, thermo-optical and magneto-optical effects, etc.), an improvement 

of the sample’s efficiency is expected, and it have to be further 

investigated. 
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