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Abstract: Poly(dimethylsiloxane) (PDMS) surface modification via gradient-induced 
transport of embedded amphiphilic molecules is a novel, easy, flexible, and environmentally 
friendly approach for reducing protein adsorption on PDMS in microfluidic applications. 
To better understand the processing and the potential use in the viability-sensitive 
applications such as manipulation and culturing of primary neural cells, we systematically 
investigate how embedded molecules interact with a PDMS matrix and its surface in 
aqueous environments by studying the wetting angle over time under various processing 
conditions, including water exposure time, water exposure temperature, curing master 
materials, in addition to comparing different embedded amphiphilic molecules. The results 
indicate that the water exposure time clearly plays an important role in the surface 
properties. Our interpretation is that molecular rearrangement of the surface-embedded 
molecules improves surface coverage in the short term; while over a longer period, the 
transport of molecules embedded in the bulk enhance its coverage. However, this 
improvement finally terminates when molecules transported from the bulk to the surface 
are not sufficient to replace the molecules leaching into the water. 
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1. Introduction 

Since Whitesides introduced soft lithography to the community in the 1990s [1], Poly(dimethylsiloxane) 
(PDMS) has become the most popular material in microfluidics research and prototyping [2–4]. 
Compared to other materials-silicon, glass or a thermoplastic such as Poly(methylmethacrylate) 
PMMA-PDMS has many advantages: low cost of both material and fabrication, ease of use, flexibility 
and good performance in many biological or clinical applications [5]. However, its unstable and 
hydrophobic surface, in addition to the strong adsorption of biological molecules, hinder its utility in 
many applications, especially if long shelf times are required. It is therefore important that a good 
solution for overcoming this drawback is found. 

During the past two decades, various approaches have been proposed in reducing biomolecular 
adsorption on PDMS. These methods can be roughly categorized into three groups: high energy 
exposure (e.g., plasma and UV exposure), dynamic coating with amphiphilic molecules (surfactants), 
and chemical grafting of the hydrophilic group. During high energy exposure, the PDMS surface is 
oxidized and forms a hydrophilic surface with reactive silanol functional groups, which may also be 
used for further functionalization using organic chemistry [2,3]. However, this oxidized surface is not 
stable in air and cannot survive for long due to hydrophobic surface recovery [6]. In the dynamic 
coating with amphiphilic molecules, the molecules are in a buffer solution to incubate the surface of 
PDMS. Hydrophobic interaction is the driving force for the surfactant to be dynamically adsorbed to 
the surface with their hydrophilic head groups aligned towards the buffer solution. This is a fast and 
efficient method without strong covalent bonding between surfactants and the PDMS surface [4], but it 
still has problems since most surfactants reduce the viability and physiological activity of primary  
cells [7,8]. In chemical grafting, a complex process, a polymer with a hydrophilic long chain is 
covalently tethered onto the surface, which is based on the chemical reaction [2]. 

As pointed out by Whitesides [5], PDMS is much like a solid solvent, where some organic 
molecules and solvents have very good solubility [9]. One widely used amphiphilic molecule family is 
the polaxamers, better known as pluronics, which are common in many areas such as cosmetics, 
medical applications, tissue engineering, and food additives [10,11]. The molecule has a triblock 
structure consisting of one hydrophobic polypropylene oxide (PPO) group flanked by two hydrophilic 
polyethylene oxide (PEO) units. The structure is PEOn–PPOm–PEOn, where n and m vary in the more 
than 50 different pluronics available. The hydrophobic PPO chain is attached to a hydrophobic 
polymer, and the hydrophilic PEO chains self-assemble into a cilia-like surface on the hydrophobic 
material that effectively repels proteins [10]. The degree of protein repellence depends on the length of 
the PEO chains and the surface coverage [12–14]. More importantly, pluronics have demonstrated very 
low toxicity and immunogenic response, and are approved by the U.S. Food and Drug Administration 
(FDA) in many biomedical applications in vitro and in vivo [15], e.g., drug and gene delivery [16,17]. 
Recently, more interest was put into applications with cell cultures, due to its low cell toxicity that 
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does not hinder the cell viability during the culturing [18]. It can even be used in sensitive mammalian 
cell cultures, including liver carcinoma cells [19]. Noting the fact that PDMS is a solid solvent [5] and 
that pluronic has high performance in inhibiting bio-fouling in microfluidic devices [20], we recently 
presented an inversely dynamic coating with reduced protein adsorption on PDMS [21]. The general 
process is illustrated in Figure 1. By embedding pluronic molecules inside PDMS, they will migrate 
towards the surface in an aqueous environment. Hence, part of the pluronic molecules will appear on 
the surface and reduce biomolecule adsorption as well as enhance wetting. Ultimately, this processing 
may be used in many high viability sensitive applications such as in studies and manipulation of 
primary neural cells. 

Figure 1. Illustration of the processing of surface modification. 

 

However, how amphiphilic molecules such as pluronic interact with the PDMS matrix and its 
effects to the surface properties in the short and long term remain unclear. To better understand how 
the embedded amphiphilic molecules interact with the PDMS matrix in an aqueous environment and to 
study how they reside on the PDMS surface, how the embedded amphiphilic molecules impact PDMS 
surface wetting is studied here in detail. In particular, short- and long-term observations of the contact 
angles were conducted after water exposure. In addition, the dependence of curing master material, water 
temperature, and the type and size of embedded amphiphilic molecules were investigated. 

2. Experimental Section 

2.1. Materials 

PDMS (RT601A and B, Wacker Chemie, München, Germany), was prepared by thoroughly mixing 
the base and curing agent in a ratio of 9:1 (wt:wt). Small amounts of Pluronic F127 and F68  
(Sigma-Aldrich, Stockholm, Sweden) were dissolved in ethanol (99.5%, absolute fine spirit, Kemetyl 
(Jordbro, Sweden) for saturated solutions (~200 mg·mL 1) separately. Tween 80 (Sigma-Aldrich, 
Stockholm, Sweden) and PDMS-EO AB111108 (ABCR, Karlsruhe, Germany) were used without  
pre-treatment. Pluronic F127, F68, Tween 80 and PDMS-EO are non-ionic surfactants. For each 
surfactant, only a small amount of surfactant was added to the liquid-like uncured PDMS mixture 
(usually 12.00 g of PDMS, apart from the one with different master materials): 80 μL for Pluronic 
F127 and F68 solutions while 0.5 wt % for Tween 80 and PDMS-EO. The mixture of freshly mixed 
(components A and B) PDMS and the additive surfactant was mixed to obtain uniform distribution of 

Embedded molecules PDMS Air Water

Air Water
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the surfactant. Later, the mixture was put in refrigerator for 30 min to remove bubbles and then in a 75 °C 
oven for curing. 

2.2. Master Preparation and PDMS Replica 

In order to investigate how surface configurations change in the curing process, four masters were 
made of different materials, including a 4  silicon wafer after isopropyl alcohol (IPA) cleaning, a glass 
(normal glass petri dish, ~4 ), a polystyrene (normal polystyrene petri dish, ~3.5 , VWR International, 
Stockholm, Sweden) and PDMS (freshly cross-linked PDMS cured in a polystyrene petri dish). 
Subsequently, 48.00 g of uncured PDMS mixture and 320 μL F127 solution (~200 mg·mL 1) were 
mixed thoroughly, and then poured into the aforementioned four masters with the same ratio of weight 
to bottom surface area, giving the same thickness. 

2.3. Nuclear Magnetic Resonance Spectroscopy 

To study the extracted substance in water, nuclear magnetic resonance spectroscopy (NMR) was used. 
Firstly, we prepared the sample with 80 μL saturated ethanol solution of Pluronic F127 in 10.00 g 
thoroughly mixed PDMS prepolymer and 7.50 g of the above mixture was weighed and cured on a  
4  wafer, as mentioned previously. Four of the samples were then immersed in 500 mL de-ionized 
water for 24 h at room temperature. The immersed water was condensed using a rotary evaporator 
(Heidolph LABOROTA Efficient T4000, Heidolph Instruments, Schwabach, Germany) and further 
lyophilized in a freeze dryer (Thermo Scientific, Hetosic, Waltham, MA, USA). Each lyophilized 
residue was dissolved in D2O (Sigma-Aldrich, Stockholm, Sweden) and 1H NMR spectra were 
recorded at 25 °C on a 500 MHz spectrometer (Varian, Palo Alto, CA, USA). At the same time, the 
pure Pluronic F127 was dissolved in D2O and 1H NMR spectra were recorded as a reference. As a 
negative control, four native PDMS samples were prepared correspondingly and immersed in the 
water. The immersed water was lyophilized and the residue was measured by NMR while processing 
the samples with Pluronic F127. 

2.4. Contact Angle Measurement 

Wetting characteristics can be measured in many ways and in defining the static contact angle; the 
static advancing contact angle is most commonly used due to its stability and credibility [22]. 
However, in this study, due to instrument limitation, the static sessile droplet method was used. 
Contact angle measurements were performed with a contact angle goniometer (FTA 200, First Ten 
Angstrom, Portsmouth, VA, USA), which contains an optical system to capture the clear profile of the 
droplet on a solid substrate, and a computer with a program to analyze the angle. A 2.5 μL droplet of 
de-ionized water was deposited on the solid for each contact angle measurement. The image was 
captured immediately (within 5 s) as 320 × 240 pixels per image, and analyzed with the program from 
the vendor. Average values were obtained for six observations (two recordings for three drop sites on 
the sample surface for each measurement). According to the supplier, the error of measurements is 
usually within ±1°. However, it may be a bit higher in some cases. 
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3. Results and Discussion 

3.1. NMR Study of the Extracted Substance in the Immersed Water 

To verify the hypothesis of the inner transport of the amphiphilic molecules inside the PDMS 
matrix, the substance in immersed water was extracted by lyophilizing the immersed water and further 
examined with 1H NMR spectroscopy. The signals in the spectrum of the extracted powder from the 
Pluronic F127-embedded sample (marked by F127 + PDMS) is shown in Figure 2. As a reference, the 
NMR spectrum of pure Pluronic F127 was obtained as well (marked by Pluronic F127). At the same 
time, considering that there are lots of oligomers inside PDMS and that they might migrate as well, we 
also immersed the same amount of native PDMS in the water and lyophilized the immersed water. The 
extracted residue was sent for NMR study as a negative control (marked by Native PDMS). 
Comparing the three spectra, we discovered that the characterized peaks in Fluronic F127 could be 
found in that of the F127-embedded sample as well, which clearly suggest that the substance with 
molecules of Pluronic F127 migrated into the water. In the negative reference in our NMR study, a lot 
of peaks were found in the water from the native PDMS sample, which indicates that  
low-molecular-weight PDMS or its oligomer can migrate into water over time and further decrease its 
surface stability and performance. Comparing the spectra, these peaks from native PDMS could be 
found in the F127-embedded sample as well. Hence, the exact form of this lyophilized power is not 
clear. Possibly, it is the mixture of low-molecular-weight PDMS or its oligomer and Pluronic F127, or 
a composite of PDMS and Pluronic F127. However, it can be concluded that the Fluronic F127 
molecules indeed move from PDMS after water treatment. 

Figure 2. NMR study of lyophilized powder from the treated water. 
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3.2. Master Preparation and PDMS Replica 

Due to practical reasons in microfluidic device fabrication, the side closest to the master is the most 
useful surface of the device. That is, the surface property of the master is important during curing. In 
our case, we have the pluronic molecules in PDMS mixture. Reducing the total energy of the system, 
pluronic unimers migrate towards the interfaces, which include the liquid PDMS-ambient air and 
liquid PDMS solid interfaces, to help form the new surfaces. Hence, the properties of the interface 
would influence the molecule transport. Some of the pluronic will already be at the surface when the 
PDMS has been cured. Figure 3 shows continuous short-term measurements of the contact angles of 
the Pluronic F127-embedded surfaces replicated from different master materials. The one replicated 
from glass has a significantly lower contact angle curve than the rest at the same time. 

As mentioned previously, when the surface interfaces with a hydrophilic environment, the pluronic 
has a tendency to migrate to the surface. One reasonable explanation is that the glass surface is 
hydrophilic with a lot of hydroxyl groups [23], thus favoring the similar groups (ethylene oxide) in 
Pluronic F127 to migrate and align towards the glass while the other three masters have more  
non-polar surfaces, which are not favoured to polar groups, e.g., ethylene oxide in pluronic. Hence, 
surfaces that have been cured against glass are more hydrophilic in the short term. Although the silicon 
wafer is usually covered with a very thin silica layer, it showed higher contact angles. The possible 
reason is that we used a very old wafer and applied a solvent-based cleaning product, which made the 
surface not as polar as that of glass. In a similar manner, the samples replicated from PDMS and 
polystyrene masters show higher initial contact angles than that from silicon, which could be due to the 
fact that hydrophobic PDMS and polystyrene help PDMS oligomers migrate towards the surface. 
Consequently, these migrated oligomers increase the hydrophobicity of the surface. 

Figure 3. Short-term observations of the contact angles of the droplets on the surfaces 
replicated from different master materials. 

 

3.3. Short-Term Study of the Effects of Water Exposure 

In order to understand the short-term behavior of the surface immersed in the water, continuous 
observations of the contact angles of the droplets on the surface were conducted. A droplet of  
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de-ionized water was dispensed on the surface with Pluronic F127 (freshly peeled from the silicon 
master, without water exposure). The contact angles were measured continuously for 20 min. To 
eliminate the influence of evaporation, a reference of native PDMS was made and measured as well 
(Figure 4). Significant lower contact angles were observed from the Pluronic F127-embedded sample 
at the same time point as compared to the native PDMS. This suggests that the surfactant interacts with 
the water and improves the surface hydrophilicity in the short term. 

Figure 4. Short-term observations of the contact angles of the droplets on the surfaces. 

 

3.4. Long-Term Study of the Effects of Water Exposure 

Since water exposure has a high impact on the performance of the surface, long-term immersion of 
the Pluronic F127-embedded PDMS in water was conducted (Figure 5). The behavior is not 
straightforward; the curve shows a trend that the contact angle of the modified sample first experiences 
a fast decrease and then slowly increases, which is quite different from that of native PDMS. 
Furthermore, from Figure 5, we found that long-term water exposure also has an impact on the wetting 
of native PDMS. It could be partly due to the flexibility of the PDMS backbone, where the oxygen 
groups were partly reorganized towards aqueous surface. The introduction of the amphiphilic 
molecules accelerates this processing. As pointed out in previous work, although pluronic cannot make 
a highly hydrophilic surface, it could significantly enhance the capability of bio-fouling resistance and 
decrease the potential damage of the cells [24]. 

Generally, temperature is an important parameter that can affect the mobility of all molecules. Four 
different temperatures (25 °C, 37 °C, 54 °C and 75 °C) were selected in our study, as shown in Figure 6. 
We discovered that the contact angle has the same trend at different temperatures as found above in the 
initial stage, whereby the contact angle ultimately increases, albeit slowly, after long-term water 
exposure (e.g., 500 h). 

To verify the versatility of the approach, other amphiphilic molecules were investigated, such as the 
similar Pluronic F68, PDMS-PO, and the commonly found surfactant Tween 80 (Figure 7). The 
chemical structures and molecular weights are summarized in Table 1. Similar to Pluronic F127, the 
contact angles of the other three samples became smaller and smaller at first and then increased after a 
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critical point. The significant difference is that the occurrence of such a turning point varies greatly, 
which is related to their smaller molecular weights and shorter turning times. Unlike the pure PDMS or 
PDMS with Pluronic F127 or F68 at low concentration (when high concentration of F127 or F68 was 
added, it became slightly cloudy), when the other surfactants were co-cured with the prepolymer, the 
cured elastomers were not optically transparent, but rather cloudy and translucent (Figure 8). In 
particular, the sample with Tween 80 shows a wavy surface. It seems that the introduction of  
vinyl-functional Tween 80 to the uncured PDMS ultimately leads to their reaction with the prepolymer 
via covalent bonds [25] at the presence of Pt catalyst. 

Figure 5. Measurements of the various contact angles with various water exposure times. 

 

Figure 6. Measurements of the various contact angles with water exposure time under 
different temperatures with a F127-embedded PDMS slab from a silicon master. 
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Table 1. The amphiphilic molecules used in the study. 

Amphiphilic Molecules Chemical Structure Molecular Weight (Mw) 
Pluronic F127 (PEO)100–(PPO)65–(PEO)100 ~12,600 
Pluronic F68 (PEO)78–(PPO)30–(PEO)78 ~8,400 

PDMS-EO (AB111108) CH3[Si(CH3)2O]n–(C2H5O)mH 5,000–6,000 

Tween80 1,310 

Figure 7. Measured contact angles varying with water exposure time using different 
embedded amphiphilic molecules. 

 

Figure 8. Photos of the cured PDMS with different molecules: (a) native PDMS; (b) with 
Pluronic F127; (c) PDMS with Tween 80; and (d) PDMS with PDMS-EO. 

 

3.5. Interpretation of the Interactions between the Embedded Amphiphilic Molecules and PDMS Matrix 

As mentioned in the Introduction, Pluronic F127 is a triblock copolymer comprising a hydrophobic 
part, poly(propylene oxide) (PPO) in the middle and a hydrophilic part, poly(ethylene oxide) (PEO) at 
both ends of the PPO. The existence of hydrophobic parts increases the probability of hydrophobic 
interaction with PDMS, while hydrophilic parts bring the opportunity of increasing hydrophilic 
wetting by introducing a hydrophilic portions domain outward interface. The Pluronic F127 solution 
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was prepared in ethanol, where the block copolymer easily formed complex micelles with very low 
critical micellization concentration (CMC) [26], together with unimers in the solution. 

When a small amount (e.g., 80 μL) of Pluronic F127 solution was added to the (e.g., 12.00 g) 
prepolymer of PDMS, the unimers and micelles of Pluronic F127 were surrounded by the very 
hydrophobic environment of the host prepolymer-PDMS. The original micelles from the ethanol-based 
solution, with PPO parts inside and PEO parts as outward ethanol molecules, were dissolved in the 
hydrophobic environment. A rearrangement of Pluronic F127 unimers or a formation of a new type of 
micelle would follow. However, since such a rearrangement happened together with the curing process 
of PDMS, the process might be frozen in a transitional state. Furthermore, as an amphiphilic additive 
in PDMS, Pluronic F127 has a tendency to migrate to the surface. This means that there may be some 
Pluronic F127 molecules on the cured PDMS surface (surface-embedded), which are not in the ideal 
configuration for yielding high hydrophilicity, since the molecule is configured during the curing 
process, where there is low or no hydrophilic interaction. These configurations rearrange to the optimal 
configuration in the presence of water; which is when the hydrophobic part, the PPO, is at the surface 
but embedded in the PDMS while the hydrophilic part, PEO, is stretched out from the surface. We 
believe that this is the main reason why we observed a decreasing curve in the short-term study of the 
contact angle in Figure 4. 

If we make the time span longer, Pluronic F127 molecules will migrate to the aqueous environment 
due to a very high gradient of solubility. At the same time, some of the molecules on the surface leach 
into the water. To better understand the interaction between the embedded molecules and the surface, 
and make the system simpler, we exclude the reorientation of the PDMS backbone since it cannot 
generate the ideal surface to inhibit bio-fouling or enhance cell viability. The two competitive 
processes molecules adsorbed to the surface from the bulk and desorbed from the surface to the water 
to dominate the behavior of the surface. According to Figures 5–7, the contact angle first experiences a 
fast decrease, then a turning point appears, and after that a slow increase follows, as summarized in 
Figure 9. Our interpretation is that this results from the competition between three interaction 
mechanisms: Pluronic F127, PDMS, and water. It could be categorized into three stages according to 
the dominant mechanism. Initially, in the first stage (Stage I), upon immersing in water, embedded 
molecule transport towards the surface was triggered. Although the speed is high, due to the steep 
gradient, the number of the arriving molecules from the bulk is small. Hence, the reconfiguration and 
alignment of the surface-embedded Pluronic F127 plays a most important role on the wetting. 
Consequently, it shows a rapid contact angle decrease in a short time span. In the second stage (Stage II), 
the arriving molecules from the bulk are dominant, increasing the number of adsorbed molecules at the 
surface. During this stage, the gradient between the PDMS matrix and surface is still steep, which 
drives the transport of embedded molecules strongly towards the surface. When the other gradient 
(between surface and water) is not as steep, the molecule transported into water is not as influential. 
Consequently, the contact angle decreases continuously. However, the continuously arriving embedded 
molecules decrease the gradient between the PDMS matrix and the surface and increase the gradient 
between the surface and the water. Hence a turning point appears at the end of Stage II. If we could 
optimize the process and freeze the transport to the dry condition at the end of this stage, it might 
produce a very high performance surface. In principle, this surface could be kept a while and 
regenerated when immersed in water again after longer term storage in dry conditions. However, more 
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investigations are needed for further verification. Finally, in Stage III, the trend is inversed thoroughly. 
The surface shows higher and higher contact angles and finally reached a relative stable contact angle 
over time, since without removing the immersed water, a dynamic coating will form in the aqueous 
environment. There, the pluronic molecules will always come back to the PDMS and leave it in a 
continuous way, reaching a relatively stable state with two opposite forces that nearly balance each 
other. In short, the variation with time of surface coverage (i.e., surface concentration) of embedded 
amphiphilic molecules and their rearrangement on the surface will determine the surface performance 
and contact angle. 

In addition, there may be for a period an intermediate stage between Stage (II) and (III), where there 
is a balance between arriving molecules from the bulk and adsorbed molecules. Finally, the contact 
angle measurement alone cannot provide direct information regarding to the mechanism of interaction 
of water with the molecule embedded in PDMS. Hence, it will be better to introduce some other more 
advanced technologies for future further investigations, such as a spectroscopic technique that could 
help with the interpretation of the molecular interactions on the bulk and surface of the PDMS. 

Figure 9. Possible mechanism of molecule transport in the PDMS matrix and surface behavior. 

 

4. Summary 

In this work, by varying the processing conditions, the transport of embedded amphiphilic 
molecules in the PDMS was systematically studied by measuring the wetting angle along with time. 
The results indicate that the curing master materials, water exposure time, temperature, and type and 
size of molecules also impact the transport process. In particular, the water exposure time clearly plays 
an important role in the surface properties. Our interpretation is that molecular rearrangement of the 
surface-embedded molecules improves surface coverage in the short term, while at a longer term 
transport of molecules embedded in the bulk enhance its coverage, which should be quantitatively 
proved in future work. 
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