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Abstract 9 

This work evaluates permeation of twelve model pharmaceutical compounds through a 10 

chemically modified form of poly(dimethylsiloxane) (PDMS), whereby the polymer surface 11 

had undergone silanisation. Standard polymer membrane has been widely used as a simplified 12 

skin model to investigate transdermal permeation yet does not fully mimic human skin. The 13 

surface chemistry of modified polymer was investigated such as the ability to bind to drugs, 14 

hydrophobicity and pore size using optical microscopy, the Brunauer-Emmett-Teller (BET) 15 

technique and Fourier-transform Infrared Spectroscopy (FTIR), followed by permeation 16 

analysis with UV spectroscopy. For eleven of the twelve compounds an appreciable increase 17 

in the extent of permeation was observed after six hours when using the silanised polymer 18 

compared with the standard PDMS. Furthermore, a correlation was found between the degree 19 

of permeation increase and hydrophobicity (logP) of the drug (R2 = 0.90). These findings 20 

indicate that permeation can be controlled by modifying the membrane surface, although the 21 

hydrophobicity of the permeant also plays a vital role in the extent of permeation observed. 22 

This concept study presents a potential alternative membrane for pharmaceutical transdermal 23 

analysis, providing many benefits over existing options. 24 
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1. Introduction 31 

Several alternatives to using human or animal skin when analysing the rate and extent of 32 

permeation of compounds have been proposed in recent years. Examples include mathematical 33 
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models (Mitragotri et al., 2011), human skin equivalents (Schmook et al., 2001) and 34 

chromatographic based methods (Waters et al., 2013b), a summary of the main proposed 35 

methods can be found in (L Waters, 2015). A reliable membrane to employ as a skin mimic is 36 

poly(dimethylsiloxane), also known as PDMS, which has been the focus of several research 37 

groups in recent years (Bhuiyan and Waters, 2017; Luo et al., 2016; Rodríguez-López et al., 38 

2019; Shahzad et al., 2014; Waters and Bhuiyan, 2016; Waters et al., 2013a; Watkinson et al., 39 

2009). PDMS has a silicon-oxygen backbone with a very high bond energy providing high 40 

thermal stability, i.e. it does not easily degrade. The general properties of PDMS are a 41 

consequence of the surface alkyl groups. This results in the conformational freedom 42 

experienced by the silicon-oxygen backbone, lack of steric hindrance, resistance to oxidation, 43 

all as a result of the small molecular volume of the alkyl substitute (De Jaeger and Gleria, 44 

2008). Although the high degree of stability can be seen as advantageous, PDMS’s poor 45 

wettability and low surface energy (i.e. it is relatively inert), have made it difficult to introduce 46 

aqueous compounds onto its surface thus it cannot be easily modified from its standard 47 

chemical state. However, recent studies have employed plasma treatment on the surface, thus 48 

transforming available methyl groups to hydroxyl groups, modifying the chemistry of the 49 

surface and consequently the permeability of selected model compounds (Waters et al., 2017). 50 

In this work, after a simple plasma treatment was undertaken, a separate second chemical 51 

process was attempted, namely a silanisation reaction. This second reaction step involves 52 

reacting the oxidised PDMS polymer (containing surface hydroxyl groups), with the 53 

alkoxysilane dimethylphenylsilanol (DMPS). Alkoxysilanes have been widely accepted to 54 

constitute a stable membrane. Characteristic stability of these alkoxysilanes is mostly attributed 55 

to the presence of the Si-O-Si bond (Arkles et al., 1992). The organosilicon compound has 56 

lipophilic properties and can impart these properties to a hydrophilic surface (Virtanen et al., 57 

1988), these properties guided the selection of the active silane reagent for this study. DMPS 58 

has a silanol ‘tail’ (Si-OH), the hydrolysed plasma treated membrane also contains silanol 59 

groups, and hence, a condensation reaction can occur. For this study hydroxyl groups present 60 

from both reactants (DMPS and plasma treated membrane) were reactive, consequently, a 61 

condensation reaction could occur, leading to attachment of the silane reagent to the membrane 62 

surface, creating a Si-O-Si bond. Such a membrane surface has not previously been proposed 63 

for the purposes of investigating permeation and it was therefore of interest to see how the 64 

modified membrane compared with standard, non-modified membrane regarding permeation 65 

for a set of model compounds. 66 
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 67 

2. Materials and Methods 68 

2.1 Materials 69 

Silicone membrane material 0.3 mm, was purchased from Silex UK, antipyrine (≥ 98 %), 70 

benzocaine (≥ 99 %), caffeine (≥ 99.5 %), diclofenac sodium salt (≥ 99 %), 71 

dimethylphenylsilanol (≥ 99 %) ethyl-4-hydroxylbenzoate (≥ 99 %), ibuprofen (≥ 99 %), 72 

lidocaine (≥ 99 %), procaine hydrochloride (≥ 97 %), potassium phosphate dibasic (≥ 98 %), 73 

potassium phosphate monobasic (≥ 99 %), and salicylic acid (≥ 99.5 %), were purchased from 74 

Sigma Aldrich Ltd., Dorset, UK. Ethanol (≥ 99.8 %), hydrochloric acid, ketoprofen (≥ 99 %), 75 

pentoxifylline (≥ 99.5 %), and sodium hydroxide were purchased from Fluorochem Ltd. 76 

Sodium chloride (≥ 99.5 %) from Acros Organics Ltd, and tetracaine (≥ 98 %) from Tokyo 77 

chemical industry, UK. All items were used as purchased unless stated otherwise. 78 

2.2 Membrane Synthesis 79 

Plasma treatment was performed using a benchtop Henniker Plasma machine (HPT-100). The 80 

process was carried out with air as the process gas in the gas chamber, at a power of 100 W, 81 

68 mbar and flow rate of 8 standard cubic centimetres per minute (SCCM). A treatment time 82 

of 90 seconds was used throughout the process, selected based upon an optimisation study 83 

carried out (data not shown) whereby it was realised that treatments above 90 seconds affected 84 

the integrity of the membrane, making it not suitable for this study. Treatment was only 85 

undertaken on a single side of the membrane. Pieces of the membrane were cut into square 86 

forms sufficient enough to cover the diffusion area of the diffusion cell (~ 0.54 cm-2) for 87 

subsequent permeation analysis. The top right corner of the square shaped membranes were 88 

marked, making it possible to identify the plasma treated side, when used for further analysis. 89 

Plasma treatment was followed by a silanisation process similar to that reported by (Sui et al., 90 

2006) with minor modifications as listed. Dimethylphenylsilanol (DMPS) was used as the 91 

silane reagent, with solution phase oxidation undertaken in an acidic medium on the surface of 92 

the plasma treated PDMS. The dynamic nature of plasma treated PDMS, i.e. to avoid 93 

progressive recovery, meant that the membranes were immediately introduced into a closed 94 

reactor equipped with a magnetic stirrer. The reactor contained dimethyphenylsilanol DMPS 95 

(active silane reagent) (~1 mL) and ethanol (~5 mL) which was used as the solvent, with a 96 

reaction time of 30 minutes at 40 ̊ C. Approximately 1-2 drops of dilute hydrochloric acid were 97 



4 
 

added to lower the pH, consequently enhancing the condensation process. Treated membranes 98 

were removed from the reactor, and dried under a nitrogen atmosphere for 10 minutes.  99 

2.3 Membrane Analysis 100 

Optical microscopic analysis was performed on unmodified and modified samples using a 101 

Keyence digital microscope VHX-2000 equipped with VH-z250R sensor, set at a multi-scan 102 

mode. Samples were placed in a sterilised glass plate to maintain a flat surface which enabled 103 

autofocus on the machine. The stage was also adjusted to a 20 mm working distance and x 250 104 

magnification was maintained throughout the process. 105 

The surface area of PDMS (before and after chemical modification) was obtained using a 106 

Micromeritics ASAP 2020 physisorption analyser.  Samples were degassed at 50 oC under 107 

vacuum for 30 minutes, and then conditioned with nitrogen as the processed gas for 6 hours. 108 

After outgassing nitrogen, pore size, pore volume and consequently surface area were 109 

determined using nitrogen vapour adsorption data (77 K) and were evaluated by the Brunauer-110 

Emmett-Teller model. 111 

Comparative analysis specifically related to bond changes of modified and unmodified 112 

membranes was carried out using an Attenuated Total Reflectance – Fourier Transform 113 

Infrared Spectrometer (ATR-FTIR), Nicolet FTIR 380. The machine was in attenuated total 114 

reflectance mode with a diamond crystal as the sensor, Omnic software and the wavelength 115 

was adjusted from 400 – 4000 cm-1.  116 

Permeation analysis using diffusion cells in a controlled hydrostatic and hydrodynamic donor 117 

and receptor compartment respectively, was experimentally performed in triplicate, using 118 

twelve model pharmaceutical compounds. Each saturated solution of drug was prepared using 119 

pH 7.4 phosphate buffered saline. Saturated drug solutions were prepared by adding an excess 120 

amount of drug in 10 mL sample vials containing buffer. Sample vials containing a micro-size 121 

magnetic stirrer were mounted in a water bath maintained at ~32 ˚C for 24 hours, equipped 122 

with a magnetic stirrer plate. The resulting solution was filtered, and added via a syringe, in 123 

the donor compartment to avoid bubbles. Openings were occluded to maintain constant 124 

temperature and prevent evaporation. The donor compartment was mounted on a solid support 125 

which was equipped with a hollow passage where pre-heated water of approximately 35.5 ˚C 126 

passed through to help maintain a stable temperature within the donor compartment. Samples 127 

were collected from the receptor arm at 30-minute intervals for 6 hours and analysed using UV 128 

spectroscopy. A standard calibration graph of each drug (R2 ≥ 0.9.) was used to calculate 129 

resultant concentration for each permeation experiment. Membrane samples were also 130 

analysed after permeation analysis had been completed using BET and FTIR to ensure 131 
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membrane integrity had been maintained. All samples displayed no differences in results 132 

compared with those undertaken prior to permeation analysis implying the membrane integrity 133 

had been maintained for the duration of the experiment.  134 

 135 

3. Results and Discussion 136 

Characteristic changes in surface appearance were evaluated through comparison of the PDMS 137 

surface as purchased (unmodified), following plasma treatment and after modification with the 138 

aid of optical microscopy. An example image for each stage in the process can be seen in Figure 139 

1. 140 

 141 

From Figure 1 (A) and (B) little difference can be observed indicating that there was little or 142 

no physical change following the initial plasma treatment, i.e. that the integrity of the 143 

membrane was not compromised as a consequence of the process. A significant physical 144 

difference could be seen between the unmodified membrane (A) and the modified (silanised) 145 

PDMS (C). Following the silanisation process an increase in surface roughness and the 146 

presence of discontinuous patches can be seen, yet no physical alteration or damage within the 147 

membrane that might result in an increase in porosity is visible. 148 

BET was used to determine surface area (as a reflection of porosity) of the membrane surface, 149 

more specifically comparing between unmodified and modified membrane. Unmodified 150 

membrane, was seen to have zero porosity (0 m2/g) indicating the membrane is non-porous, as 151 

expected. Similar results was obtained by others  (Nakade et al., 2005) when analysing PDMS 152 

samples. The non-porous nature of the membrane makes it a good candidate for use as a skin 153 

mimic as substances are forced to permeate through the membrane, rather than through pores. 154 

Therefore, it is vital to ensure that this feature is maintained throughout the process of 155 

modification rather than creating a membrane that allows compounds to freely pass through a 156 

porous structure. 157 

Interestingly, the same value (0 m2/g) was obtained when analysing the modified membrane, 158 

thus confirming that the process has not increased surface porosity, indicating the modification 159 

that has occurred was chemical rather than physical. This finding reinforces the assumption 160 

that any differences observed in the permeation profiles for a compound when comparing 161 

modified and unmodified membranes are not a consequence of a change in surface area or 162 

porosity and must involve chemical differences in interactions between the compound and 163 

membrane surface.  164 
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ATR-FTIR analysis was undertaken to analyse unmodified, plasma treated and modified 165 

membrane for confirmation of the presence of functional groups expected on the membrane 166 

surface. It is important to realise that only a small fraction of the surface is analysed at any one 167 

time, compared with the effective area dictating the overall process when undertaking 168 

permeation analysis. Regardless of these limitations, ATR-FTIR analysis was able to detect the 169 

presence of a surface hydroxyl group following plasma treatment, as expected following 170 

conversion of methyl groups to hydroxyl groups, as shown in Supplementary Information 171 

Figure S1. This notable change confirms the effectiveness of the plasma treatment step in the 172 

modification process. Furthermore, an increase in peak intensity attributed to the Si-O-Si bond 173 

when comparing spectra representing plasma treated PDMS and chemically modified 174 

membrane can be attributed to the desired formation of alkoxysilanes. Methyl groups were 175 

confirmed by symmetrical stretching vibrations at 2962.4, 2963.0 and 2962.3 cm-1 for 176 

unmodified, plasma treated and modified membranes respectively. Despite plasma treatment, 177 

the presence of methyl groups on the plasma treated membrane was seen and were attributed 178 

to underlying methyl groups, because only the membrane surface was targeted with the plasma 179 

treatment. Therefore, ATR-FTIR analysis was confirmed as having the ability to detect bonds 180 

embedded within the polymer matrix.  181 

Asymmetric deformations of methyl groups from the membranes were also observed at 182 

approximately 1411 cm-1, and symmetric deformation of methyl groups for modified, 183 

unmodified and plasma treated membranes were at 1257.2, 1257.1 and 1257.8 cm-1 184 

respectively. Peaks from stretching vibrations at 1004.5, 1004.7, and 1005.7 cm-1 were 185 

attributed to Si-O-Si bonds, an increase in intensity of this peak for modified membrane further 186 

confirmed alkoxysilanisation had occurred. The presence of O-SiCH3 was confirmed by peaks 187 

at 783.1, 784.4 and 783.7 cm-1, the presence of C-SiCH3 groups were confirmed with peaks at 188 

699.3, 669.8 and 669.8 cm-1. Peaks observed for the unmodified and modified membrane were 189 

in close agreement with those from literature (Bodas and Khan-Malek, 2006; Kim and Jeong, 190 

2011). An absorbance at 3342.1 cm-1 indicated the presence of a C-OH group after exposing 191 

the membrane to plasma treatment, a similar finding to that reported by (Kim and Jeong, 2011). 192 

However, the hydroxyl group was not present in the subsequently modified membrane, yet the 193 

Si-O-Si- peaks remained, which was in line with expectations following a successful 194 

silanisation process.  195 

The permeation of twelve compounds through modified PDMS was measured and analysed with 196 

comparison to permeation through unmodified membrane, as presented in Table 1. The percentage 197 

increase represents the percentage difference in cumulative mass (µg/cm2) permeated for each 198 
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compound over a 6 hour period between modified and unmodified membrane. In an attempt to 199 

address some of the potential experimental and physicochemical variations an infinite dose method 200 

was used. This approach is believed to address donor chamber concentration variabilities by 201 

employing super-saturated solutions for all compounds facilitating calculation of cumulative mass 202 

permeated. Increases in the extent of permeation observed in Table 1 indicate that even though the 203 

modification was only on the membrane surface, the overall effect on membrane permeation was 204 

significant for the majority (eleven of the twelve) compounds analysed. 205 

Silane reagent used in the modification protocol was selected to introduce lipophilic properties 206 

to the polymer hydrophilic surface (Virtanen et al., 1988). Such a modification had the effect 207 

of altering the physiochemical properties of the membrane, as reflected in the effect on 208 

permeation in this case. Having created a more lipophilic membrane, log P, known to influence 209 

the extent of permeation in epidermal tissues and synthetic lipophilic membranes (Baba et al., 210 

2015; Potts and Guy, 1992) (Zhang et al., 2012), was among physical parameters used for the 211 

analysis of the results. It was found that compounds with comparatively high log P values 212 

tended to exhibit the greatest increase in permeation and it is not surprising for diclofenac 213 

having the highest log P value of 4.98 (amongst the compounds used), displayed the highest 214 

percentage increase, as displayed in Figure 2. To confirm that the observed increase in 215 

permeation was not simply a consequence of the plasma treatment step, permeation data for 216 

plasma treated membrane was also obtained. As exemplified in Figure 2, plasma treated 217 

membrane did not display a significant change in permeation compared with unmodified 218 

PDMS, in contrast to the effect observed following the silanisation process. 219 

 220 

In agreement with this theory, caffeine displayed a similar correlation, as having the lowest log 221 

P value also had one of the lowest percentage increases (20.0 %), as displayed in Figure 3. An 222 

even more pronounced lack of permeation increase was observed for pentoxifyllinne (-6.0 %) 223 

which is also comparatively hydrophilic and can be considered to have a similar extent of 224 

permeation using either unmodified or modified membrane. 225 

 226 

Overall, after analysing potential relationships between permeation and several 227 

physicochemical parameters such as molecular weight, ionisation, hydrogen bond 228 

donation/acceptance and polar surface area, a substantially linear correlation was obtained 229 

when comparing literature log P values with percentage increase (data presented in Table 1). 230 

This correlation can be increased further (R2 = 0.90) through removal of diclofenac from the 231 

series where a far more substantial increase in permeation was observed than that expected, 232 
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most likely a consequence of the significantly greater hydrophobic nature of the compound 233 

compared with the others studied. It is important to note that the infinite dose approach was 234 

employed to avoid experimental variations whilst evaluating permeation of in vitro models, as 235 

highlighted by the work of others (Uchida et al., 2015). This relationship indicates that the 236 

change in lipophilicity on the membrane surface has a significant effect on subsequent 237 

compound through the membrane over the duration of the study. 238 

 239 

4. Conclusion 240 

In conclusion, a modified form of PDMS was successfully created whereby the polymer 241 

surface had undergone silanisation, confirmed using optical microscopy, the Brunauer-242 

Emmett-Teller (BET) technique and Fourier-transform Infrared Spectroscopy (FTIR). 243 

Permeation analysis for eleven of the twelve compounds indicated an appreciable increase in 244 

the extent of permeation after six hours when using silanised polymer compared with standard 245 

PDMS. Furthermore, a correlation was found between the degree of permeation increase and 246 

hydrophobicity (logP) of the drug. These findings indicate that the degree of permeation can 247 

be controlled by modifying the surface, and therefore the hydrophobicity, of the membrane.  248 

 249 
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