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Abstract 

Recent advances in materials sciences have allowed for the development and fabrication of 

biomaterials that are capable of providing requisite cues to instigate cells to respond in a 

predictable fashion.  We have developed a series of poly(methyl methacrylate)/polystyrene 

(PMMA/PS) polymer demixed thin films with nanotopographies ranging from nanoislands to 

nanopits to study the response of human foetal osteoblast cells (hFOBs).  When PMMA was in 

excess in the blend composition, a nanoisland topography dominated, whereas a nanopit 

topography dominated when PS was in excess.  PMMA was found to segregate to the top of the 

nanoisland morphology with PS preferring the substrate interface.  To further ascertain the 

effects of surface chemistry vs. topography the polymer demixed films were plasma treated using 

an atmospheric pressure dielectric barrier discharge reactor to alter the surface chemistry.  Our 

results have shown that hFOBs did not have an increased short term cellular response on pristine 

polymer demixed surfaces.  However, increasing the hydrophilicty/wettability of the surfaces by 

oxygen functionalization causes an increase in the cellular response.   These results indicate that 

topography alone is not sufficient to induce a positive cellular response, but the underlying 

surface chemistry is also important in regulating cell function.    

KEYWORDS: surface topography, surface chemistry, polymer demixing, cellular response, 

human foetal osteoblasts, plasma surface modification 
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1. Introduction 

One of the main goals in the field of biomaterials and tissue engineering is to identify and utilize 

non-biological cues to control cellular response.   This control of cellular response includes 

aspects such as cell adhesion, migration, proliferation, cell-to-cell communication and expression 

of a desired phenotype.  The ability to predictably control cellular response will have immense 

implications for tissue engineering with benefits ranging from increased biocompatibility to 

directing stem cells.  Currently, many material science approaches to control cellular response 

are showing significant promise, however, there is still a lack of fundamental understanding on 

how these non-biological cues influence cell-biomaterial interactions.  These cues include surface 

properties such as chemistry, topography, charge, interfacial free energy, wettability, stiffness, 

etc.1,2   

The ability to control the response of cells using variations in substratum topography is a heavily 

researched strategy as these biomimetic cues resemble the nanoscale pores, protrusions, pits, 

fibers and particles that make up the extracellular matrix.2-6  While it has been shown that cells 

may behave alike to similar topographies on chemically different surfaces7, a “pure” 

topographical cue needs to be examined using the same surface chemistry.  This is because there 

could be a difference in the protein adsorption behaviour on the surface chemistries, which adds 

an extra variable to the equation.  Theoretically, surface chemistry and topography can be varied 

independently, however it is very difficult to do in practice.  Indeed, very few studies have 

endeavoured to differentiate between chemical and topographical cues.  In this paper we 

attempt to correlate cellular behaviour to either surface chemistry or topographical influences. 
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Polymer demixing is an economical fabrication methodology for developing nanotopographies 

compared with precise, but more expensive techniques such as electron beam lithography.   This 

technique entails the phase separation of polymer blends which spontaneously occurs upon spin 

coating.8 Recently, this technique has been widely used to investigate the nanotopographical 

effects of islands of various heights on cellular response.9-16   Dalby and coworkers have shown 

endothelial cells and fibroblasts had a greater cellular response to the 13 nm nanoisland-laden 

surface in comparison to the other topographies.16  Donahue and coworkers have investigated 

foetal osteoblastic cell response to randomly distributed nanoisland topography with varying 

heights (11, 38 and 85  nm) produced by PS/polybromostyrene (PBrS)11 and poly(lactic acid)/PS10.  

Cells displayed island-conforming lamellipodia spreading, and filopodia projections which 

appeared to play a role in sensing the nanotopography. Cells cultured on 11 nm high islands 

displayed significantly enhanced cell spreading and larger cell dimensions than cells on larger 

nanoislands or flat controls10,11.  We have recently demonstrated the human mesenchymal stem 

cells responded to the poly(methyl methacrylate)/polycaprolactone (PMMA/PCL) demixed 

nanotopographies in terms of cell adhesion and possibly differentiation.15   

Poly(methyl methacrylate) (PMMA)/ Polystyrene (PS) is a well-known immiscible polymer blend 

that has been studied by the polymer demixing process previously.17-24  Ton-That et al. have 

previously shown that PMMA/PS demixed films in chloroform form nanoislands and nanopits 

depending on the ratio of each polymer.19  Nanoislands were observed when the PMMA mole 

fraction was greater than 0.5 with PMMA segregating to the air interface.19  We have chosen this 

polymer blend as our group has significant experience in studying the effects of surface 

modification of PMMA and PS  by atmospheric pressure plasma treatment using a dielectric 



 5 

barrier discharge (DBD) to increase in cellular response.25-28  In this paper, we use this polymer 

blend system to generate nanotopographies with one polymer segregating to the surface, 

thereby analysing cellular response with differing topographies under the same surface 

chemistry.  These polymer blends were also plasma treated to see whether altering the surface 

chemistry while maintaining a similar topography will have an effect on the cellular behaviour.  

X-ray photoelectron spectroscopy (XPS) and time of flight secondary ion mass spectrometry (ToF-

SIMS) have been used to determine the surface chemistry of the blends.  Atomic force 

microscopy has been used to characterize the topographical features obtained by polymer 

demixing process and subsequent plasma treatment.  The short term cellular response of these 

surfaces was examined using human foetal osteoblasts (hFOBs) in terms of cell viability and 

morphology.   hFOBs were used in this study to develop a fundamental understanding of how 

osteoblasts behave to chemical and topographical controls which will pave the way to designing 

surfaces that can direct the behaviour of mesenchymal stem cells. 

2. Materials and Methods 

2.1 Spin-Coating of PMMA/PS Blend Films.  

Glass coverslips (13 mm diameter) were cleaned by immersing them in 25% ammonia: 30% 

hydrogen peroxide in a 1:9 ratio for 10 min.  The coverslips were subsequently rinsed in Milli-Q 

water, dried and immersed in a 5% solution of chlorotrimethylsilane (CTMS) in n-hexane to 

render the surfaces hydrophobic.  The coverslips were than washed thoroughly with n-hexane 

and toluene and left to air-dry before spin coating.  PS (MW= 280,000 Da) and PMMA 

(MW=350,000 Da) were used as obtained (Sigma Aldrich, UK).  A series of polymer solutions were 



 6 

prepared at 75:25 (PMMA75PS25), 50:50 (PMMA50PS50) and 25:75 (PMMA25PS75) w/w ratios and 

then dissolved in chloroform to have a total polymer concentration of 1% w/w.  Aliquots of the 

solutions were spin coated onto freshly cleaned glass coverslips and rotated at 4000 rpm for 

2 min using a Pi-Kem SCS G3P-12 Spin coater.  Spin coated films were dried at room temperature 

with no annealing.   

2.2 Atmospheric Plasma Treatment 

  Plasma surface treatment was carried out at atmospheric pressure via exposure to a highly 

controlled Dielectric Barrier Discharge (DBD) regime.  The operational characteristics of the DBD 

reactor (Arcotec GmbH, Mönsheim, Germany) have been described in detail elsewhere25,29.   

Briefly, the coverslips were placed on a moving platen that is the ground electrode and passes 

under three metal wire working electrodes giving rise to a micro-streamer type electrical 

discharge condition. The samples are treated with a certain calculated energy dose conditions 

corresponding to a range of different power densities (Pd) and residence times in the plasma.  All 

DBD treatment of polymer demixed samples was carried out at a platen transit speed through 

the plasma region of 0.48 m/s and at a plasma dose of 1.04 J/cm2. 

2.3 Contact Angle Analysis  

  Static contact angle (CAM 2000, KSV Instrument Ltd.; Finland) was used to determine changes 

in the surface wettability for all samples.  Measurements were made 48 h post treatment to allow 

for any relaxation of the surface to occur.  A 5 µl drop of distilled water was dropped onto the 

surface and the static contact angle was measured at 0 min and 5 min.  At least five readings 
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were performed per sample type and the corresponding average values and standard deviations 

were recorded.  

2.4 X-Ray Photoelectron spectrometry analysis  

  X-ray photoelectron spectroscopy (XPS) was carried out using a Kratos Axis Ultra DLD 

spectrometer (Kratos, Manchester, UK) using a monochromated AlKα x-ray (1486.6eV) source 

operating at a power of 150 W (voltage: 15 kV, current: 10 mA).  All spectra were recorded at a 

pressure of < 5 x 10-8 Torr using a “slot” aperture.  Any charging effects were neutralized using a 

magnetic immersion lens.  Spectra were calibrated by setting the C-C/C-H component of the high 

resolution C1s spectra to 285.0 eV.  Wide energy survey scans and high resolution scans were 

recorded at a pass energy of 160 eV and 20 eV, respectively.  Three separate areas on each 

sample were recorded and the average results are reported as atomic % concentrations (at. %) + 

standard deviation.  Spectra were processed using CasaXPS version 2.3.12 software (Casa 

software, UK) after subtraction of a linear background and determination of areas for the most 

intense spectral lines for all the elements detected.  Spectra were curve fitted after linear 

background subtraction using a mixed Gaussian-Lorentzian (70:30) function. The full width half 

maximum values have been maintained under 2 eV.   The electron attenuation length of the C 1s 

photoelectron in a polymeric matrix can be assumed to be ~3 nm.30  This corresponds to an 

approximate value for the sampling depth of 5-10 nm when the emission angle is normal to the 

surface.31  Therefore 95% of the detected signal originates from this sampling region.   

2.5 Time-of-flight secondary ion mass spectrometry analysis 
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  Time-of-flight secondary ion mass spectrometry (ToF-SIMS) was carried out using a ToF-SIMS V 

(ION-TOF GmbH, Germany) instrument.   The primary ion source was a bismuth liquid metal ion 

gun (LMIG) which generated Bi3++ cluster ions operated in conjunction with a reflectron analyser 

and microchannel plate detectors with a post acceleration of 20 kV.   A flood gun was used in a 

pulsed mode to neutralise any charging effects.  Analysis was maintained at a static SIMS limit 

(i.e. < 1012 cm-2) via the primary ion dose density.   IonSpec Version 4.1.0.1 (ION-TOF GmbH, 

Germany) were used for spectral acquisition on spot size of 100 μm x 100 μm at a resolution of 

512 x 512 pixels in the high current bunched mode (mass resolution: m/Δm: 8000).  Spectra were 

calibrated using known hydrocarbon masses in the positive ion mode.   

2.6 Atomic Force Microscopy Analysis 

  AFM analysis was carried out using a Digital Instruments (DI) NanoScope SPM (Vecco Metrology 

Group, USA) instrument in tapping mode using a silicon tip and a cantilever with a spring constant 

of 40 Nm-1, operating at a resonant frequency of 300 kHz and scan rate 1 Hz.   Samples were 

analysed over a 10 μm x10 μm area at a resolution of 512 x 512 pixels.  Image processing and 

interpretation was carried out using the NanoSope 6.11r1 software (Vecco  Average Ra (mean 

roughness) and Rq (root mean square roughness) were calculated from at least three replicates 

including the centre and edge regions of the samples.   

2.7 hFOB Cell Culture 

hFOB (1.19, ATCC number CRL-11372) cells were subcultured in DMEM-Ham's F-12 1:1 media 

(GIBCO) supplemented with 10% foetal bovine serum (FBS, Hyclone) and 1% penicillin–
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streptomycin on tissue culture polystyrene (TCPS) and incubated at 37 °C under an atmosphere 

of 5% CO2.  Before, culturing on the polymer demixed samples, cells were rinsed in phosphate-

buffered saline (PBS) and incubated with trypsin-EDTA solution to remove the cells from TCPS.  

The cells were then seeded on the substrates at a density of 30,000 cells/cm2 and allowed to 

adhere on each test substrate and rinsed with PBS and the remaining adherent cells were 

subjected to assays at the desired time points. 

  For cell culture studies, the test substrates were sterilized by exposure to UV light for 1 hour.  A 

stock solution of 0.6 % Agar (Sigma-Aldrich, UK) in Milli-Q water was freshly prepared and 

autoclaved at 123°C for 15 min.  200 μL of the hot Agar was pipetted into sterile six-well plates 

with subsequent careful placement of the test substrates.  The agar was used as gelling agent 

sticking test substrates to the six-well to prevent adhesion of cells to the underside of the 

substrates.       

2.8 MTT Cell Viability Assay   

  hFOBs were cultured on each test substrate and assayed using the MTT cell viability assay at 24 

and 72 hours post seeding.  A stock solution of 5 mg/cm3 of [3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide]  (MTT, Sigma-Aldrich, UK) was prepared, filtered (0.2 mm filter) 

and stored at 4°C.  At the requisite time points, the media was aspirated and replaced with 2 cm3 

of phenol-free DMEM media (Gibco, UK) with an MTT solution of 500 μg/cm3.  The surfaces were 

then incubated at 37°C and 5% CO2 until the purple formazan product was visible (~2 hrs).  

NAD(P)H-dependent cellular oxidoreductase enzymes are capable of reducing the tetrazolium 

dye MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide only in viable cells to its 
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insoluble formazan, which has a purple colour.  The media was then aspirated and cells were 

subsequently solubilized with 350 μL of 0.1 M HCl in propanol to each well and plates were placed 

on a gyro-rocker for 10 min.  Aliquots (100 μL) from each well were placed in a 96-well plate 

giving a 9 replicates of each sample.   A Tecan SunriseTM (TECAN GmbH, Austria) microplate 

reader fitted with a 570 nm filter was used to measure the absorbance (optical density).   

2.9 Cell Staining and Morphology 

  Cell staining was performed 48h post seeding by rinsing the cells (3 x 5 min) with copious 

amounts of ice-cold PBS.  The cells were then subsequently fixed in 3.7% PFA/PBS and solubilized 

in 0.1% Triton X-100/PBS at 4°C for 20 min.  PFA was removed by washing the cells with PBS (3 x 

5 min) and blocked with PBS containing 1.0 % BSA, 5 % normal goat serum (NGS) for 60 min 

followed by washing with PBS (3 x5 min).  Cytoskeletal actin was visualized by incubating the 

samples phalloidin Alexa Fluor 488 (Molecular Probes, UK) at a concentration of 25 U/cm3. The 

samples were rinsed in PBS (3 x 5 min) and mounted with Vectashield Mounting Medium 

containing 1.5 μg/cm3 of DAPI (4′-6-diamidino-2-phenylindole) counterstain (Vector 

Laboratories, UK) which was used to visualize the nuclei.  The slides were sealed with a clear 

varnish and analysed using an epifluorescence microscope (Nikon Eclipse 80i).   

2.10 Statistical Analysis 

  One way analysis of variance (ANOVA) statistical analysis was carried out using Origin® (v. 

7.0383, OriginLab Corporation, USA) to determine equivalence of variance between pairs of 

samples.  A Bonferroni multiple comparison test was used to determine significance with a  value 
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of p < 0.05 was taken as being statistically significant.  Results are reported as means ± standard 

deviation.    

3. Results 

3.1 Wettability: Contact angle 

  Static contact angles were measured for all three of the demixed polymer surfaces before and 

after DBD treatment and are given in Figure 1.  The individual polymers studied were both 

hydrophobic in nature with contact angles of 84˚ and 95˚ for PMMA and PS, respectively.  After 

blending the two polymers, the contact angle for the PMMA75PS25, PMMA50PS50 and PMMA25PS75 

films are 87˚, 73˚ and 88˚, respectively when the measurement is taken immediately.  After 5 min 

the contact angle drops by at least 5˚ for each demixed film as seen in Figure 1.   This phenomenon 

does not occur on flat substrates (data not shown) and is indicative of a topography induced 

wettability change observed in contact angle measurement.  Topography is hypothesized to 

enhance the wettability of a substrate by increasing the surface area.32  As such the contact angle 

of nanotextured surfaces is lower than their flat counterparts as the surface roughness is 

impregnated with the water droplet.33  After DBD treatment, there is a decrease in contact angle 

for all 3 of the demixed surfaces studied.  The contact angle for the PMMA75PS25DBD, 

PMMA50PS50DBD and PMMA25PS75DBD films are 61˚, 69˚ and 79˚, respectively.  Once again, a 

topography induced wettability change is observed with the contact angle measurement after 5 

minutes.  
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Figure 1: Static water contact angle measurements taken at time 0 and after 5 min for the 
various polymer demixed surfaces. The ratios given in the x-axis represent a ratio of 
PMMA:PS. 

3.2 Surface Chemistry of Polymer Demixed Films: XPS and ToF-SIMS Analysis 

3.2.1 XPS Analysis 

  The surface chemistry of the polymer demixed films pre- and post-DBD treatment were 

analyzed using XPS.  The high resolution C1s spectra are presented in Figure 2 and the elemental 

at. % with the associated C1 curve fitted values are given in Tables S1 and S2 in the Supporting 

Information.  Pure PMMA contains both C and O and can be curve fitted into four components 

with binding energies at 285.0 eV (C—C/C—H), 285.8 eV (C—C(C═O)—O), 286.9 eV (C—O), and 

289.4 eV (O═C—O).  Pure PS does not contain oxygen in its backbone and C1s peak can be peak 

fitted into the aromatic and aliphatic C-C/C-H component at 285.9 eV and the π−π* shake-up 

component at 292.0 eV.  This aromatic and aliphatic C-C/C-H distinction can be made only for 
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pure PS.  Similarly to the results previous reported studies there is a higher contribution from 

PMMA components (C-O, O-C=O) when there is an increase in PMMA in the blend composition 

as seen in Figure 2 c, e, g.  To analyze which polymer segregates to the air interface, the surface 

composition of the blend films was calculated by evaluating the O1s peak as this was attributed 

solely to PMMA in a similar approach to that reported by Ton-That et al. 19.  Briefly, the film 

surface PMMA fraction was calculated as the ratio of the curve-fit intensity of PMMA component 

to the intensity of a pure PMMA standard.  As such the O/C ratio is given in equation (1): 

𝑂

𝐶
=

𝑋𝑂𝑃𝑀𝑀𝐴

𝑋𝑂𝑃𝑀𝑀𝐴+(1−𝑋)𝐶𝑃𝑆
       (1) 

Where X is the molar PMMA surface concentration in the demixed film; OPMMA and CPMMA and CPS 

are the at. % of oxygen and carbon concentration in the pure films of PMMA and PS, respectively.  

Using equation (1), the surface PMMA fraction was calculated as a function of the PMMA bulk 

molar concentration and the results are presented in Figure 3.  All of the demixed films are 

located above the equivalent composition line indicating that the molar fraction of PMMA is 

greater in the surface than in than in the bulk indicating that PMMA segregates to the air 

interface while PS segregates to the substrate interface.   
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Figure 2: High resolution C1s spectra of (a) PMMA (b) PS (c) PMMA75PS25 (d) PMMA75PS25DBD  
(e) PMMA50PS50 (f) PMMA50PS50DBD (g) PMMA25PS75 (h) PMMA25PS75DBD 

 



 15 

 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.0

0.2

0.4

0.6

0.8

1.0
S

u
rf

a
c
e

 P
M

M
A

 f
ra

c
ti
o

n

Bulk PMMA fraction

 Control

 DBD

 

Figure 3: Plot of film surface PMMA fraction vs bulk PMMA fraction in the demixed films.  Data 
obtained using high resolution C1s- and O1s-based XPS measurements and equation (1).  Linear 
line is an equivalent composition line.   

3.2.2 ToF-SIMS 

Positive-ion ToF-SIMS spectra of the three polymer blends before and after DBD treatment are 

presented in Figure 4.  The main peaks detected are at m/z 15 (CH3
+), 59 (C2H3O2

+), 69 (C4H5O+), 

corresponding to PMMA and m/z 77 (C6H5
+) and 91 (C7H7

+) corresponding to polystyrene.  The 

characteristic peaks are consistent with those for PMMA and PS reported previously.29  In all the 

spectra, the characteristic PS peaks were lower intensity than the PMMA peaks which might 

indicate that PS segregates to the substrate as ToF-SIMS is a very surface sensitive technique and 

analyzes only the top 2 nm of the surface.   In order to calculate which polymer segregates to the 

air interface, ToF-SIMS peaks that were characteristic to either PMMA or PS exclusively were 

used.  For PMMA, m/z 15, 59 and 69 were the fragments used and for PS, m/z 77 and 91 were 

used.  The surface composition of PMMA is in the spin-coated film surface was calculated as per 

equation (2): 
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𝑋
𝑆𝐼𝑀𝑆=

(𝐼𝑓15+𝐼𝑓59+𝐼𝑓69)

(𝐼𝑓15+𝐼𝑓59+𝐼𝑓69)+(𝐼𝑓77+𝐼𝑓99)

       (2) 

Where X molar PMMA surface concentration in the demixed film; If15, If59, If69, If77 and If91 are the 

normalized intensities of the fragments.  Using equation 2, the surface PMMA fraction was 

calculated as a function of the PMMA bulk molar concentration and the results are presented in 

Figure 5.  As all of the demixed films are located above the equivalent composition line, this 

shows that the surface concentration of PMMA is greater than in the bulk, indicating that PMMA 

segregates to the air interface while PS segregates to the substrate interface.   
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Figure 4: Positive ion ToF-SIMS spectra for (a) PMMA75PS25, (b) PMMA75PS25DBD, (c) 
PMMA50PS50, (d) PMMA50PS50DBD, (e) PMMA25PS75, (f) PMMA25PS75DBD.  The y-axis represents 
relative intensity and units are not displayed as they are different maximum intensities.                                                                                                  
 Peaks are characteristic for PMMA and  peaks are characteristic for PS.   
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Figure 5: Plot of film surface PMMA fraction vs bulk PMMA fraction in the demixed films.  
Data obtained using positive ion ToF-SIMS intensities  and equation (s).  Linear line is an 
equivalent composition line.   

3.2.3 Surface Chemistry of PMMA/PS Demixed Films.  

From Figures 3 and 5, the XPS and SIMS data clearly shows that all three demixed films and 

their plasma treated counterparts are situated above the equivalent composition line.  Therefore, 

the concentration of PMMA is greater in the surface than in the bulk indicating that PMMA has 

segregated to the air interface and PS has segregated to the substrate interface.  A salient point 

of note is that the sampling depths of the two techniques are different; ToF-SIMS has a sampling 

depth of 2 nm while XPS has a sampling depth of 5-10 nm.  Furthermore these sampling depths 

are approximate values and are not defined in the same way as the relative ToF-SIMS intensities 

are assumed to be equal for the calculations, but in reality are not necessarily so.  Moreover the 

lateral area of analysis for the two techniques is also different; we have set the ToF-SIMS to have 

an area of analysis of 100 μm2, while XPS has a spot size of 700 x 300 μm2.  From Figure 3, the 
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XPS spectra clearly show a dominance of PMMA at the air interface regardless of whether the 

samples were DBD treated.  ToF-SIMS spectra also displayed an increase in PMMA signal 

compared to the PS signal at an air interface (Figure 4), and even a large disparity in sensitivities 

would not alter the dominance of the PMMA segments at the film surface. Therefore as ToF-SIMS 

is much more surface sensitive, these results indicated that PMMA segregates to the air interface.  

However as the PS peaks do not disappear completely, this would indicate that perhaps at certain 

points the PMMA overlayer is very thin or non-existent to allow for PS to be visible by ToF-SIMS 

analysis.   

3.3 Surface Topography: AFM  

  AFM was used to analyse the topography of the various surfaces.  The pure polymer films, 

exhibit flat surfaces with few surface features (Figure S1 in the Supporting Information).  The Rq 

and Ra roughness for PMMA (0.9, 0.7 nm) and PS (1.2, 1.0 nm) are given in Table 1. The 

topography of the polymer demixed films varied depending on the ratios of the polymers and are 

given in Figure 6 (shown at different maximum heights).  When PMMA was in excess the films 

took on a nanoisland topography with an average peak height of 27.7 nm (Figure 6a, Table 1).  

After DBD treatment, some etching of the nanoislands had occurred, however, the randomly 

distributed nanoisland topography is still present, with the height of the features reducing to 19.2 

nm (Figure 6d, Table 1).  The increase in the nanoisland topography with an increase in the PMMA 

bulk concentration points to the nanoislands being most likely being a PMMA rich phase.  When 

PS is in excess, a nanopit topography dominates with a pit depth of 14.9 nm for the PMMA25PS75 

surface.  DBD treatment causes etching of the demixed film by increasing the depth of the pits to 
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27.2 nm (Figure 6f, Table 1).  The PMMA50PS50 surface has a topography of interconnected islands 

and pits with a feature height of 54.1 nm (Figure 6b, Table 1). The PMMA50PS50DBD surface has 

nanoislands with a feature height of 57.5 nm (Figure 6e, Table 1).   

    Statistical analysis was undertaken to determine whether the peak-to-peak differences, 

height/depth and roughness values for the various surfaces of interest changed significantly after 

DBD treatment with the resulting data given in Table 1.  The only surface found to have a 

statistical significant change in peak to peak distance after DBD treatment was PMMA25PS75.  In 

addition, the height/depth values for both the PMMA75PS25 and PMMA25PS75 surfaces were 

statistically different after exposure to plasma processing.  Although statistical significance was 

seen in these cases, it is of note that type of feature does not change, that is, the 

nanoisland/nanopit topography remains consistent.  Furthermore, these feature heights remain 

under 70 nm.  Nanoisland heights of < 70 nm are reported to increase cellular adhesion  as feature 

above this threshold disrupt integrin clustering and thereby cell adhesion.4 Indeed hFOBs grown 

on 11 nm high islands displayed significantly enhanced cell spreading and larger cell dimensions 

than cells on larger nanoislands (38 and 85 nm)  or flat controls10,11.  Integrin clustering and focal 

adhesion reinforcement is unaffected on nanopits with a diameter of <70 nm irrespective of pit 

depth.  Furthermore, increasing the interfeature spacing to the submicron scale facilitates cell-

basal substratum interactions below a feature height of ∼70 nm.4   Therefore although there is 

some etching of the polymer after DBD treatment, the nanotopographies remain in the range 

that have been previously shown to increase cellular response.4  All of the blend films display a 

large surface excess of PMMA, which indicates that these surfaces are not at thermodynamic 

equilibrium since the surface energy of PS is lower than that of PMMA.17,19  Figure S1 along with 
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our previously reported findings25 indicates that DBD treatment of pure PMMA results in oxygen 

functionalization and etching of the polymer while PS results in mainly oxygen functionalization.  

As etching of the nanoislands and pits is observed post DBD treatment of the demixed films here, 

this provides more corroborating evidence to PMMA occupying the air-interface.  

 

 

Figure 6:  AFM height mode images of PMMA/PS demixed thin films.  10 x 10 μm2 size images 
are shown at different z-axis maximum heights.  (a), (c), (d) and (f) have a maximum z-height 
of 60 nm and (b) and (e) have a maximum height of 150 nm.   
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Table 1:  Topography of PMMA/PS Demixed Thin Film Blends  

Sample Topography Peak to 
Peak (µm) 

Feature 
Height/Depth 

(nm) 

Rq (nm) Ra (nm) 

PMMA Flat   0.9 + 0.1 0.7+ 0.0 

PS Flat   1.2 + 0.2 1.0+ 0.1 

PMMA75PS25 Islands 0.5 + 0.1 27.7 + 4.4* 9.3 + 
1.1* 

7.5 + 0.8* 

PMMA50PS50 Islands/Pits 2.4 + 0.4 54.1 + 13.2 31.6 + 
9.8 

27.2  + 0.3 

PMMA25PS75 Pits 0.6 + 0.1* 14.9 + 5.5* 5.5 + 
0.8* 

4.0 + 0.6* 

PMMA75PS25DBD Islands 0.6 + 0.2 19.2  + 5.2* 6.4 + 
0.5* 

5.1 + 0.4* 

PMMA50PS50DBD Islands/Pits 2.3 +  0.6 57.5  + 18.2 23.0 + 1.5 19.1 + 1.4 

PMMA25PS75DBD Pits 1.1 + 0.2* 27.2 + 9.0* 8.7+ 0.2* 6.8 + 0.2* 

*Indicates statistical significance (p<0.05) between the control and DBD treated surfaces  

3.4 Biological Analysis 

3.4.1 MTT Cell Viability 

Short term cellular response was analyzed using an MTT cell viability assay.  Figure 7 shows the 

viability of the hFOBs on the various surfaces 24 and 72 hours post seeding.  hFOB cell viability 

was statistically significantly lower on all the control polymer demixed surfaces (PMMA75PS25, 

PMMA50PS50 and PMMA25PS75) when compared with the DBD treated (PMMA75PS25DBD and 

PMMA25PS75DBD).  All 6 polymer demixed surfaces did not respond as well as cells cultured on 

tissue culture polystyrene (TCPS) which was used as the positive control.  The only surface that 

was comparable to TCPS was the PMMA50PS50DBD surface, which showed no difference in the 

number of viable cells 24 and 72 hours after seeding when compared with TCPS.   
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  The response of hFOB cells to pristine and DBD plasma treated PMMA and PS surfaces are given 

in Figure S2 and S3, respectively, in the Supporting Information.  From these experiments it can 

clearly be seen that there is a statistically significant increase in the number of viable cells on the 

plasma treated PMMA and PS surfaces compared to the pristine pure flat equivalents.   These 

results corroborate our previously published work which has shown that lens epithelial cells do 

not adhere and proliferate well on hydrophobic flat PMMA and PS but do so effectively on the 

corresponding DBD treated surfaces.25  Therefore, these results suggest that for certain types of 

cells, topography alone is not sufficient to instigate a positive response, but rather a change in 

surface chemistry, in this case increased oxygen functionality leading to increased hydrophilicity, 

provides the requisite cues for enhancing cellular response.  In the case of the polymer demixed 

systems investigated here it is found that a change in topography is not sufficient to instigate 

increased cell adhesion and proliferation of hFOBs.  These results demonstrate that it is necessary 

to consider the full physicochemical composition of a biomaterial surface in the context of 

controlling cell response thereon.  
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3.4.2 hFOB Morphology  

The morphology of hFOB cells on the various surfaces was studied by microscopic analysis of 

the cytoskeleton and nuclei of fluorescently labeled cells 48h post-seeding.  The untreated 

polymer demixed surfaces (PMMA75PS25, PMMA50PS50 and PMMA25PS75) showed only a few 

spindle shaped adhered cells with contracted morphology with unidirectional proliferation and 

poorly developed actin stress fibers (Figure 8a, b, c).  This type of morphology is similar to that 

observed by Lim et al35  for hFOB cells cultured on hydrophobic glass substrates. Conversely, the 

DBD treated polymer demixed surfaces (PMMA75PS25DBD, PMMA50PS50DBD and PMMA25PS75DBD) 

showed many adhered cells with well spread morphology and a complex network of actin stress 

Figure 7: MTT viability assay data for hFOBs 24 and 72 hr in culture on the various demixed surfaces.  The 
ratio given on the x-axis represents PMMA:PS . ∗Statistical   significance at p < 0.05 for 24 hours compared 

with TCPS, # p < 0.05 for 72 hours compared with TCPS 
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fibres (Figure 8d, e, f). This response is similar to that observed by Lim et al35  for hFOB cells grown 

on hydrophilic plasma treated quartz.  In this type of positive cellular response, the development 

of cytoskeleton and focal adhesion complexes occur simultaneously with both contributions to 

changes in cell morphology, affecting one another.36-38  For the polymer demixed surfaces, the 

hFOB cytoskeleton is developed only on the DBD treated surfaces indicating that the plasma 

induced surface chemistry makes a more important contribution to cell response than a change 

in topography.   

 

Figure 8: Fluorescent images of hFOBs dual stained for actin (green) and nuclei (blue) after 
48 h in culture showing the cytoskeleton in cells on (a) PMMA75PS25, (b) PMMA50PS50 and (c) 
PMMA25PS75 (d) PMMA75PS25DBD, (e) PMMA50PS50DBD and (f) PMMA25PS75DBD. Inserts on (d) (e) 
and (f) are enlargements of the figures.  The scale bar represents 250 μm. 

4. Discussion 

Spin coating of PMMA/PS demixed blends produces surfaces with differing topographies and 

wettabilities.  DBD plasma treatment of these polymer blends has been used to change the 
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surface chemistry (oxidative functionalization) of the thin films to ascertain differences in cellular 

response based on chemistry vs. topography.  Since the two polymers are immiscible, phase 

separation takes place leading to a relatively disordered surface morphology.  Chloroform has a 

high vapour pressure (18.6 kPa) at room temperature.39  The Hildebrand solubility parameters of 

PS, PMMA and chloroform are 9.1, 9.5 and 9.3, respectively.    Generally, the solubility of the 

polymer increases when its solubility parameter is closer to that of the solvent.  The surface 

tension of the two polymers are similar and differences may vary according the method of 

evaluation.40,41  Hence predicting which polymer will segregate to the top at equilibrium is 

difficult.  Ton-That et al. have shown that the changes of the PMMA pit size in blend films of 

PS/PMMA is the result of the incomplete dewetting of a PMMA solution from the underlying PS 

solution during spin coating.19,42  Walheim et al. have hypothesized that the distinct differences 

in the thin film domain structure and surface topography depend on the substrate surface energy 

and the relative solubilities of  the two polymers in the common solvent.21  Tanaka et al. proposed 

that incomplete wetting of the surface by the lower surface energy component will force the 

higher surface energy component to protrude from the film surface.17    Heriot and Jones.16 and 

Jukes et al.29  have shown vertical stratification of the two polymers ending in a lateral phase-

separated thin film.    

The study by Heriot and Jones has been the most conclusive as they were able to study phase 

separation in spin-coated films of PMMA and PS beyond just the analysis of the final films.22  

During the spin coating process, as the solvent evaporates, the system transforms from a one-

phase region polymer/polymer/solvent phase diagram to a two-phase region of polymer/solvent 

and polymer/solvent.  Heriot and Jones22 hypothesize that early in this spin coating process, 
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phase separation of the films takes place and forms two layers at the substrate and air interface: 

a PS rich and a PMMA rich one as seen in Figure 9.   Fluid flow followed by solvent evaporation 

causes these layers to thin.43,44   As the films reach a critical threshold in thickness, instability at 

the interface between the two polymer layers develops due to a solvent-concentration gradient 

through the film.22  The solvent at the surface evaporates much faster than in the bulk.   The 

relative solubility of the two polymers in the solvent will play a factor in one of the phases being 

depleted of solvent quicker and will turn solid earlier than the other phase.21   The instabilities 

increase to a point such that the highest interfacial protrusions will touch the top surfaces of the 

film; the film will break up rapidly into lateral domains.   A secondary phase separation occurs 

simultaneously in the domains giving the final morphology of the films as seen in Figure 9a.  

Hence the morphology is a result of the interplay between the phase separation and dewetting 

during spin coating.22,43  Additionally, the phase separated morphology may not be at 

thermodynamic equilibrium, and achieving this equilibrium may be hampered by kinetic barriers 

associated with the nonequilibrium morphology. 
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Figure 9: Schematic representation of (a) the spin-coating process and formation of final film 
morphology and (b) Structural models of PS/PMMA blends where the surface pits correspond 
to the pits in the interface or with lateral phase separation.  

   

In this study, the polymer demixed films were not at thermodynamic equilibrium with a PMMA 

rich phase segregating to the surface, even though its surface free energy is slightly higher than 

that of PS.  This may be due to a lateral phase separation of the two polymers (Figure 9bi) or the 

formation of a continuous surface overlayer of PMMA (Figure 9bii).  Given that the ToF-SIMS 

(depth of resolution of 2 nm and a lateral resolution of 100 μm2) has contribution from PMMA 

and PS, it is more likely that the first scenario exists where lateral phase separation has occurred 

(Figure 9bi).   

  The DBD process results in the generation of reactive species which are transferred to the 

polymer surface through a flux of neutral particles, electrons, ions and radicals, as well as from 

exposure to UV radiation.  The energetic species generated in the plasma are produced in discrete 

pulses, with durations in the tens of nanoseconds time scale. This so-called ‘cold’ plasma 

condition keeps surface damage by thermal effects to a minimum.  Our group has previously 

shown with XPS and ToF-SIMS analysis, DBD treatment results in mainly surface oxidation of 

polymers with little or no oxygen inherent in its chemical structure such as PS and that polymers 

with oxygen such as PMMA undergo a combination of etching and oxidation.25,45,46  Therefore, 

for the relatively short residence times in the DBD plasma as in this study, the PS surface 

roughness is only mildly etched, as determined by AFM.  This indicates that the changes in 

wettability seen for PS is mainly a consequence of induced changes in surface chemistry.25,46  For 

PMMA, the DBD processing can increase surface roughness slightly due to chain scission 
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reactions that occurred in the surface region.  Hence, in this case the change in wettability 

induced by DBD treatment can be a combination of oxidative surface chemistry and moderate 

surface roughening.25,46  With the PMMA:PS polymer system studied here as PMMA segregates 

to the air-interface, etching and oxidation of the surface is observed post DBD treatment. 

  Identifying which component polymer segregates to the air interface is important when 

assessing cell behavior, as cells only interact with the topmost layer of the substratum.  In this 

case we believe that the tops of the nanoislands are composed of PMMA and the pits are PS.  

Control experiments show that hFOBs do not adhere to pristine flat PMMA and PS, whereas the 

number of viable cells is significantly higher on the DBD treated pure polymer surfaces (Figures 

S2 and S3).  This is in corroboration with previous work in our group that has demonstrated that 

short term lens epithelial cell response on flat pure PMMA and PS surfaces is poor compared with 

the surfaces post DBD plasma treatment.25  In this previous study however, DBD plasma 

treatment increases the roughness and changes the surface chemistry of the PMMA and PS.25  

Therefore it is not possible to determine the effect of each variable plays in increasing cellular 

response.  In the present study, the nanotextured surfaces of PMMA:PS (regardless of what the 

topmost layer is) did not positively affect short term hFOB response in comparison with flat 

samples.  In comparison, post DBD plasma treatment, the change in surface chemistry which 

incorporates more polar groups, has a dramatic effect on hFOB response.   A salient point here is 

that even though the DBD plasma results in etching of nanotopographies, the feature heights 

have remained below 70 nm which has been previously shown to be the threshold for 

nanoislands increasing cell response and above which disruption to integrin clustering and cell 
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adhesion occurs.4,10,11 Therefore the increased cellular response can be attributed to surface 

chemistry in this polymer system and for this cell line. 

  Several reports in the literature demonstrate that isotropic nanotopgraphies of randomly 

distributed islands are capable of inducing differential osteoblastic response, however these 

studies have used different polymers in the fabrication of their demixed surfaces.9-11,47  In our 

study, short-term cytocompatibility was positively correlated with surface wettability, similar to 

previous reports3-10 showing greater cell adhesion and spreading on more hydrophilic surfaces 

and that that the nanotopographical features here were insufficient to increase hFOB response.  

These findings are in agreement with other reports in the literature that analyzed osteoblast 

response to nanotextured surfaces.  One of the early studies in the field, by Hendrich et al. have 

shown higher hFOB proliferation on smooth titanium surfaces and lower proliferation on rougher 

CoCrMo surfaces.48  Additionally, hFOB proliferation on stainless steel and CoCrMo surfaces were 

similar despite significantly deferring roughnesses.  Donahue and coworkers have shown that 

actin stress fibers and vinculin plaques were poorly developed on flat PS samples compared to 

surfaces with nanoislands.11 However when using a more hydrophilic polybromostyrene flat 

sample, the hFOB cells displayed well-developed actin stress fibres and vinculin plaques similar 

to surfaces with 11 nm nanoislands.11  As such roughness aspects are not solely important but 

also the physicochemical composition of underlying biomaterial surfaces is necessary for the 

interpretation of in vitro cytocompatibility and in vivo biocompatibility results.  Indeed, Curran 

and coworkers have also shown using model surfaces with polar functional groups (-OH, -COOH) 

stimulated mesenchymal stem cell response in terms of adhesion, proliferation and 

differentiation.49-51  
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  Cell adhesion is a multifaceted phenomenon with different factors  having importance at the 

various stages of the process timeline.44  For instance, surface chemistry, colloid forces and 

surface thermodynamics are known to be important early events in the cell adhesion process.44  

Based on our results, a schematic representation of the general mechanism involved in the initial 

stages of cell response to surface chemistry vs. topography is given in Figure 10.  On a flat  

hydrophobic surface, proteins flatten, denature and irreversibly adhere to the surface, thereby 

hindering protein turnover and reducing cellular adhesion and proliferation as seen in Figure 

10a.25  As most polymeric biomaterials are hydrophobic, plasma treatment is commonly carried 

out to oxidatively functionalize the surface which increases its hydrophilicity/wettability.  The 

hydrophilic surface condition that occurs after plasma treatment will allow for protein turnover 

such that cell adhesion proteins adsorb to the surface leading to enhanced cell adhesion (Figure 

10b).25     

The introduction of nanoscale topographical features may affect the adsorption of cell adhesion 

proteins thereby directly affecting cellular response.49   However, the results from our study 

clearly show that the underlying physiochemical properties of the substrate are important and 

that variation in nanotopography does not increase hFOB cellular adhesion for this polymer 

demixed system illustrated in Figure 10c.  For the PMMA/PS demixed system and hFOB cell line, 

an increase in surface hydrophilicity/wettability induced by exposure to a DBD plasma results in 

a pronounced increase in cellular response (Figure 10d).  We have previously shown that  

mesenchymal stem cells do respond to polymer demixed polycaprolactone (PCL)/PMMA 

mixtures without the need to alter their surface chemistry.  This indicates that the role of surface 

chemistry vs. topography effects in directing cell adhesion and proliferation are dependent on 
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individual cell lines and physicochemical properties of the substratum.15  These observations 

indicate that, when assessing cell response, the role played by the various contributing 

biomaterial characteristics should be evaluated both independently and communally.  

 

Figure 10: Schematic representation of the initial stages of cell adhesion on (a) flat hydrophobic 
(b) flat hydrophilic (c) nanotextured hydrophobic and (d) nanotextured hydrophilic surfaces.     

5. Conclusions 

  In summary, PMMA/PS demixed thin films produced randomly distributed nanotopographies 

that ranged from nanoislands to nanopits.  As the concentration of PMMA increased in the blend, 

a nanoisland topography becomes dominant, whereas when PS was in excess a nanopit 

topography dominated.  PMMA tended to segregate to the top of the nanoislands and PS 

preferred the substrate interface.  DBD treatment of the demixed films was carried out to assess 

the effects of surface chemistry vs. topography effect on hFOB response.  The nanotextured thin 

films did not elicit a proactive cellular response on their own; however an increase in 

hydrophilicity via DBD treatment had a dramatic effect on cell adhesion for hFOBs.  These results 

highlights the necessity of taking into consideration not only topographical contributions, but 
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also the physicochemical composition of biomaterial surfaces for determining the mechanism of 

cellular adhesion and proliferation.  
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