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Abstract: 

Synchrotron-based X-ray photoemission electron microscopy (X-PEEM) was used to 

characterize the near surface composition of polyethylene oxide (PEO) combined with 1.5, 5, 

and 10 wt-% pentaerythritol triacrylate (PETA) cross-linker. It was found that as the 

concentration of PETA increased, it became the dominant component in the top 10 nm of the 

film surface. The same surfaces were also exposed to human serum albumin (HSA) and the 

distributions of the protein relative to PEO and PETA were measured with X-PEEM. A positive 

correlation was found between levels of PETA and HSA at the surface. Above PETA 

concentrations of 5 wt-%, HSA adsorption was significant, which suggests high levels of PETA 

(often used to immobilize PEO by cross-linking) can significantly reduce the non-fouling 

properties of PEO.  
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1. Introduction 

 Polyethylene oxide (PEO) is a hydrophilic polymer commonly used in biomedical 

applications to reduce protein adsorption [1] or improve biocompatibility [2]. The exact 

mechanism of protein resistance is not known, however PEO density, chain length, 

conformation, lack of charge, and its interactions with water are all known to affect protein 

resistance [3-6].  

Since PEO is soluble in water, several techniques such as γ [4], UV [5,6] and electron 

irradiation [7], have been employed to crosslink the PEO chains to prevent mass loss upon 

protein exposure. UV-initiated crosslinking of PEO with pentaerythritol triacrylate (PETA) or 

other radical crosslinkers [8] is becoming increasingly popular since PEO can be crosslinked in 

both solution and solid state [9,10]. The inclusion of PETA to form crosslinked PEO has been 

used in biomedical applications such as hydrogels [11,12] and micelles [13] for drug delivery, or 

to form chemically patterned surfaces for cell studies [14]. However, to our knowledge, the 

effect of PETA crosslinker on the biocompatibility of PEO-based materials has not been 

systematically investigated. 

In this study, we use synchrotron-based X-ray photoemission electron microscopy (X-

PEEM) for surface characterization of thin PEO films containing variable levels of PETA 

crosslinker. We then investigate the effect of the PETA on the adsorption of human serum 

albumin (HSA) to these surfaces. Previously, we used X-PEEM to study HSA adsorption to 

phase segregated polystyrene (PS)-poly(methyl methacrylate) (PMMA) [15-19] or PS-

polylactide (PLA) [16] thin films. This study is part of an on-going effort to use X-PEEM and 

other techniques to obtain detailed information on the interfacial interactions of proteins by 

measuring the spatial distribution of specific proteins over a well-characterized, chemically 

segregated surface at high resolution.      

 

Experimental 

2.1 Materials and Protein Exposure 

 PEO (MW=600K) and PETA were purchased from Sigma Aldrich and used as received. 

Human serum albumin (HSA) was purchased from Behringwerke AG, Marburg, Germany, and 

found to be homogeneous as judged by sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE). 
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To examine the effect of PETA crosslinker, PEO (50 mg) and PETA (0%, 1%, 5% and 

10% by weight) were dissolved in dichloromethane (5 g) and spun cast (4000 rpm, 40s) onto a 

clean native oxide silicon wafer. Then the substrates were exposed to a 365 nm UV lamp under 

flowing nitrogen for 40 min to crosslink the PEO. Next, the thin films were immersed in 5 mL of 

0.005 mg/mL HSA for 20 min, washed vigorously and air dried. For the PEO sample with 0% 

PETA, the PEO dissolved upon exposure to protein solution. 

 

2.2 X-ray spectromicroscopy 

 High quality near-edge X-ray absorption fine structure (NEXAFS) reference spectra of 

PEO, PETA and HSA (Figure 1) were collected with a scanning transmission X-ray microscope 

(STXM) on beamline 5.3.2 at the Advanced Light Source (ALS) in Berkeley, CA  [17,18]. 

While the STXM presents slightly better energy resolution (0.1-0.2 eV) compared to X-PEEM 

(0.4-0.5 eV), similar spectral lines shapes are obtained from both techniques. Samples were 

solvent-cast onto an X-ray transparent silicon nitride window and micrometer sized areas were 

probed using image sequences [19]. The intensity scale of each reference spectrum was 

normalized to the signal expected from 1 nm of the polymer or protein at its bulk density. 

 X-PEEM data collection was performed at the ALS on beamline 7.3.1 with the PEEM-2 

microscope. Briefly, photoelectrons and secondary electrons are ejected upon absorption of 70-

80% left circularly polarized monochromatic X-rays and enter the electrostatic imaging column 

where the spatial distribution is detected with a CCD camera [20]. X-PEEM is a total electron 

yield technique and is highly surface sensitive (probes the top 10 nm of the sample) with a 

sampling depth of (1/e) of 4 nm for polymers [21]. To eliminate second-order light, a 100 nm 

thick titanium filter was used and a shutter with 0.1 second response time blocked the X-ray 

beam except during image acquisition.  

 

2.3 X-PEEM Data Analysis 

 All data analyses were performed with the aXis2000 software package [22]. C1s image 

sequences were aligned and then normalized to the ring current with the I0 spectrum obtained 

from a clean HF-etched Si chip. The I0 spectrum was corrected for the absorption of underlying 

silicon and the X-PEEM bolometric response, which is a linear energy term. External calibration 

was used by calibrating the C 1s → π*C=C transition of a clean polystyrene sample to 285.15 eV. 
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 Singular value decomposition was used to fit each pixel of a C1s image sequence with 

the PEO, PETA and HSA reference spectra via least squares refinement [23,24]. The fit 

coefficients obtained from the SVD fitting result in component maps which show the spatial 

distribution of each reference component. Skewed illumination correction was adjusted by 

dividing each component map with a heavily smoothed image of the sum of all components. 

Furthermore the intensity of each image was divided by a scale factor which results in a total 

average thickness (sum of all components) of 10 nm, the sampling depth of X-PEEM [21].  

 PEO-rich and PETA-rich areas were examined quantitatively by applying a threshold 

mask to the stack to obtain pixels specific to PEO or PETA (Figure 2). Only pixels above a 

defined value were included and the average NEXAFS spectrum from each masked region was 

further altered by setting the pre-edge intensity to zero. Each PEO-rich or PETA-rich average 

NEXAFS spectrum was then fit with the PEO, PETA and HSA reference spectra. Several stacks 

were quantitatively examined and the results were averaged to determine the uncertainty or 

standard deviation. 

 

3. Results and Discussion 

The C 1s reference spectra for PEO, PETA and HSA are plotted in Figure 1. At the C 1s 

edge, the three species can be easily distinguished. The PEO spectrum is dominated by C 1s → 

σ*C-H and C 1s → σ*C-O transitions at 289.0 and 289.8 eV [25]. PETA is characterized by two 

main transitions at 284.45 and 288.6 eV corresponding to C 1s → π*C=C and C 1s → π*C=O 

transitions. The C=C π* transition at 284.45 eV is 0.7 eV lower than the transition obtained for 

polystyrene which reflects conjugation of double bonds in the PETA structure. HSA shows a 

strong C 1s → π*C=O transition at 288.20 eV, which is 0.4 eV lower than the C=O π* transition 

of PETA due to the less electronegative environment of the amide group in proteins.  

The color coded maps of the PEO films with 1.5, 5 and 10 wt-% PETA crosslinker 

obtained from X-PEEM are shown in Figure 3. The same data are presented in two different 

ways. The rescaled maps are shown such that the intensity of each component is mapped 

separately to the full range (0-255) of its color, resulting in greater sensitivity for the localization 

of each component. The absolute maps are displayed on a common scale (0-10 nm), which 

preserves the thickness information. 
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The rescaled color coded image (Figure 3d) for the 1.5 wt-% PETA sample reveals an 

inhomogeneous surface with small PETA domains (~ 50 nm) scattered within a PEO matrix, 

with PEO, PETA and HSA color coded as red, green and blue, respectively. These small PETA 

domains are hard to resolve and may be beyond the resolution limits of the X-PEEM used for 

these studies. As the concentration of crosslinker increases, the surface evolves from slightly 

structured to having large circular domains of green crosslinked PETA. With increasing 

crosslinker concentration, the images become pinker and teal, indicative of HSA adsorption to 

the entire surface. At the highest PETA concentration studied (10 wt-%), there is a marked 

correlation between the green dots of PETA and intensely blue HSA (Figure 3n). 

 The absolute color coded images show the surface changing from bright red (Figure 3e) 

to bright green (Figure 3o) as the concentration of PETA increases from 1.5% to 10%, 

suggesting that surface enrichment of PETA occurs at the substrate-air interface. In these images, 

the blue color representing HSA is faint indicating that although PETA segregates to the surface, 

the PEO still retains some protein resistance. 

 Figure 4 compares the average spectra extracted from the 1.5, 5 and 10 wt-% PETA 

samples compared to pure PEO and pure PETA. As the concentration of PETA increases the 

main NEXAFS peak shifts to lower energy and the spectral line shape transitions from mainly 

PEO (1.5% wt- PETA sample) to mainly PETA (10 wt-% PETA sample).  

Doytcheva et al. suggested that under UV irradiation, PETA (singlet) undergoes an 

intersystem crossing to form an excited triplet state which is capable of cleaving a proton from 

PEO to form a PEO radical and a PETA radical [10]. Our experiments verify that PETA acts as 

both an initiator and a crosslinker since UV irradiation of PEO alone does not form crosslinked 

PEO. Also, our NEXAFS spectra show almost no C=C π* transition at 284.45 eV, which should 

be evident if the double bonds of PETA are present. This clearly indicates that the crosslinking 

mechanism occurs by PEO and PETA radical attack of the PETA double bond. FTIR analysis of 

PEO crosslinked with PETA for micelle formation also observed the absence of C=C double 

bonds as evidence for complete radical polymerization [26]. 

 The quantitative results extracted from PEO-rich and PETA-rich areas are summarized in 

Table 1. For the 1.5 wt-% PETA sample, a small amount of PETA (0.7 nm) is detected in the 

PEO-rich area. At this low crosslinker concentration, PEO still retains its non-fouling properties 

with no detectable HSA adsorption. The PETA-rich area shows an increase of 6 % PETA 
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revealing that PEO remains the dominating component (~ 90 %) across the top 10nm of the 

surface. Even in the PETA-rich areas, no HSA is detected. 

 However, as the concentration of PETA increases to 5 wt-%, a detectable amount of HSA 

adsorbs to the surface. At 5 wt-% PETA, the crosslinker thickness in the PEO-rich areas 

increases from 0.7 nm to 3.7 nm, while in the PETA-rich area, it increases by almost four-fold to 

4.9 nm. At this relatively low PETA concentration (5 wt-%), the top 10 nm of the surface shows 

a mixture of ~ 50:50 PEO:PETA with about 0.3-0.7 nm of HSA. These results show that PETA 

is strongly surface segregated. Typically, in polymer systems, the component with the lower 

surface free energy segregates to the surface [27]. Since PETA is more hydrophobic than PEO 

[26], PETA should have lower surface free energy and would be expected to segregate to the 

surface [28,29]. Furthermore, the molecular weight difference between PETA and PEO should 

also affect the surface composition with the lower molecular weight PETA segregating to the 

surface [30]. 

 At 10 wt-% PETA, the crosslinker becomes the dominant component (65-70%) at the 

surface for both the PEO and PETA-rich regions. Here, the thickness of adsorbed protein doubles 

to 1.3-1.4 nm across the entire surface with only a small amount of PEO (15-20%) detectable. 

These quantitative results show that at a crosslinker concentration > 5 wt-%, the PEO surface 

begins to lose its non-fouling properties and begins to adsorb protein. As the concentration of 

PETA increases, the amount of adsorbed HSA also increases, suggesting that HSA binds 

preferentially to the crosslinker. 

 Recently, fluorescence microscopy treated by integral geometry analysis was used to 

quantify the adsorption of labeled lentil lectin (LcH) or concavalin A (ConA) to several 

polymeric surfaces including PEO crosslinked with PETA [31]. While this technique can 

spatially resolve and quantify lectin adsorption to the surface, it provides no information on the 

polymeric substrate. This fluorescence study suggested that lectin adsorption may be influenced 

to some extent by the presence of PETA; however, since the spun-cast PEO film studied was 

prepared using 15% PETA, the crosslinker is undoubtedly the dominant component of the film 

surface. 

 The inclusion of PETA and other UV-initiated radical crosslinkers [32] to form PEO-

based biomaterials such as hydrogels [6,12] or micelles [13] for drug delivery is becoming 

increasingly common. In the formation of micelles, PETA is used to stabilize the hydrophobic 
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core [26] and is likely not present at the air-substrate interface. However, for hydrogel or micro-

array applications, it is likely that the highly surface active PETA crosslinker is present as a 

major component at the interface, and as such may compromise the antifouling properties of 

PEO. 

  

4. Conclusions 

 PEO containing 1.5, 5 and 10 wt-% PETA was crosslinked by UV exposure, exposed to 

0.005 mg/mL HSA and examined with X-PEEM. As the concentration of PETA increased, it 

became the dominant component in the top 10 nm of the surface. Upon exposure to HSA, 

increased protein adsorption was seen with increasing PETA concentration. It is concluded that 

at PETA concentrations above 5 wt-%, PEO begins to lose its non-fouling properties.  

 

Acknowledgements 

This research is supported by the Natural Sciences and Engineering Research Council 

(NSERC, Canada), AFMNet and the Canada Research Chair programs. X-ray microscopy was 

carried out using PEEM-2 and STXM532 at the ALS. The ALS is supported by the US 

Department of Energy under Contract DE-AC02-05CH11231. 

 7



 

Table 1: Thickness (nm) of PEO, PETA, and HSA in PEO-rich and PETA-rich areas for 1 wt% 
PEO samples with 1.5, 5 and 10 wt-% PETA concentration . These films were exposed to 0.005 
mg/mL HSA in DDI water. Uncertainty ±0.5 nm.  
 

 
 
 
 
 
 
 

 

 

Region Composite Percent PETA (wt-%) 
  Thickness (nm) 1.5 % 5 % 10 % 
PEO PEO 9.3 5.7 2.2 
 PETA 0.7 3.7 6.5 
 HSA  0.0 0.7 1.3 
PETA PEO 8.7 4.8 1.6 
 PETA 1.3 4.9 7.0 
 HSA  0.0 0.3 1.4 
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Figure Captions 

Figure 1 C 1s X-ray absorption spectra of polyethylene oxide (PEO, red), pentaerythritol 

triacrylate (PETA, green) and HSA (light blue) as recorded in STXM. The spectra are plotted on 

an absolute linear absorbance scale.  

 

Figure 2 a) Sample X-PEEM color coded composite map (non-rescaled) derived from a singular 

value decomposition (SVD) analysis, using the PEO, PETA and HSA reference spectra (Fig. 1), 

of a C 1s image sequence (23 energies) recorded from a spun-cast PEO blend with 10% PETA 

contribution. b) Mask used to extract spectra of specific regions. Red denotes PEO-rich regions, 

green denotes PETA-rich regions, defined by threshold masking the PS and PEO component 

maps. The remaining blue pixels define areas at the interface between the PEO-rich and PETA-

rich domains and were not used in the fitting procedure. c) Curve fit of the average C 1s spectra 

of the PEO-rich region (data, dots; fit, black line; components, colored lines) d) Curve fit of the 

average C 1s spectra of the PETA-rich region (same color coding). 

 

Figure 3 X-PEEM color coded composite maps of PEO with 1.5% PETA crosslinker a) PEO, b) 

PETA, c) HSA, d) rescaled, e) absolute; PEO with 5% PETA f) PEO, g) PETA, h) HSA, i) 

rescaled, j) absolute; PEO with 10% PETA k) PEO, l) PETA, m) HSA, n) rescaled, o) absolute. 

PEO is coded red, PETA is coded green and HSA is coded blue. 

 

Figure 4 C 1s X-ray absorption spectra of PEO (red), PEO with 1.5% PETA (green), PEO with 

5% PETA (blue), PEO with 10% PETA (pink) and PETA (cyan). 
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