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Abstract 

There is a strong need in medical device industry to decrease failure rates of biomedical 

devices by the reduction of defect structures and contaminants during the production process. 

Reliable detection and identification of defect structures and contaminants is a crucial aspect 
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for many industrial applications. The present study aims to provide an analytical tool for the 

reliable and traceable characterization of surface contaminants of medical devices, in 

particular N,N’-ethylene-bis (stearamide),  an ubiquitous compound used in many industrial 

applications as a release agent or friction reduction additive.  

Reference-free X-ray fluorescence analysis as primary method has proven to being able to lay 

foundation for all other applied methods since it yields the absolute mass deposition of the 

selected N,N’-ethylene-bis (stearamide) contaminant whilst X-ray absorption fine structure 

analysis confirms the chemical species. Ambient vibrational and mass spectroscopic 

methodologies such as Fourier transform infrared, Raman, and secondary ion mass 

spectroscopy is involved in this systematic procedure for an extensive complementary 

analysis.  

This calibration procedure was developed using specially designed and fabricated model 

systems varying in thickness and substrate material. Furthermore, typical real medical devices 

such as both a polyethylene hip liner and a silver-coated wound dressing have been 

contaminated and investigated by these diverse methods, enabling validation of this 

developed procedure. These well-characterized specimens may be used as calibration 

standards for bench top instrumentation in view of a reliable and traceable analysis of 

biomaterials and surface treatments. These findings demonstrate the potential of combining 

complementary methods for a better understanding of the relevant organic materials.  

 

 

1. Introduction. 

Medical devices regulation necessitates for the most reliable identification and 

characterization methodology, providing robust measurands on failure rates, contaminants 

amounts and defect structures, ensuring quality control during industrial production. If enough 

appropriate calibration samples, i.e. by having a spatial and compositional structure as closed 
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as possible to the ‘real’ sample of interest, are available, most analytical techniques can 

provide quantitative results. When dealing with advanced biomedical devices suitable 

calibration samples are often lacking, as complex organic structures are required. Methods 

based upon physical traceability can overcome these restrictions.  

Many surface characterization approaches have been applied to biomedical devices, ranging 

from photoelectron spectroscopy, contact angle measurements, to nanoscopical techniques 

[1,2], and mass spectroscopic techniques such as Time-of-flight secondary ion mass 

spectrometry (TOF-SIMS). Also Fourier transformed infrared (FTIR), and Raman 

spectroscopy are used for characterization of bulk objects, beyond the surface at a near-

surface range. However, for quantification, these methods either rely on reference materials or 

calibration samples which are barely available for ‘real’ biomedical devices. For a robust 

analysis on medical devices an increased effort to ensure traceability and reliability needs to 

be made.  

We present here a calibration procedure based on an absolute method on which the above 

mentioned techniques refer to, requiring suitable calibration samples and appropriate 

reference materials. By contrast, the vacuum-based technique reference-free X-ray 

fluorescence analysis (XRF) allows for a quantitative analysis of the elemental mass 

deposition, related thickness, and composition of compounds without requiring any reference 

materials or calibration samples.  

Our Synchrotron radiation (SR)-based XRF approach uses only atomic fundamental 

parameters and calibrated instrumentation, thus enabling quantitative analysis. To ensure that 

the ascertained mass deposition closely relates to the assumed chemical species, Near-edge X-

ray absorption fine structure spectroscopy (NEXAFS) is additionally employed to identify the 

chemical binding state of the sample and to confirm chemical identification. Established 

methods such as FTIR, Raman, and mass spectrometry are also applied for comparing the 

results of all measurement strategies with respect to chemical speciation. Particularly, these 
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techniques are qualified to deliver quantitative results through correlation with results 

obtained by X-ray spectroscopic techniques. It has to be noted here that both vibrational 

spectroscopic methods also provide information about the chemical binding state of organic 

compounds by so-called molecular fingerprints, enabling their distinct identification. 

For the development of such a calibration procedure, ‘model systems’ such as organic surface 

contaminant layers with a dedicated thicknesses and chemical binding state were deposited 

onto different biomedically relevant substrates, namely  polyethylene (HDPE), and silicon 

(Si). The organic compound N,N’-ethylene-bis (stearamide), referred to as stearamide or EBS 

from here onwards, has been chosen as a typical contamination. Stearamide is an ubiquitous 

component being used in many industrial applications as a release agent or friction reduction 

additive [3]. It is a small molecule waxy material that can migrate through polymers and 

produce surface blooms which is perfectly desirable for release functionality during the 

manufacture of various components, films, membranes, etc. However, in the EU and other 

jurisdictions stearamide is classified as an irritant compound [3] and is therefore undesirable 

on medical devices, particularly in cases in which the products may get in contact with skin or 

internal tissues [3]. Surface blooms of stearamide can also hamper fabrication of multi-

component products, increasing the risk of failures of adhesive bonding, welds or laminations 

[3]. Stearamide blooms can also affect finished products, packaging or the processability of 

raw materials during manufacture [3]. Wound dressings and replacement joint prostheses 

represent examples of two medical device types that are usually in contact with body fluids 

and tissue, so any surface blooms of stearamide have to be avoided in terms of 

biocompatibility.  

 

Model surface-contaminant layers comprising N,N’-ethylene-bis (stearamide) of different 

thicknesses were analyzed with XRF, Raman, and FTIR. The XRF intensity related thickness 

can be correlated with stearamide-related vibrational spectroscopic band integrals as a 
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calibration relationship for Raman and FTIR. It should be noted here that these well-qualified 

model samples may be used also as calibration samples for bench top instrumentation in 

laboratories in view of a reliable and traceable analysis of complex biomedical devices that 

are either contaminated with an unknown amount or exposed to different types of surface 

treatments during industrial manufacturing. Addressing analytical requirements of industry, 

biomedical devices such as a polyethylene-based hip liner and a silver-coated wound dressing 

that have been contaminated with stearamide were analyzed by XRF, Raman and FTIR 

spectroscopy applying the new calibration procedure based on physical traceability. 

In particular, the mass deposition of the main elements C, N and O has been determined by a 

fundamental parameter-based reference-free XRF technique [4]. This allows a conclusion of 

the elemental composition and the layer-thicknesses. These results partially confirm the 

nominal values deduced by the preparation process. Additionally, the respective elemental 

mass deposition is correlated with the chemical binding state of the elements. Typical fine 

structure features have been identified in the C, N and O K near-edge regions, confirming the 

chemical structure of stearamide. These results could also be verified by FTIR, and Raman 

spectroscopy, and correspondingly clearly demonstrate the potential of combining 

complementary methods for a better understanding of the relevant complex organic layered 

structures. 

 

2. Materials and methods. 

2.1. Sample preparation.  

Stearamide with layer thicknesses of nominally 600 nm, 100 nm, 50 nm, and 10 nm, have 

been prepared onto Si, and HDPE substrates. For the coated Si substrates, precise 

measurements of the stearamide coating thicknesses produced were made using a Woollam 

M-2000DI ellipsometer, details of which are given in Appendix A. An Edwards’s AUTO 306 

vacuum-coater to evaporate stearamide onto the different substrate types was applied. 
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Stearamide has a nominal mass of 352.590 Da but it can be found with different chain lengths 

(cf. Figure 1). The empirical formula is [N2O2C4H8](CH2)2n. SIMS detected the molecular 

ions of the stearamide coatings with chain lengths n = 15, 16 and 17, showing no damage of 

the stearamide during evaporation. An uniform film across the sample with a homogenous 

coverage of the stearamide could be confirmed by SIMS.  

 

 

Figure 1. Molecular structure of stearamide. 

 

In addition to the model systems stearamide was prepared on ‘real’ biomedical devices such 

as HDPE-based hip liners and silver-coated polyurethane-based wound dressings (average 

Ag-thickness ~ 15 µm). Both commercially available devices were provided by the company 

Smith and Nephew. The nominal thickness of the stearamide coatings was about 100 nm.  

 

2.2. Reference-free XRF and X-ray absorption fine structure spectroscopy.  

For analyses, the Plane Grating Monochromator (PGM) beamline for undulator radiation at 

the PTB laboratory at BESSY II was employed [5–7]. The beamline PGM-U49 provides 

monochromatized undulator radiation in the energy range from 78 eV to 1870 eV with a high 

spectral purity and well-known flux [5,6]. The experiments were carried out in an ultra-high 

vacuum chamber attached to the beamline PGM-U49. The chamber is equipped with a 9 axis 

manipulator, which enables a very precise sample adjustment and positioning, in particular for 

the incidence angle [8]. This UHV chamber, and, notably, the sample holder are placed in the 

focal plane of the PGM-U49, which has a vertical size of about 170 µm. The emitted 

fluorescence radiation from the sample is detected by a radiometrically calibrated energy-
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dispersive Silicon drift detector (SDD) [6]. Both, the detector’s efficiency as well as its 

response functions are well-known [4]. 

For stearamide, an optimized experimental setup has to be evaluated. Here, the conventional 

45°/45° geometry is suitable for a reliable analysis of the mass-per-unit area (mass 

deposition). In this case, both the incidence and detection angle are about 45°. The incidence 

photon energy for the XRF is set to 1060 eV to excite Kα fluorescence radiation of carbon, 

nitrogen, and oxygen. For the NEXAFS measurements the incident photon energy is tuned in 

a range which is around the x-ray absorption edge to analyze chemical binding state of the 

respective element. Here, the C-K, N-K, and O-K absorption edges were evaluated. In 

fluorescence detection mode a XRF spectrum is recorded at each energy step and the 

fluorescence line of the element of interest is evaluated, as its deconvoluted count rate is 

dependent on the photon energy.  

The quantitative analysis of the absolute mass m per unit area F mi/FI and the elemental 

composition are carried out by using a fundamental parameter approach as introduced in 

Beckhoff et al. [4]. Here, all experimental and atomic fundamental parameters have to be 

well-known. For this purpose, the calibrated instrumentation described in the paragraph above 

is used. The atomic fundamental parameters are taken from databases, e.g. Elam database [9]. 

Excluding the photoelectric cross section it follows from the Ebel database [10] and the 

fluorescence yield for the carbon K edge [11].  

 

 

2.3. SR-based FTIR microspectroscopy and Raman analysis. 

SR-based FTIR microspectroscopic measurements on different EBS layers on Si and HDPE 

substrates were performed at the IR beamline of the electron storage ring Metrology Light 

Source (MLS) [12–14] in the mid-infrared (MIR) spectral window from 3900 cm-1 to 900 cm-

1, using a Vertex 80v spectrometer (Bruker Optics GmbH) to which a Hyperion 3000 
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microscope  was coupled. The spectrometer was fitted with a KBr beamsplitter. The radiation 

source (σx= 678 μm, σy= 245 μm) was focused through an attenuated total reflection (ATR 

15×) objective onto the sample films. For single-point ATR-measurements (10 spectra per 

sample) a Mercury Cadmium telluride (MCT) detector was used by accumulating 512 

averaged scans in reflection geometry at a beam current up to 170 mA. Background scans 

were collected before each sample measurement from a region free of sample material. A 

clean low-e-slide (Kevley Technologies) was used as a reference and rationed against the 

sample spectrum. All interferograms scans were submitted to a Blackman Harris 3-term 

window function and to a zerofilling factor of 2 prior Fourier-transformation. The sample 

stage compartment was thoroughly purged with dried pure gaseous nitrogen to eliminate 

water vapor and carbon dioxide. 

Raman spectra were recorded using a Thermo Scientific DXR spectrometer equipped with a 

microscope, an excitation laser source at 455 nm, a motorized stage sample holder, and a 

charge-coupled device (CCD) detector. Spectra of stearamide samples on Si substrates were 

collected using a 100× microscope objective with a 10 mW laser power, a 50 µm pinhole 

aperture and a spectral range from 3500 to 800 cm-1 with a grating resolution of 5 cm-1. The 

acquisition time was 60 s with a 5 s exposure time. Spectra of EBS samples on HDPE 

substrate were collected using a 100x microscope objective with an excitation laser source at 

455 nm, a 10 mW laser power, a 50 µm pinhole aperture and a spectral range from 3500 to 

100 cm-1 with a grating resolution of 5 cm-1. The acquisition time was 60 s with a 5 s 

exposure time. The calculated laser spot size using a 455 nm laser line is about 0.68 µm2. 

FTIR spectra were collected with the Opus software v.7.2 (Bruker Optics GmbH). The 

spectral datasets derived from ATR measurements (10 spectra) for each sample system were 

processed in Origin 8G (OriginLab Corporation, USA) for polynomial baseline-correction. 

Concerning the EBS on HDPE spectra, the NH stretching mode at 3300 cm-1 was fitted with a 

nonlinear fitting routine (Gaussian mode) for the calculation of band integrals. Raman spectra 
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were collected with the Omnic software v.8.1 (Thermo Fisher Scientific Inc.). At least 20 

spectra were recorded on different locations on the same sample to provide a consistent 

statistical evaluation. The spectral datasets were processed in Omnic software for polynomial 

baseline-correction. Concerning the EBS on HDPE spectra, Omnic peak area tool was used to 

calculate the band integrals under the NH stretching mode at 3300 cm-1. For studying the 

relationship between spectral response and layer thicknesses, the band integrals calculated 

from both FTIR and Raman measurements were plotted against the respective stearamide 

layer thickness derived from XRF measurements. For IR datasets, a linear fitting routine in 

Origin 8G was applied for the band integral/layer thickness plot. For the Raman datasets, the 

applied fitting procedure was a weighted total least square (WTLS) regression, and was 

implemented by means of a MATLAB®-based tool for calibration [15] that is able to deal 

with uncertainty (and correlation) in both the dependent (average band integrals) and 

independent (thickness values) variables. The obtained calibration curves were used as the 

basis for subsequent quantitative analyses of EBS on hip liners. The uncertainty of the 

corresponding analysis curves was obtained by propagation of the probability distributions 

characterizing the calibration parameters and the band integrals at 3300 cm-1, corresponding 

to the unknown thickness value, by applying a Monte Carlo simulation according to 

international guidelines [16]. 

 

Vibrational spectroscopic datasets from both FTIR and Raman spectroscopic techniques were 

exploited for 2D correlation analysis in the spectral region from 3400 cm-1 to 2800 cm-1, and 

for FTIR data additionally in the spectral range between 1700 cm-1and 1500 cm-1  applying 

the program 2Dshige v1.3 developed by Morita et al. [17]. 

For Raman experiments, layer thicknesses of 10 nm, 50 nm and 100 nm were considered, for  

IR additionally one further sample with a layer thickness of 600 nm was taken into account 

for spectral analysis. 
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Synchronous Φ correlation amplitudes were calculated from IR and Raman datasets, and 

plotted as A(ν1) vs. A(ν1) (auto-correlation), and with respect to IR and Raman spectra as 

A(ν1) vs. A(ν2) (cross-correlation). The calculation of the synchronous correlation amplitude 

Φ is described in the SM. The synchronous correlation amplitude Φ can be calculated 

according to the equation: 


1

𝑚−1
∑ 𝐴𝑗(𝜈1)𝐴𝑗(𝜈2)
𝑚
𝑗=1  

Aj(nk) corresponds to the spectral absorbance with respect to the averaged (over parameter x) 

absorbance, from spectra within a certain data interval. 2D correlation allows for the study of 

systematic changes of the signal with respect to a “perturbation” such as 

increasing/decreasing peak intensities that are translated into constructing/deconstructing 

patterns at similar/dissimilar wavelength due to (i) T-induced changes (or pH, p, etc.) in 

molecular structure or (ii) due to modifications on chemical components that are mirrored in 

the spectral datasets.[18,19]  

 

3. Results and discussion. 

3.1. Analysis of ‘model’ stearamide contaminant layers on Si and HDPE substrates. 

3.1.1. Chemical analysis of stearamide by XRF and NEXAFS. 

The quantification of the model systems has been carried out by XRF. Exemplarily, Figure 2 

shows XRF spectra recorded with an excitation energy of 1060 eV at an incidence angle of 

45° for different layer thicknesses of stearamide on HDPE substrate with the expected 

fluorescence lines. Additionally, contaminations from elements such as F and Cu were 

identified. The respective calculated mass deposition and atoms per cm² for each model 

system are listed in Table 1. 
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Figure 2.  XRF spectra measured at 1060 eV at an incidence angle of 45° for the stearamide 

model system at nominally 10 nm, 50 nm, 100 nm, and 600 nm deposited on a silicon wafer.  

 

For the determination of the layer thickness, a bulk density of 0.9 g/cm³ and only the N Kα 

fluorescence line was considered, assuming stoichiometric stearamide. Additional analysis of 

the N-K x-ray absorption edge confirms this course of action, as only the amide bond is 

observable and no other species are detectable.  

In case of the deposition on Si, the mass depositions of C and O show that a reliable 

background subtraction of C and O is not possible. The oxygen contribution arising from the 

native oxide on the Si substrate was absorbed differently due to varying, and even unknown 

thicknesses of stearamide overlayers (especially for the thickest layer), and consequently was 

difficult to consider. Assuming stoichiometric stearamide and considering the N Kα 

fluorescence, one finds out that the calculated content of C is significantly different to the 

measured values (Table C1). The stearamide layers on HDPE show also an additional oxygen 

content which may originate from the substrate. Carbon was not considered either in that case, 

as it is also located in the HDPE substrate. 

The thickness given in Table 1 confirms the nominal thickness of the 50 nm and 100 nm 

samples for both substrate types, but the samples with a nominal thickness of 600 nm are 

significantly thinner by about 360 nm. The nominally 10 nm stearamide layer on Si is three 
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times larger than expected, while the layers’ thickness on HDPE substrate is in line with the 

nominal value.  

 

Table 1. The mass depositions of C, N, and O with relative uncertainties of 15 % (k=1). 

Mass deposition m/A µg/cm² 

 
 

 

Sample Carbon Nitrogen Oxygen Thickness d / nm 

600 nm @ Si 29 ± 4 1.6 ± 0.2 0.51 ± 0.08 370 ± 60 

100 nm @ Si 5.3 ± 0.8 0.48 ± 0.07 0.45 ± 0.07 112 ± 17 

10 nm @ Si 0.87 ± 0.13 0.124 ± 0.019 0.26 ± 0.04 29 ± 4 

600 nm @ HDPE n.a 1.5 ± 0.2 2.0 ± 0.3 350 ± 50 

100 nm @ HDPE n.a 0.43 ±0.06 0.69 ± 0.10 101 ± 15 

50 nm @ HDPE n.a. 0.18 ± 0.03 0.33 ± 0.05 43 ± 6 

10 nm @ HDPE n.a. 0.056 ± 0.008 0.19 ± 0.02 13 ± 2 

 

NEXAFS was employed to confirm the chemical binding state of the stearamide. In 

particular, the thickness determination of the stearamide layers relies on the nitrogen Kα 

fluorescence line. While the N-K NEXAFS spectrum exhibits only the specific run of the 

curve for stearamide and no further species contribution the calculation of the thickness 

provides reliable information. Otherwise the determined stearamide layer thickness is too 

large and a more elaborated procedure to separate the different species fraction would be 

needed. In addition to N-K absorption edge, the C-K and O-K near-edge region was measured 

for the model systems. In Figure 3 the spectra for the nominal 100 nm stearamide layer on Si 

substrate are shown for all relevant absorption edges. The C-K NEXAFS spectrum is 

characterized by two significant structures at 287.1 eV and 288.1 eV, which can be attributed 

to the C-H bond and the amide bond, respectively. The N-K NEXAFS spectrum is dominated 

by the amide π* at 401.1 eV followed by two broad structures being characteristic for the 

amide bond[20–22]. No further species containing nitrogen is observable. The O-K NEXAFS 
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spectrum also delineates structures being characteristic for amide bonds, but an additional 

species contribution exhibiting further peaks modifies the fine structure. In particular, the O-K 

NEXAFS spectrum of the nominal 10 nm thick stearamide layer indicates a second species 

which can be attributed to silicon dioxide that arises from the Si substrate. With an increasing 

stearamide layer thickness the influence almost vanishes, leading to a broadening of the 

stearamide fine structure. In case of the HDPE substrate, this behavior is not observable. 

Organic compounds are sensitive to beam damage, in particular the amide bond [23–25]. The 

mechanism is well-known [25]. In our case, it has been considered that the amide bond may 

be modified during the measuring process in the way that a maximum dose has been 

experimentally determined. With this knowledge, the intensity of the beam was decreased that 

it could be excluded that the layers are modified during the analysis process. As shown in the 

report [25] the fine structure at the N-K x-ray absorption edge is significantly affected by a 

beam damage in a way that additional structures are observable. 
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Figure 3. NEXAFS spectra of carbon (a), nitrogen (b), and oxygen (c) K x-ray absorption 

edges were measured for the nominally 100 nm thick EBS layer are shown exemplarily.  

 

 

3.1.2. FTIR and Raman analyses. 

Figure 4a displays the IR results. It is clearly observable that a decrease of intensity of the 

stearamide modes (gray marks) strongly correlates with a decrease of layer thicknesses. From 

univariate analysis we infer both IR and Raman typical modes originating from stearamide 

[26,27] (Table B1). Univariate analysis of IR data in the MIR spectral region delivered EBS 

typical modes that could be detected in the nominal layer thickness range, both on Si and 

HDPE substrates (Figure 4a). At about 1200 cm-1 a large dip can be noticed that derives from 

the crystalline silicon dioxide substrate background [28]. This background can be observed 

increasing, the thinner the layer coating becomes.  

Raman signals of Si are mainly present in the region between 800 cm-1 to 1500 cm-1 of the 

spectrum where the 2nd, 3rd and 4th orders at 1000 cm-1, 1450 cm-1 and 1940 cm-1, are shown, 

respectively, (Figure 4b). Other signals related to the atmospheric oxygen and nitrogen N2 are 

also present. 

For the stearamide layers on Si we could identify three different spectral regions where layer 

thickness IR-sensitive modes occur: (i) at about 3300 cm-1 (ν – NH, ν – CH2), (ii) 3300 cm-1 

and 2900 cm-1 (ν – CH), and (iii) finally between 1700 cm-1and 1500 cm-1 ν (C=O / C – N, C – 

C).  For Raman, EBS-specific signals could be detected from 3500 cm-1 to 1600 cm-1, 

revealing an increase with the respective stearamide thickness for the stretching vibrations of 

N-H and C=O groups at 3300 cm-1  and 1645 cm-1, respectively, with no or minimal 

overlapping with the typical Si bands (Figure 4b) .  

If we compare the results obtained from IR with those obtained by Raman spectroscopy we 

observe that of the region of CH2 stretching modes is more or less insensitive towards EBS 
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layers being analyzed on HDPE. For IR data the amide II/I region seems to be the most 

sensitive spectral range with regard to the coating thicknesses on both substrate types.  

Raman signals of the HDPE are mainly present in the spectral region from 3000 cm-1 to 2800 

cm-1 and from 1500 cm-1 to 1300 cm-1 where the typical stretching and bending vibrations of 

the CHx groups occur. Specific Raman signals of the stearamide cannot be observed in these 

spectral regions between 3000-2800 cm-1 and 1500-1400 cm-1 due to the strong contribution 

of the substrate. We conclude from this observation that CH2 stretching modes originating 

from HDPE strongly overlap with the bands of the sample films, thus dominating the CH2 

features of EBS. A more clear identification of the EBS on the surface can be obtained in the 

spectral regions between 1700-1600 cm-1 and 3400-3250 cm-1 where the specific stretching 

vibrations of the C=O and the N-H groups are present. Since the N-H region at 3400-3250 

cm-1 is free of any HDPE interference and the intensity of this signal increases proportionally 

with the thickness of the stearamide film, this region was selected for setting up calibration 

curves.  
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Figure 4. (a) MIR spectra of EBS on HDPE and Si with nominal layer thicknesses of 600 nm, 

100 nm, 50 nm, and 10 nm, and (b) corresponding Raman data. 
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The 2D correlative analyzing tools in combination with indispensable ambient techniques 

such as IR and Raman spectroscopy provide further qualitative characterization opportunities 

of surface contaminants on in~/organic substrates. The layer thickness-sensitive modes 

unraveled by 2D correlation maps provide further information for a fast quantification of 

organic surface contaminants with the aim of a reliable identification in order to support the 

quality control of production-line biomedical devices.  

The FTIR spectroscopical analysis was also supported by 2D correlative analysis, to which IR 

and Raman spectra could be entered. The use of this correlative tool enabled the study of 

complementary molecule-specific features of the different layer thicknesses as spectral 

changes in terms of intensity modifications could be assessed. Hence, 2D correlation was 

successfully exploited for visual decomposition of spectral complexity delivered by these 

complementary methodologies. 

Three different spectral regions were identified where layer thickness-sensitive modes occur, 

for EBS layers on Si  (and partially for EBS on HDPE substrates) for instance in the region 

between (i)  1700 cm-1 and 1500 cm-1 ν (C=O / C – N, C – C), (ii) 3300 cm-1 and 2900 cm-1 (ν 

– CH), and (iii) finally the region at about 3300 cm-1 (ν – NH, ν – CH2). However, with 

respect to the analyses on HDPE (Figure 5 and Figure 6), from both IR and Raman 

experiments we could observe that the region of CH2 stretching bands is insensitive towards 

contaminant layers. This is caused by CH2 stretching modes originating from HDPE which 

strongly overlap with the bands of the sample film, thus dominating the CH2 features of 

stearamide in this region.  
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Figure 5. 2D correlograms of EBS sample films on Si: for (a) Infrared spectra of the 

nominally 10 nm, 50 nm, 100 nm, and 600 nm thick EBS films, and (b) Raman data of the 

nominally 10 nm, 50 nm, 100 nm, and 600 nm thick films. 2D correlograms of EBS films on 

HDPE for (c) Infrared data of nominally 10 nm, 50 nm, 100 nm, and 600 nm thick films, and 

for (d) Raman spectra of nominally 10 nm, 50 nm, 100 nm, and 600 nm thick films. Analysis 

was performed in the spectral range between 3400 cm-1 and 2800 cm-1. 
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Figure 6. 2D correlogram of stearamide (10 nm, 50 nm, 100 nm, and 600 nm) on (a) Si and 

(b) on HDPE substrate. Analysis was performed in the spectral range between 1700 cm-1 and 

1500 cm-1. 

 

3.2. Stearamide-coated ‘real’ biomedical devices – hip liners and wound 

dressings. 

3.2.1. Chemical analysis by GIXRF and NEXAFS. 

The analysis of medical devices is more challenging than for the model systems due to the 

unique surface structures and curvature. Figure 7 exhibits the spectra of one investigated hip 

liner and two wound dressings including a spectrum of an uncoated wound dressing as 

reference. The angle of incidence is characterized by an increased uncertainty in particular for 

the hip liner analysis. On basis of the calibration procedure developed for the model system 

with flat surfaces and a priori information about their nominal layer thicknesses, the hip liner 

and the wound dressings have been measured at a photon energy of 1060 eV and an incidence 

angle of 20°. The measured GIXRF spectrum of the hip liner is characterized by C-Kα, N-Kα, 

and O-Kα fluorescence lines. In addition, F-Kα, Cu-Lα, and Fe-Kα with low count rate can be 

observed which are attributed as surface contaminants on the hip liner. The spectra of the 

wound dressings are also characterized by the C-Kα, N-Kα, and O-Kα fluorescence lines. 
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Among these fluorescence lines Ag M lines are observable which originate from the coating 

of the polyurethane.  

 

Figure 7. GIXRF spectra of a coated piece of hip liner and wound dressing AG – uncoated 

wound dressing, B01-02 stearamide coated wound dressing. 

The mass deposition was determined by the reference-free GIXRF approach. For the 

determination of the thickness of the stearamide layer, only the N-Kα was considered due to 

that nitrogen is specific for stearamide. Assuming the bulk density of stearamide and known 

stoichiometry all other contributions can be concluded and finally a thickness for the 

stearamide layers. To confirm the stoichiometry of the stearamide again NEXAFS 

measurements were carried out showing spectra, which are typical for an amide bonding. This 

is as expected since other elemental contributions from C and O either contain unknown parts 

of contaminations or are dominated by the substrate.  

The hip liner was measured on the center position including additional points close to the 

center, exhibiting thicknesses in the range of about 99 nm ± 15 nm. Complementary SIMS 

analysis shows a homogeneous layer thickness on the micrometer scale (cf. Appendix B). 

GIXRF results represent mean values due to the lateral resolution of about 500 µm × 20 µm. 

Furthermore, the GIXRF measurements are characterized by an increased oxygen content that 
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can be explained by a contamination of the surface of the hip liner. Measurements on the 

uncoated device show a significant oxygen contribution.  

The two wound dressings were mapped on different positions exhibiting a homogeneous 

distribution of the stearamide. A mean thickness of the stearamide layer could be calculated 

for each sample: B01 exhibited a thickness of about 130 nm ± 20 nm and B02 of about 111 

nm ± 17 nm. The Ag coating has the advantage that the signal from the polyurethane is almost 

suppressed for the GIXRF and NEXAFS analysis confirmed by measurements on the 

untreated sample. There are mainly Ag M lines observable, O-Kα from the AgOx layer on top 

of the coating, and a small carbon contamination. Thereby, it turned out that the N-Kα 

fluorescence line is completely vanished. This is of importance, because polyurethane 

contains nitrogen bonded as amide and it would be indistinguishable to the stearamide. But, 

the Ag M lines are overlapping in parts C-Kα and N-Kα lines, respectively, and are 

hampering the de-convolution of the fluorescence spectra. In particular for the C-Kα, advance 

de-convolution strategies [29] are necessary knowing the transition probabilities of the 

respective Ag M fluorescence lines and a detector with better energy resolution. GIXRF 

measurements on the uncoated wound dressing are indicating that the Ag is in-

homogeneously oxidized and the oxygen content is varying laterally. This makes a 

background subtraction difficult. 

Additionally, the coated medical devices were analyzed by NEXAFS to validate the chemical 

binding state and to identify further contaminations. Both types of medical devices, hip liner 

and wound dressings, feature the typical resonances of stearamide. In contrast to that a further 

contribution cannot be observed at this edge.  

In contrast to that, the analysis of the others x-ray absorption edges leads to a less significant 

result for the stearamide. In case of the wound dressings the oxygen K absorption edge shows 

the typical structure for stearamide, but additional resonances are observable which can be 
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attributed to silver oxide caused by the partially oxidized silver surface. As well as the 

measurements at the C-K absorption edge shows a fine structure that is specific for 

stearamide. The O-K NEXAFS spectrum of the hip liner shows contributions from the 

stearamide and contaminations. 

 

3.2.2. FTIR- and Raman-based calibration curves and analyses of ‘real’ biomedical 

devices. 

A linear correlation was found between the band integrals of the specific stearamide signals 

and the film-thicknesses since the chi-squared values (i.e. the sum of the weighted squared 

residuals normalized by the number of degrees of freedom) showed a high goodness of fit for 

both FTIR and Raman calibration curves, being close to the expected unit value (Figure 8a-b). 

The linear fit procedure was performed on the basis of band integral calculations of the NH 

stretching vibration of stearamide model contaminant layers on HDPE at 3300 cm-1, the latter 

of which have been plotted over the layer thickness values originating from XRF analyses. In 

FTIR analysis, the band integral at 3300 cm-1 was afterwards determined for stearamide on 

the hip liner providing a stearamide layer thickness of 80 nm ± 17 nm for this biomedical 

device. The layer thicknesses were also evaluated for other band integrals at 1555 cm-1 and 

1638 cm-1 for confirming the consistency. The thickness determined by the other band 

integrals is 120 nm ± 20 nm and 99 nm ± 18 nm, respectively, which is in the same order of 

magnitude. The slightly higher thickness can be explained by additional contributions from 

the substrate material.  From FTIR investigations on EBS-coated wound dressings we could 

not receive any spectral feature that could be clearly assigned to EBS-specific modes, hence 

no band integrals could be calculated and used for the quantification implementing the 

constructed calibration curves based on stearamide model coatings. 
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Micro-Raman point mapping was performed on several locations on the surface of the device 

demonstrating its applicability even on substrates with a complex geometry. An uncoated hip 

liner was also measured as blank sample. The stearamide layer was successfully detected on 

the surface of the hip liner and an average spectrum was calculated from an area of about 1 

cm2 in order to provide a quantitative evaluation. Quantification of the stearamide was 

performed by using the calibration curve in Figure 8b and an average thickness of 102 nm ± 

25 nm was calculated. The high uncertainty value was obtained due to the heterogeneous 

distribution of the EBS on the device which is more relevant if the characterization is 

performed with a technique at the sub-micrometric resolution. However, the present 

quantification is consistent with what was already reported by the other measurements.  

Regarding Raman analysis on EBS-coated wound dressings, no signal related to the EBS was 

detected on it, which may be caused by the melting of the wound dressing supporting 

material, although using low laser powers and short integration times. We assumed that this 

effect was related to the presence of the silver on the wound dressing surface. Therefore, 

Raman spectroscopy demonstrated not to be suitable for the quantification of the EBS on 

these devices.  
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Figure 8. (a) Calibration curves constructed from the baseline-corrected band integral at 3300 

cm-1 (black dotted lines), originating from FTIR data of the respective EBS model sample 

layer thickness (on HDPE. Error bars derive from the Gaussian fit procedures of 10 single 

FTIR spectra of the respective EBS layer thickness. (b) Calibration curve for the Raman 

datasets. 

 

4. Conclusions. 

Here, a calibration procedure has been successfully developed and validated by qualifying 

reference samples with different stearamide layer thicknesses on Si and HDPE, analyzed 

under implementation of different techniques such as XRF, FTIR, and Raman spectroscopy. 

The reference-free XRF serves as an absolute method allowing for the determination of mass 

deposition and thickness, if the density is known, hence providing traceability to the SI-based 
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unit kilogram [7]. FTIR and Raman spectroscopy, which are often available as bench top 

instrumentation in laboratories, enable the chemical speciation through the complementary 

identification of stearamide-specific modes and feature thickness-sensitive vibrational modes, 

which are differently pronounced for the respective method. Based on the XRF-results of the 

stearamide model samples calibration curves both for FTIR and Raman measurements could 

be ascertained, showing a linear connectivity with high regression coefficients.  

To validate this procedure, real biomedical devices such as wound dressings and hip liners 

were dedicatedly contaminated with stearamide and analyzed by reference-free XRF, FTIR 

and Raman spectroscopy. The results have been thoroughly compared and discussed. In Table 

2 a summary of the quantitative analysis of the stearamide coating on medical devices is 

presented. The results of the hip liner are coherent for FTIR, Raman spectroscopy, and 

GIXRF and do agree within the uncertainties. But for the wound dressing, Raman and FTIR 

spectroscopy could not detect any stearamide-related modes. Moreover, the laser used for 

Raman spectroscopy melted the substrate material.  

This developed procedure can be used for the validation of calibration standards for advanced 

biomaterials, and the model systems presented here may be used as standards for FTIR and 

Raman bench top instrumentation. It clearly demonstrates the potential of combining 

complementary methods for a better understanding of complex organic-layered structures.  

 

Table 2. Summary of quantitative analyses of stearamide coatings on biomedical devices. 

Methodology Medical device Stearamide thickness / nm 

XRF/NEXAFS Wound dressing STA1-B01 130 ± 20 

  STA1-B02 111 ± 17 

   

 Hip liner 99 ± 15 

   

FTIR Wound dressing n.a. 

 Hip liner 80 ± 17 

   

Raman Wound dressing n.a. 

 Hip liner 102 ± 25 
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Appendix 

A. Ellipsometry analysis on model EBS surface contaminants  

Precise measurements of the stearamide coating thicknesses were made using a Woollam M-

2000DI ellipsometer.. For ellipsometry measurements the film thickness can be delivered 

usually from optically flat, non-adsorbing surfaces, such as silicon. Ellipsometry of the silicon 

prior to evaporation and post evaporation was acquired from 65, 70 and 75 degrees and across 

a wavelength range of 500 to 1500 nm. The initial data was fitted using a silicon oxide on 

silicon model to determine the exact silicon dioxide thickness. Post evaporation a Cauchy 

layer was added to the model to account for the stearamide coating. By fitting the parameters 

of the Cauchy and to the ellipsometry data a film thickness could be determined. Values for 

the ellipsometry determined stearamide thickness across the range of samples are given in 

Table A1. 

 

Table A1. ‘Model‘ biomedical devices and stearamide coating thicknesses. The thickness has 

been determined based on ellipsometry analysis on the coated Si wafers excluding the thickest 

samples. 

Substrate Stearamide coating  

Nominal thickness / nm Calibrated thickness / nm 

Silicon 10 12.2  1.8  

Silicon 50 52.7  3.5  

Silicon 100 98.6  4.2  

Silicon 600 n.a. 

 

 

B. Homogeneity studies of stearamide sample films by FTIR. 

For homogeneity studies the model surface stearamide contaminant layers on Si (600 nm and 

100 nm) were investigated, applying a grazing incidence (GIR) configuration combined with 
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the micro-spectroscopical FTIR setup which was equipped with a lN2-cooled multi-element 

mercuric cadmium telluride detector, so-called focal plane array (FPA) detector with 1282 

pixel elements. MIR-signatures between 3900 cm-1 and 900 cm-1 were acquired with by co-

adding 1064 scans at 4 cm-1 spectral resolution. The FPA experiments considered a sample 

region of 1602 µm2 that corresponds to 1282 pixels (16,385 spectra), respectively. 

The use of the Globar laboratory light source ensured a homogeneous illumination of a big 

sample surface area of 1602 μm2 that corresponded to 16,384 spectra.  

For homogeneity studies, chemical maps for two layer thicknesses (600 nm and 100 nm) were 

constructed from GIR experimental datasets. The band integral of the mode at 1638 cm-1 was 

calculated and horizontal and vertical image pixel profiles were constructed through the 

middle of the chemical map, respectively. 

Grazing incidence experiments on Si enabled the acquisition of FPA spectral datacubes for 

the construction of chemical images. From the images we both analysed horizontal and 

vertical image pixel profiles for studying the surface homogeneity of a 600 nm and 100 nm 

organic films. The chemical image analysis shows that both horizontal and vertical profiles 

deliver a constant color-coded intensity value with low intensity per pixel deviations (<5%), 

thus proving the homogenous constitution of the surface contaminant film. 

The GIR experiments on Si enabled the acquisition of FPA spectral datacubes for the 

construction of chemical images in order to obtain a full picture of the micro-scaled area of 

the stearamide surface contaminants. Both vertical and horizontal pixel profiles illustrated a 

homogenous stearamide surface layer pattern. The calculated intensity profile highlights the 

intensity of the respective image pixel, the latter of which deviates not more than 2% from all 

other pixel intensities, no aggregates could be detected, thus proving the existence of a 

homogeneous surface layer coating. Concluding from these systematic FTIR analyses, their 

applicability as reference standards could be demonstrated. 
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Figure B1. Chemical maps and image profiles of stearamide on Si with layer thicknesses of 

(a) 600 nm, and (b) 100 nm. For the images, the mode at 1638 cm-1 was calculated. Pixel size: 

3 µm. Measurements were performed in grazing incidence configuration applying a Focal 

Plane Array (FPA, 15x IR) setup and a Globar light source. 

 

Table B1. Tentative assignments of stearamide [30,31] sample films on Si and HDPE . 

ν: stretching,  δ: deformation (wagg.: wagging), ρ: rocking as: asymmetrical, 

s:symmetrical.[32–34]. 

*Modes of stearamide on HDPE, ** atmospheric N2 or O2, 
*** silicon, ****HDPE. 

Mode / cm-1 IR assignments  Mode / cm-1 Raman 

assignments 

3300 ν (N – H)   3300 ν (N – H)   

2916 νas (–CH2)  3000 – 2800**** νas,s (CHx)  

2840  νs (–CH2) 2330** N-N 

1638 ν (C=O ), δ (–NH2)  1940*** 4th order 

1560 ν (C=O / C – N, C – C) 1645, 1650* ν (C=O) 

pixel pixel 
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1465 δ (–CH2)  1560** O-O 

1256 δ (C – H) 1550 ν (C-N) 

725 δ (C – H),  ν (N – H) 1400-1460**** δas, s (CH2) 

  1450*** 3rd order 

  1380**** δ (CH3) 

  1300 – 1100  ν (C-C) 

  1297*, **** δwagg. (CH2) 

  1170*, **** ρ (CH2) 

  1131*,**** ν (C-C) 

  1083**** ν (C-C) 

  1064**** ν (C-C) 

  1000*** 2nd order 

 

 

C. Quantitative XRF analysis. 

Table C1. Considering the results on the N fluorescence and the stoichiometry of stearamide 

the mass deposition of C, O, and H have been calculated. The relative uncertainties are 15 % 

(k=1). 

Mass deposition m/F µg/cm² 
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Sample Carbon Nitrogen Oxygen Hydrogen 

600 nm @ Si 25.31 1.55 1.78 4.22 

100 nm @ Si 7.78 0.48 0.55 1.30 

10 nm @ Si 2.03 0.12 0.14 0.34 

600 nm @ HDPE 24.47 1.50 1.72 4.08 

100 nm @ HDPE 7.00 0.43 0.49 1.17 

50 nm @ HDPE 2.99 0.18 0.21 0.50 

10 nm @ HDPE 0.91 0.06 0.06 0.15 

 

 

Figure C1.  XRF spectra measured at 1060 eV at an incidence angle of 45° for the stearamide 

model system at nominally 10 nm, 50 nm, 100 nm, and 600 nm deposited on a silicon wafer. 

The fluorescence lines of the main material and substrate are clearly observable as well as 

contaminations such as fluorine and copper. 

 

D. SIMS analysis of Stearamide coated medical devices. 

SIMS analysis of polyethylene hip liner is shown Figure D1. and Figure D2. Figure D1 shows 

the SIMS mass spectra of a coated and uncoated hip liner. The marked peaks in Figure D1(b) 
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show the easily detected stearamide contamination seen from the second sample and is 

characteristic of the type of the ability of SIMS to detect levels of surface contamination. 

Figure D2 shows images of a 250 by 250 m area of a stearamide coated hip liner for (a) the 

total ion count and (b) the intensity of the stearamide characteristic peaks. Figure D2 shows 

up some interesting artifacts, from the hip liner with the ridges and curvature of the hip liner 

clearly observed to influence the ion intensities detected. Figure D2(b) shows a similar pattern 

of topography for the stearamide with an apparent even distribution across the surface. 

However due to these topographic effects it is difficult to qualitatively assess the evenness of 

the coating across the hip liner. 

 

 

Figure D1. SIMS Mass spectra of (a) an uncoated hip liner and (b) a stearamide coated hip 

liner. Peaks characteristic for stearamide are marked with a star. 
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Figure D2. SIMS from a hip liner coated with stearamide. The image is of a 250 by 250 m 

region with (a) total ion intensities and (b) ) Stearamide ion intensities for the sum of the three 

molecular ions at 531, 565 and 593 Da and the fragment ion intensity at 310 Da, as labeled in 

the SIMS spectra in Figure D1(b) shown in the above image. 

 

SIMS spectra of uncoated wound dressings show characteristic peaks of silver and a silane 

component, possibly PDMS. These signals are then almost completely masked by the 

stearamide coating on the contaminated surfaces indicating that coating is thick and largely 

intact. Figure D3 shows a 500 by 500 m region of the Stearamide coating on the wound 

dressing. The representative stearamide ion intensity is shown in blue and is homogenously 

distributed across the surface with thin lines correspond to cracks in the coating where high 

levels of silver and PDMS ions (characteristic of the underlying wound dressing surface) are 

seen. 
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Figure D3. SIMS from a SMN wound dressing coated with Stearamide. The image is of a 500 

by 500 m region with intensities corresponding to PDMS (ion SiC3H9+), Ag ions and 

stearamide (molecular ion C20H40NO+) shown in red, green and blue respectively. 
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