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Abstract 

Various forms of carbon are known to perform well as biomaterials in a variety of applications 

and an improved understanding of their interactions with biomolecules, cells and tissues is of 

interest for improving and tailoring their performance. Nanoplasmonic sensing (NPS) has 

emerged as a powerful technique for studying the thermodynamics and kinetics of interfacial 

reactions. In this work, the in situ adsorption of two proteins, bovine serum albumin and 

fibrinogen, were studied at carbon surfaces with differing chemical and optical properties using 

nanoplasmonic sensors.  The carbon material was deposited as a thin film onto NPS surfaces 

consisting of 100 nm Au nanodisks with a localized plasmon absorption peak in the visible 

region. Carbon films were fully characterized by x-ray photoelectron spectroscopy (XPS), 

atomic force microscopy (AFM) and spectroscopic ellipsometry (SE). Two types of material 

were investigated: amorphous carbon (a-C) with high graphitic content and high optical 

absorptivity, and hydrogenated amorphous carbon (a-C:H), with low graphitic content and high 

optical transparency. The optical response of the Au/carbon NPS elements was modelled using 

the finite difference time domain (FDTD) method, yielding simulated analytical sensitivities that 

compare well with those observed experimentally at the two carbon surfaces. Protein adsorption 

was investigated on a-C and a-C:H and the protein layer thicknesses were obtained from FDTD 

simulations of the expected response, yielding values in the 1.8-3.3 nm range. A comparison of 

the results at a-C and a-C:H indicates that in both cases fibrinogen layers are thicker than those 

formed by albumin by up to 80%. 
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Introduction 

Carbon coatings, such as amorphous carbon (a-C) and hydrogen-doped carbon (a-C:H), have 

emerged as good biomaterials and been integrated into several biodevices like catheters, stents, 

sensors, medical guidewires, surgical needles, orthopedic implants and prostheses.1-3 The success 

of carbon coatings in biological applications is partly due to a combination of physical/chemical 

properties that underpins their good performance, such as chemical inertness, low frictional 

coefficient and high wear resistance.4-5 However, the durability, functionality and bioresponse of 

artificial materials in vivo are limited by their interaction with blood and tissue2, 6. The 

competitive adsorption of plasma proteins (such as albumin and fibrinogen), occurring at an 

early stage after implantation, is considered to have a crucial effect in determining the response 

of the host when in contact with biomaterials.6-10 For this reason, much effort has been dedicated 

to the description of protein adsorption and/or binding at carbon surfaces with different physical 

and chemical properties, by using both in situ and ex situ methods.11-16 However, only few of the 

techniques applied to these studies are able to monitor dynamic interactions in situ, within a fluid 

environment that may be tailored to model likely conditions encountered in vivo.17  

Surface plasmon resonance (SPR)14, 17-19 has been recognized as a powerful and advantageous 

label-less method for studying the thermodynamics and kinetics of interfacial interactions in 

situ.17 SPR modes are hybrid modes of the free electrons of a metal and the electromagnetic 

field. These modes are confined at a metal-dielectric interface, propagate along it, and are 

extremely sensitive to interfacial changes in dielectric properties, such as those that arise from 

adsorption, binding or cell-adhesion events. Thin metal films are necessary to support surface 

plasmons in sensing applications and the majority of commercial instruments currently used for 
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quantitative analysis and screening rely on this type of sensing elements. More recently, 

nanoplasmonic sensing (NPS) based on the physical phenomenon of localized surface plasmon 

resonance (LSPR) has emerged as a valuable alternative. In LSPR modes light interacts with 

particles much smaller than the incident wavelength leading to a hybrid confined mode with a 

characteristic resonant frequency that depends on optical properties of metal and dielectric, and 

on nanoparticle geometry.20-23 LSPR can be leveraged for biological and chemical sensing by 

monitoring the wavelength shifts of the characteristic resonance, which take place in response to 

changes in the local refractive index.20-21 Compared to conventional SPR, NPS offers advantages 

such as a lower sensitivity to bulk changes, the ability to modulate the optical operating range 

through careful nanostructure design, and greater hardware flexibility and simplicity.20 Technical 

developments in the large scale fabrication of nanoscale metallic structures have been key to the 

exploitation of LSPR, resulting in increased interest in LSPR sensing strategies.20, 22-23 

This work describes the application of NPS to in situ studies of the carbon-bio interface. SPR 

methods have found limited applications so far for the study of interfacial events at carbon 

surfaces in biological media because of the requirement of metal surfaces for sustaining SPR 

modes. Lockett et al.
24  demonstrated however that it is possible to sustain SPR modes at the 

carbon-liquid interface via deposition of thin carbon coatings of optimized thickness onto Au 

SPR sensors, a strategy that had previously proved viable for the study of interactions at 

polymeric surfaces.25-26  Metal/carbon sensing platforms have since led to SPR sensing of DNA 

binding,24, 27 cell binding,28 protein adsorption12, 29-30 and immunosensing31 at carbon surfaces 

whereby the authors demonstrated that SPR is a viable method for monitoring carbon-

biomolecule interactions. However, few experimental studies report a comparison of different 

carbon surfaces under comparable conditions, partly because of the broad variability of the 
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optical properties of carbon materials which adds complexity to the analysis of SPR data from 

metal/carbon/biomolecule multilayers. Notably, Saitoh and co-workers presented a comparative 

SPR study of albumin adsorption at hydrogenated carbons with different chemical composition,29 

but pointed out that a quantitative determination of the thickness of adsorbed layers from angle 

shift data using Fresnel equations is challenging due to strong correlation in the multilayer model 

between thickness and optical constants.  

In this work, NPS was used in combination with ellipsometry and computational methods to 

estimate the thickness of the protein layer at two carbon substrates with differing optical 

properties. To our knowledge NPS has not been used for the study of interactions at carbon 

coatings; herein we apply a recently reported NPS method developed by Kasemo et al. based on 

Au nanodisk sensing elements.32,33-34 Studies of interfacial chemistry on this NPS platform have 

been typically carried using sensors coated with thin films of dielectrics, such as metal oxides or 

silica, which ensure a homogeneous surface chemistry and allow flexibility in terms of the 

chemical reactions under study.35 Previous work by Cho and co-workers using biomolecules has 

reported a detailed study of the effect of dielectric coatings on interfacial chemistry and 

sensitivity.34 In this work, the applicability of these nanostructured sensors to the study of protein 

adsorption at carbon surfaces in real time is demonstrated. Carbon coatings differ from typical 

oxide spacer layers, as their optical properties can vary significantly with electronic behavior that 

spans the semimetallic-semiconductor-insulator range.36 Two types of carbon with differing 

composition were chosen to investigate the effect of carbon chemistry on protein adsorption: a-

C, a graphitic carbon, and a-C:H, a hydrogenated, polymer-like and sp3-rich, carbon. The two 

plasma proteins used, albumin and fibrinogen, were chosen because of their importance for 

understanding the response of biomaterials after implantation. A quantitative modelling of NPS 
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results was carried out using the finite difference time domain (FDTD) method for determining 

protein layer thickness and finally, predictions from FDTD methods were correlated to results 

from complementary spectroscopic and microscopic methods. 

Experimental Methods 

Chemicals and Materials. Ethylene glycol (99.8%), methanol (semiconductor grade), Bovine 

serum albumin (BSA, ≥96%), Fibrinogen from bovine plasma (Fib, 65–85% protein) and 

phosphate saline buffer tablets (PBS, 0.01 M, 0.0027 KCl M and 0.137 NaCl M pH 7.4) were 

purchased from Sigma and used without further purification. B-doped Si wafers were purchased 

from MicroChemicals (5-10 Ohms) and NPS sensor chips were purchased from Insplorion AB. 

Millipore water was used for all experiments. 

Substrate Preparation. Amorphous carbon films were prepared via DC magnetron sputtering 

(Torr International, Inc.) at a base pressure ≤2 × 10−6 mbar and a deposition pressure of 

7 × 10−3 mbar, as previously described.37 Two distinct films were prepared by varying the H2/Ar 

gas ratio: one type of film was sputtered using Ar and shall be referred to as a-C from here 

onwards, the second type of film was sputtered using 10% H2 in Ar resulting in a hydrogen 

doped material which is referred to as a-C:H. Silicon wafers were cleaned in piranha solution 

prior to deposition (H2SO4 : H2O2 in a 3:1 ratio – WARNING: Piranha solution is a strong 

oxidant and reacts violently with organic materials and presents an explosion danger; all work 

should be performed under a fume hood). For spectroscopic ellipsometry (SE) and atomic force 

microscopy (AFM) characterization, samples were deposited on clean Si wafers. For infrared 

reflectance absorbance spectroscopy (IRRAS) measurements, Si wafers were first coated with an 

optically thick (~450 nm) Ti layer via DC magnetron sputtering,38 and subsequently with either 

a-C or a-C:H films of approximately 70 and 40 nm thickness, respectively. For NPS 
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measurements, sensor chips were cleaned under UV/ozone for 1 h, rinsed with methanol and 

dried with argon, prior to deposition of a-C and a-C:H; the thickness of the layers was 

determined to be (10.1 ± 0.5) nm and (12.2 ± 2.1) nm for a-C and a-C:H (95% C.I.), respectively 

(see Supporting Information). 

Characterization Methods. Spectroscopic Ellipsometry (SE) was carried out using an alpha-

SETM ellipsometer (J.A. Woolam Co.). Carbon films were deposited on clean Si wafers and 

measured at 65°, 70°, 75° incidence angle over the 370–900 nm range; SE data was then fitted 

using the CompleteEASE® software package using a three layer model to account for Si, carbon 

and air phases (see Supporting Information).38-39 IRRAS spectra were collected on a Fourier 

Transform Infrared (FTIR) spectrometer (Tensor 27, Bruker) equipped with a Mercury Cadmium 

Telluride (MCT) detector, a specular reflectance accessory (VeeMax II), and a Zinc Selenide 

polarizer. Spectra were taken at 80° incidence using p-polarized light; 100 spectra were collected 

at 4 cm−1 resolution using a bare substrate as background. All spectra reported in this work were 

baseline corrected using commercial FTIR software (WinFIRST). To account for differences in 

optical enhancement in IRRAS peaks on a-C and a-C:H, spectral intensities were normalized by 

the intensity of the C=O stretching absorbance of a reference 5.7 nm poly(methyl methacrylate) 

(PMMA) layer. UV−Vis transmission measurements of plasmon extinction spectra were 

obtained in air for bare and carbon coated NPS sensors over the wavelength range 500−800 nm 

at 1 nm resolution (Shimadzu UV-2401 PC). Thickness and surface roughness measurements 

were carried out via AFM (Asylum Research) using Au-coated silicon cantilevers (NT-MDT) 

in tapping mode (1 Hz and 512 scan lines). 

Nanoplasmonic sensing (NPS). Measurements of protein adsorption were conducted using an 

XNano instrument (Insplorion AB, Gothenburg, Sweden). Ensemble-averaged recordings of the 
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resonance peak were collected in optical transmission mode. Glass sensor chips (Insplorion AB) 

with deposited gold nanodisks (50 nm radius, 20 nm thickness, 8% surface coverage) fabricated 

by hole-mask colloidal lithography, were coated with sputter-deposited a-C or a-C:H layers as 

described above and mounted in an optical flow cell for in situ measurements. Sample solutions 

were flowed through the measurement chamber via a peristaltic pump at a continuous rate of 50 

µL min-1; protein concentration was 7 µM, equivalent to 0.5 mg mL-1 and 2.5 mg mL-1 for BSA 

and Fib, respectively. The bulk refractive index of reference ethylene glycol/water solutions used 

for calibrations was determined using a refractometer (PAL-1, ATAGO Co., Tokyo, Japan). 

Computational modelling of sensor response. The Maxwell equations were solved using the 

finite difference time domain (FDTD) method, as implemented in the commercial package 

FDTD Solutions from Lumerical. The optical response of the nanostructured sensing elements 

comprising the coated nanodisk and the substrate were modelled based on their complex 

refractive index, with values for the specific a-C and a-C:H layers being experimentally 

determined via spectroscopic ellipsometry. 

 

Results and Discussion 

Carbon films used in our experiments were deposited via magnetron sputtering using Ar and 

H2/Ar as deposition gases; these films had previously been characterized via a combination of 

spectroscopic methods.37 Briefly, a-C and a-C:H films consist of approximately 80% and 17% 

trigonally bonded carbon (sp2 centers), respectively, as estimated via X-ray photoelectron 

spectroscopy (XPS) and Raman spectroscopy. These films also contain oxidized groups resulting 

in a 7-9% O/C atomic ratio for both a-C and a-C:H, as determined via XPS. The a-C films are 

highly graphitic and possess good conductivity, whereas a-C:H films are insulating.37 
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Spectroscopic ellipsometry was used to determine optical properties of the films. The optical 

constants, obtained as discussed in the Supporting Information and previous work,38 were 

consistent with the difference in graphitic content between the two materials. The Tauc gap and 

absorption coefficients were ET = 0.66 ± 0.01 eV and α(632 nm) = (77.2 ± 0.7)×103 cm-1 for a-C 

(95% C.I.) and ET = 1.77 ± 0.01 eV and α(632 nm) = (5.08 ± 0.17) ×103 cm-1 for a-C:H (95% 

C.I.), thus indicating that a-C films are more metal-like and optically absorbing than a-C:H.36, 40  

The real part of the refractive index was also different for the two materials: n(632 nm) = 2.117 ± 

0.003 for a-C (95% C.I.), which is consistent with values obtained for graphitic amorphous 

carbons, whereas n(632 nm) = 1.672 ± 0.003 for a-C:H (95% C.I.), consistent with a low density 

highly hydrogenated amorphous carbon film.36, 41  

The two types of carbon material were used for in situ studies of protein adsorption using NPS 

methods. Sensor chips consisting of a glass substrate with nanofabricated gold nanodisks were 

coated by layers of either a-C or a-C:H, as shown in the schematic in Figure 1; the carbon layers 

were confirmed to be continuous at the thicknesses of (10.1 ± 0.5) nm and (12.2 ± 2.1) nm used 

for NPS experiments (see Supporting Information). The gold nanodisks are randomly distributed 

on the glass substrate with 8% surface coverage,33 yielding an average disk to disk separation 

large enough for the discs to be considered independent from each other. The sensors were 

mounted in a flow cell and the plasmon excitation associated with the gold nanodisks was 

measured in transmittance mode; the center of mass of the excitation peak was monitored as a 

function of time during flow experiments. Figure 1 shows typical plasmon resonance peaks 

obtained in air for a bare Au sensor, and for Au/a-C and Au/a-C:H coated sensors.  The presence 

of a ~10 nm thick carbon coating does not suppress the plasmon resonance, despite the carbon  
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Figure 1. Plasmon absorbance spectrum in air recorded at bare (blue line), a-C (black line) and 
a-C:H (red line) coated sensors. The inset at the top left of the figure shows schematics of the 
nanodisk structures that result in the LSPR spectra. 

 

being a continuous layer, however it has an effect on both resonance peak position and full-

width-at-half-maximum (fwhm), which can in turn affect the sensitivity of the LSPR modes. 

The effect of carbon coatings on the sensitivity of LSPR chips was investigated using a 

combination of computational and experimental methods. The wavelength of maximum 

extinction, λmax, and the fwhm are sensitive to changes in the dielectric properties of the medium 

at the nanodisk interface. FDTD simulations were used to calculate the plasmon extinction of 

coated Au nanodisks: the geometry used in the simulations is as shown in Figure 1, with the Au 

nanodisk possessing 50 nm radius and 20 nm thickness. Due to the low surface coverage it is 

assumed that nanodisks are effectively decoupled, and a single nanodisk element was thus 

considered in all simulations. This assumption was found to be satisfactory as will be discussed 

below. The carbon coating was considered as a conformal, uniform layer of 10 nm and 12 nm for 

a-C and a-C:H, respectively, which corresponds to the experimentally determined thickness for 
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each layer. The optical constants for Au were obtained from Johnson and Christy,42 the refractive 

index for the glass substrate was real and constant at 1.459 over the wavelength range explored, 

and those of a-C and a-C:H films were obtained from experimental ellipsometry results (see 

Supporting Information). Figures 2a and 2b show the logarithm of the absolute value of the total 

field distribution in the xz-plane, for a single nanodisk coated with a-C and a-C:H, respectively. 

The exciting electromagnetic field is normally incident on the top of the nanostructure and the 

excitation wavelengths are chosen to coincide with the maxima of the LSPR extinction in each 

case. We observe that the field is enhanced by up to two orders of magnitude at the edges of the 

Au nanodisk. The field around the Au nanodisk extends further beyond the carbon coating for a-

C:H, compared to a-C, in agreement with the imaginary part of the refractive index being higher 

for a-C than for a-C:H. A simulation of the effect of carbon coating thickness on position and 

shape of the plasmon extinction shows that the presence of both carbon coatings leads to a red 

shift in the plasmon position and an increase in the fwhm of the peak (see Supporting 

Information). However, the peak shift and peak broadening effects are significantly more 

pronounced for a-C than for a-C:H, in agreement with the former being the material with higher 

optical losses. The field distribution observed in Figures 2a and 2b results from plane-wave 

excitation of the LSPR dipole mode. The differences in field distributions observed for a-C and 

a-C:H coatings suggest that the sensitivity of NPS elements to adsorption/binding might be 

significantly affected, depending on the type of carbon used to coat the sensor. A simulated 

calibration experiment was thus carried out, in which the resonance maximum position, ∆λmax, 

was calculated as a function of the refractive index in the medium surrounding the carbon 

(medium 1). The refractive index range explored was chosen to be identical to one that could be 

accessed experimentally using water/ethylene glycol solutions.33-34 Figure 2c shows the 
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Figure 2. Electric field intensity distribution around isolated nanodisks immersed in PBS 
obtained via FDTD modelling at the wavelength corresponding to the maximum of the LSPR. 
The refractive indeces used in the simulation are reported as ε1, ε2 and ε3 for the aqueous medium 
(ε1=1.333), the carbon coating and the glass substrate, respectively. The green line in the graphs 
indicates a factor of 30 increase in the electric field intensity. (a) Field distribution around an 
isolated Au/a-C coated nanodisk at 797 nm; (b) Field distribution around an isolated Au/a-C:H 
coated nanodisk at 748 nm. (c) Calibration plots obtained via FDTD methods for Au/a-C (black 
line) and Au/a-C:H (red line) coated nanodisks.; the slope yielding the analytical sensitivity is 
reported next to the corresponding curve. 
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Figure 3. Sensitivity test obtained at a-C (black, left) and a-C:H (red, right) coated sensors. (a) 
NPS shift ∆λmax as a function of time measured after water/ethylene glycol solutions of different 
refractive index are injected into the cell. (b) Calibration plot of measured ∆λmax vs. refractive 
index of the water/ethylene glycol solution; the slope yielding the analytical sensitivity is 
reported next to the corresponding curve. Error bars indicate 95% C.I. calculated from sample 
size n = 5 and 3 for a-C and a-C:H, respectively. 

 

calibration plots obtained via FDTD methods for a-C and a-C:H coated sensors. The figure 

indicates that in both cases the LSPR at the nanodisk is sensitive to changes at the 

carbon/solution interface. The slopes obtained were 128.7 nm and 90.9 nm per unit change in 

refractive index for a-C and a-C:H, respectively, indicating that the more graphitic film results in 

higher sensitivity to refractive index changes. 

The sensitivity of carbon coated sensors was also investigated experimentally by measuring the 

shift ∆λmax vs. refractive index of the liquid in the flow cell. Figure 3a shows typical dependence 

of ∆λmax as a function of time obtained for a-C and a-C:H coated sensors, as water/ethylene 
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glycol solutions of different refractive index are injected into the cell. The staircase response was 

used to generate a calibration plot as shown in Figure 3b, which shows that the experimental 

∆λmax varies linearly with refractive index. As seen in the calibration plot, changes in the medium 

refractive index cause a larger peak shift in the optical extinction spectrum of a-C than of a-C:H 

coated sensors, in agreement with computational predictions. The average experimental slopes 

were found to be 130 ± 8 nm and 98 ± 12 nm per unit change in the refractive index, for a-C and 

a-C:H coated sensors, respectively. The experimentally determined sensitivities therefore 

compare very well with those obtained via FDTD simulations. This further confirms that the Au 

nanodisks can be assumed to be decoupled.  

In order to evaluate how proteins adsorb at different carbon substrates, both a-C and a-C:H 

sensors were exposed to buffered protein solutions. All sensors were mounted and calibrated in 

advance of all measurements using at least three water/ethylene glycol solutions. After 

calibration, PBS was injected first, followed by the protein solution and a final rinsing step with 

PBS. The calibration process was repeated at the end of each experiment to exclude any changes 

to the sensor sensitivity that might arise from adsorbed protein layers. Figure 4a and 4b show 

plots of ∆λmax vs. time obtained on a-C and a-C:H coated sensors, respectively, after the injection 

of protein solutions followed by injection of PBS. The full experiment, including the calibration 

steps, is reported in the Supporting Information. The exposure of carbon coated sensors to 

protein solutions results in a red shift of the LSPR that stabilizes to a constant value within 15 

min. after the injection. Given that the refractive index of the protein solutions was statistically 

indistinguishable from that of the PBS solution (see Supporting Information), the wavelength 

shift can be unequivocally attributed to the adsorption of proteins at the carbon surface. The 

sharper step observed in the case of Fib solutions suggests that adsorption at the carbon surface is 
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 Figure 4. NPS wavelength shift, ∆λmax, as a function of time, measured at (a) a-C and (b) a-C:H 
coated sensors for in situ protein experiments. (c) Normalized ∆λmax as a function of time 
calculated using the initial calibration of the sensor at both a-C (black line) and a-C:H (red line) 
surfaces. The arrows indicate the time of the injection of BSA, Fib and PBS solutions into the 
flow cell. 

 

faster for Fib than for BSA; this is also evident from a comparison of the first derivative of the 

curves (see Supporting Information). Given that the bulk molar concentration is identical, the 

difference is a result of kinetic control, as a mass transport controlled process should be faster for 

BSA by a factor of ~1.7 based on reported diffusion coefficient values of 6 × 10-7 cm2 s-1 and 2 × 

10-7 cm2 s-1 for albumin and fibrinogen, respectively.43 Moreover, the absence of any significant 

change in ∆λmax after injection of protein-free buffer solution indicates that protein adsorption is 

irreversible at both a-C and a-C:H surfaces.  

The shift of the plasmon resonance is always larger at a-C than at a-C:H coated sensors when 

comparing adsorption from the same protein solution, however, to compare adsorption at a-C 

and a-C:H surfaces, the raw signal must be normalized by the experimental sensitivity. The NPS 

signal of each sensor was thus normalized using the slope of the calibration plot obtained as the 

first step in each experimental run. This normalization accounts for any differences in alignment 

across sensors, and for differences in sensitivity to changes in bulk refractive index that result 
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from the two types of carbon coating. Figure 4c shows the normalized ∆λmax vs. time calculated 

as ∆λmax/A, where A is the slope obtained from the initial calibration of the sensor. A summary of 

the average normalized ∆λmax observed for the two carbon surfaces and the two proteins is 

reported in Table 1. After normalization, results indicate that resonance shifts are slightly greater 

at a-C than at a-C:H surfaces under the same conditions, thus suggesting that protein adsorption 

might be more pronounced at a-C than at a-C:H surfaces. For both surfaces the shift obtained for 

Fib is greater than that observed with BSA, which suggests greater protein adsorption from Fib 

solutions than from BSA solutions at the same molar concentration, in agreement with previous 

results obtained using ex situ determinations at a-C surfaces.38 

FDTD methods were used for the analysis of experimental LSPR shifts to obtain quantitative 

estimates of the protein layer thickness. The protein layer was simulated as an additional 

conformal layer on top of the carbon coating, with the same geometry as in Figures 2a and 2b. 

The layer was modelled as a dielectric with a constant real refractive index of 1.465.44 The LSPR 

wavelength shift, ∆λmax, was simulated for both a-C and a-C:H coated sensors, at various 

thicknesses of the protein layer, and the normalized ∆λmax was then calculated using the slopes of 

the computed calibration plots (Figure 2c). Figure 5 shows the normalized ∆λmax calculated at 

different thicknesses of the protein layer. The plot shows that ∆λmax levels off at large layer 

thickness. This is in agreement with expectations as the resonance shift should tend to a limit, 

corresponding to the value obtained for a semi-infinite medium with a refractive index 

equivalent to that of the protein layer. The experimental data obtained from the NPS 

measurements was used to estimate the thickness of the protein layer at the sensor surface via 

interpolation of the curves in Figure 5. The thickness estimates thus obtained are reported in 

Table 1. The protein film thicknesses obtained from in situ NPS experiments using FDTD-
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Figure 5.  Simulated normalized ∆λmax for a-C (black) and a-C:H (red) coated sensors calculated 
for various thicknesses of the protein layer using the FDTD method. 

 

Table 1. Summary of results from NPS and AFM measurements. 

a = RMS calculated over a 100 µm2 image; b = error represents the standard deviation of the 
∆z step measured after a contact mode experiment. 

 

generated calibration plots are in the range 1.8-3.3 nm; in the case of BSA the estimated 

adsorbed layer is thinner for a-C:H than for a-C, however, in the case of Fib, the adsorbed layer 

thickness is similar for both types of carbon surfaces. Given that the same refractive index was 

assumed for BSA and Fib layers, the thickness ratio provides a measure of relative mass density 

for the two proteins.45 Using a ratio of molar mass to molar refractivity of 4.14 typical of 

Surface Protein 

Normalized 

∆λmax (x 10
-2
) 

Modelled 

thickness (nm) 

RMS
a
 

roughness (nm)  

AFM
b
 

thickness (nm) 

a-C 
BSA 2 ± 0.5 2.3 1.05 1.0 ± 0.1 

Fib 2.8 ± 1.1 3.2 1.91 1.4 ± 0.1 

a-C:H 
BSA 1.4 ± 0.6 1.8 1.22 1.3 ± 0.1 

Fib 2.3 ± 0.5 3.3 2.04 1.8 ± 0.1 
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proteins and Cuypers one-component model,46 the estimated mass density for Fib is 

approximately 3.8 mg m-2 on both surfaces, whereas that of BSA is 2.1 and 2.6 mg m-2 on a-C:H 

and a-C, respectively. In the case of both carbon materials the mass density of Fib was therefore 

found to be higher than that of the BSA layer. 

In situ experiments show that in the case of BSA, a globular protein, the adsorption is slightly 

higher on a-C vs. a-C:H surfaces. a-C:H displays lower hydrophilicity compared to a-C based on 

water contact angle measurements;47 multisolvent contact angle determinations (see Supporting 

Information) shows that the surface free energy of a-C:H is 58.4 mJ m-2, lower than that of a-C. 

Estimated BSA layer thicknesses in Table 2 are therefore consistent with both wetting and 

surface free energy comparisons, as it has been empirically observed that in the range 20-65 mJ 

m-2, lower surface free energy translates into reduced protein adsorption.48 It is likely however 

that this is not the only mechanism at the origin of the observed differences, as the adsorption of 

proteins at surfaces is a complex process involving long-range interactions, multiple adsorbate 

conformations and conformational changes at the surface over multiple timescales.43, 49-50 

Recently, Urbassek and co-workers51 carried out molecular dynamic simulations of insulin, a 

small globular protein, adsorbed at graphite surfaces, and examined the effect of immobilized 

ethane, a hydrocarbon, on the adsorption process. The presence of a hydrocarbon was found to 

significantly reduce protein-surface interaction energy values and, consequently, protein 

denaturation at hydrocarbon-covered surfaces. The two surfaces used in our experiments range 

from a graphite-like surface (a-C) to a hydrocarbon-like surface, rich in C—H bonds (a-C:H).37 

Based on Urbassek’s results it is therefore reasonable to expect reduced protein adsorption at a-

C:H compared to a-C.  
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In situ experiments also reveal higher protein surface coverages when using Fib compared to 

BSA independently of the surface examined. Fib is known to form irreversibly adsorbed layers 

with a wide range of surface density values, but its mechanism of adsorption is still highly 

debated.52 Fib has a higher molecular weight than BSA, it possesses multiple domains and a 

hinged rod-like shape. Its anisotropy opens the possibility of both side-on and end-on surface 

approaches, 49, 53and previous experiments of Fib on Au,53 silica,54 polymers and mica55 have 

proposed formation of mixed side-on/end-on layers. The estimated mass density for Fib of 3.8 

mg m-2 found in our experiments is in excellent agreement with limiting coverages observed by 

other groups under similar conditions.52, 54 However, it is approximately double what is expected 

for closed packed side-on adsorbates (1.4-2.1 mg m-2).54, 56 This suggests that on a-C and a-C:H 

Fib might form mixed side-on/end-on layer as proposed for other surfaces. Minton has 

previously demonstrated via simulations that faster adsorption rates can be expected from end-on 

vs. side-on adsorbates, which are consistent with faster adsorption observed for Fib in our 

experiments. Relative to side-on adsorbates, end-on conformation results in weaker protein-

surface interactions, which might also partially contribute to the insensitivity of the Fib thickness 

to the type of carbon surface chemistry. Based on the current experiments alone it is not possible 

to distinguish formation of mixed side-on/end-on layers from side-on multilayer formation, 

however experiments at lower protein concentrations, and/or using complementary techniques to 

probe adsorbate packing might distinguish between these two possible modes of adsorption. 

The adsorbed protein layers were also characterized via ex situ experiments; Figure 6 shows 

IRRAS spectra in the region 1900-1300 cm-1 of a-C and a-C:H surfaces after incubation in BSA 

and Fib solutions followed by rinsing. Spectra exhibit the characteristic bands of amide groups in 

polypeptides at ~1675 cm−1 and ~1540 cm−1, assigned to the amide I and II modes, 
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Figure 6. IRRAS spectra of a-C (black, left) and a-C:H (red, right) substrates after 1 h 
incubation with BSA (top) and Fib (bottom) solutions. The arrows indicate the peak positions of 
the amide I and amide II bands. Spectra were baseline corrected and a-C:H peaks were corrected 
for optical enhancement, as indicated in the experimental section, to facilitate comparison of 
peak intensities. 

 

respectively.57 The two strong broad peaks indicate the presence of the protein layer irreversibly 

adsorbed at both carbon surfaces, as previously reported by our group in the case of a-C.38 The 

higher intensity obtained for amide peaks in the case of Fib is consistent with NPS results which 

indicate that under these conditions Fib yields thicker adsorbed layers than BSA. AFM 

characterization of the films, using previously reported methods.38, 58-59 was used to compare the 

morphology of protein layers obtained at the carbon surfaces and to understand whether ex situ 

and in situ determinations of protein layer thickness resulted in comparable results. Carbon 

surfaces exposed to protein solutions were first imaged in tapping mode; subsequently, a section 

of the film was removed by scratching the sample with the AFM tip in contact mode; finally, the 

step created in the organic film was imaged to determine the layer thickness through cross-
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Figure 7. AFM topographic images of a-C:H surfaces after incubation with (a) BSA and (b) Fib 
solutions; thickness of (c) BSA layer adsorbed at an a-C surface. 

 

section analysis. AFM images reveal that BSA tends to adsorb at both carbon substrates forming 

smooth layers, whereas Fib tends to form 10-30 nm thick agglomerates (Figure 7a and 7b). 

Roughness measurements in fact yield higher root mean square (rms) values in the case of Fib at 

both a-C and a-C:H surfaces, as reported in Table 1. Figure 7c shows an example of a-C after 
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incubation in BSA solution, imaged after the scratching process; the height profile across the 

step is shown in the plot underneath the image. The average height difference of protein layers 

was found to be in the range 1.0-1.8 nm in the case of BSA and Fib, respectively, for both a-C 

and a-C:H substrates (Table 1). These thicknesses are lower than those obtained from in situ NPS 

measurements, but are consistent with the protein layer undergoing dehydration and compaction 

after sample drying prior to AFM determinations. When comparing results obtained for the two 

proteins, AFM measurements also show that Fib yields thicker layers than BSA (~40% thicker) 

at both a-C and a-C:H surfaces, in good agreement with NPS experiments.  

 

Conclusions  

We have studied in situ adsorption of two plasma proteins at different types of carbon surfaces 

using a NPS method. FDTD simulations that modelled the sensor response based on the 

nanodisk geometry and carbon optical constants were predictive of the analytical sensitivity. The 

computation model was, therefore, used to analyses protein adsorption data to determine 

estimated thicknesses, which were found to be consistent with results obtained via ex situ 

spectroscopy and microscopy. Mass density estimates calculated from thickness values are in 

good agreement with limiting protein coverage values previously observed with other 

techniques. These results suggest that NPS in combination with FDTD analysis are well suited to 

investigating and comparing protein adsorption at carbons, even in the case of carbon materials 

with highly dissimilar dielectric properties. We expect the results to be important as a platform 

for new methodologies for the investigation of the carbon-bio interface. 
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Figure 1. Plasmon absorbance spectrum in air recorded at bare (blue line), a-C (black line) and a-C:H (red 
line) coated sensors. The inset at the top left of the figure shows schematics of the nanodisk structures that 

result in the LSPR spectra.  
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Figure 2. Electric field intensity distribution around isolated nanodisks immersed in PBS obtained via FDTD 
modelling at the wavelength corresponding to the maximum of the LSPR. The refractive indeces used in the 

simulation are reported as ε1, ε2 and ε3 for the aqueous medium (ε1=1.333), the carbon coating and the 

glass substrate, respectively. The green line in the graphs indicates a factor of 30 increase in the electric 
field intensity. (a) Field distribution around an isolated Au/a-C coated nanodisk at 797 nm; (b) Field 

distribution around an isolated Au/a-C:H coated nanodisk at 748 nm. (c) Calibration plots obtained via FDTD 
methods for Au/a-C (black line) and Au/a-C:H (red line) coated nanodisks; the slope yielding the analytical 

sensitivity is reported next to the corresponding curve.  
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Figure 3. Sensitivity test obtained at a-C (black, left) and a-C:H (red, right) coated sensors. (a) NPS shift 
∆λmax as a function of time measured after water/ethylene glycol solutions of different refractive index are 
injected into the cell. (b) Calibration plot of measured ∆λmax vs. refractive index of the water/ethylene 

glycol solution; the slope yielding the analytical sensitivity is reported next to the corresponding curve. Error 
bars indicate 95% C.I. calculated from sample size n = 5 and 3 for a-C and a-C:H, respectively.  
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Figure 4. NPS wavelength shift, ∆λmax, as a function of time, measured at (a) a-C and (b) a-C:H coated 
sensors for in situ protein experiments. (c) Normalized ∆λmax as a function of time calculated using the initial 
calibration of the sensor at both a-C (black line) and a-C:H (red line) surfaces. The arrows indicate the time 

of the injection of BSA, Fib and PBS solutions into the flow cell.  
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Figure 5.  Simulated normalized ∆λmax for a-C (black) and a-C:H (red) coated sensors calculated for various 
thicknesses of the protein layer using the FDTD method.  
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Figure 6. IRRAS spectra of a-C (black, left) and a-C:H (red, right) substrates after 1 h incubation with BSA 
(top) and Fib (bottom) solutions. The arrows indicate the peak positions of the amide I and amide II bands. 
Spectra were baseline corrected and a-C:H peaks were corrected for optical enhancement, as indicated in 

the experimental section, to facilitate comparison of peak intensities.  
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Figure 7. AFM topographic images of a-C:H surfaces after incubation with (a) BSA and (b) Fib solutions; 
thickness of (c) BSA layer adsorbed at an a-C surface.  
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