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Abstract
This communication describes a simple way to improve the sensitivity of spectroscopic ellipsometry,
when applied to monitor the adsorption of proteins to solid surfaces. The method described herein
is based on the reaction of a commercially available dye (Coomassie brilliant blue G) with the
adsorbed proteins and the subsequent analysis by spectroscopic ellipsometry. In order to demonstrate
the potential advantages of this method, the adsorption of bovine serum albumin to an antifouling
coating was also investigated. According to our results, the modification with the dye significantly
affects the optical properties of the adsorbed protein layer, which can be represented using a simple
optical model (Lorentz). In general, the proposed modification increases the sensitivity of the
detection by 2.5 ± 0.4 fold and enables the analysis of thin layers of adsorbed protein not obtainable
by conventional methods. These results particularly reveal the importance of the proposed
modification for the evaluation of low adsorbing substrates and antifouling coatings.
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1. INTRODUCTION
Adsorption of synthetic polymers and proteins to solid surfaces is of interest for many industrial
and biomedical applications [1-4]. Aiming to understand the driving forces of such interactions,
adsorption processes have been studied with a variety of techniques [5] including reflectometry
[6], quartz crystal microbalance [7], atomic force microscopy [8], and fluorescence microscopy
[9]. In this regard, spectroscopic ellipsometry (SE) is an attractive alternative for the study of
adsorption phenomena because it can provide real-time information regarding the kinetics of
the adsorption process as well as the structure of the adsorbed layer for a broad range of
adsorbate and substrate materials [10,11]. Ellipsometry is an optical technique that measures
changes in amplitude and phase difference between the parallel (RP) and perpendicular (RS)
components of a polarized light beam upon reflection from a surface [12]. The intensity ratio
of RP and RS can be related to the ellipsometric angles (Ψ, amplitude and Δ, phase difference)
using Equation 1:
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Equation 1

Spectroscopic ellipsometry also allows the measurement of the ellipsometric angles as a
function of the wavelength of the incident light beam, therefore increasing the accuracy of the
measurement. Because ellipsometry measures the ratio of two values originated by the same
signal, the data collected are highly accurate and reproducible. One of the drawbacks of
ellipsometry is that the interpretation of data requires an optical model describing the sample
in terms of refractive index (n), extinction coefficient (k), and thickness (d) [13]. In the specific
case of the adsorption of proteins to solid surfaces, the adsorbed layer is typically described
by the Cauchy parameterization model (see Equation 2), where λ is the wavelength and A, B,
and C are computer generated fitting parameters [14].

Equation 2

Although there are plenty of examples of the use of Cauchy models in literature [11,15-17],
this approach still suffers from fundamental deficiencies; especially when the adsorption
process is to be followed under aqueous environments. Among others, it is relevant to mention
that at low coverage a) only small changes in the signal (Ψ and Δ as function of time or λ) are
obtained, limiting the sensitivity of the experiment; b) the fitting parameters (A, B and C) could
be strongly correlated with the thickness; and c) the system cannot distinguish between similar
materials (polymers, proteins, etc) competing for the adsorption sites. Such information is
crucial for the analysis of the adsorbed layer in many applications such as layer-by-layer
deposition [18,19] or the development of biosensors [20-22], antifouling coatings [15,23] and
biocompatible materials [24,25]. Although in some cases, the optical constants or thickness of
the underlying substrate can be adjusted to maximize the sensitivity of the analysis [26], a
simple and broadly applicable procedure is currently not available. In order to address these
deficiencies, this study was devoted to the development and characterization of a general
method to increase the sensitivity of spectroscopic ellipsometry, when applied to monitor the
adsorption process of proteins. To achieve such improvement, a model protein (bovine serum
albumin, BSA) was adsorbed and then modified with a protein-specific dye (Coomassie
brilliant blue G, BB [27]). Although, a major problem with the assay is the variation in response
to different proteins Coomassie blue dye-based protein assays are exceptionally convenient
because of their cost, simplicity, sensitivity, speed, and resistance to interfering chemicals,
reducing agents, and most buffers [28]. Upon interaction with the proteins, BB changes its
color from red to blue, producing an increase in the absorbance that lasts for about 1 h. This
change in color, which is proportional to the concentration of proteins, is typically quantified
by methods like spectrophotometry. The hypothesis of this work is that adsorbed proteins can
be also treated with BB, to turn a transparent protein layer into a light-absorbing one. Despite
the capability of spectroscopic ellipsometry to characterize a stained protein layer on a surface,
no report has assessed the potential benefits of this method. Particular attention was paid to
evaluate this method in terms of sensitivity toward the adsorption of low amounts of proteins.
In order to demonstrate the potential advantages of this method, the interaction of BSA with
an antifouling polymer-coated surface was also investigated.
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2. MATERIALS AND METHODS
2.1 Materials and reagents

Silicon wafers (<111> Si/SiO2, Sumco, Phoenix, AZ, USA) were cleaned in a 3:1 mixture of
H2SO4:H2O2 35% for 15 minutes at 80°C, rinsed thoroughly with water, and immersed in
ultrapure water until used as substrates. In order to obtain a hydrophobic surface, a wafer was
dried at 80°C for 4 h and submerged in a 1% w/v solution of dimethyldichlorosilane (DDS,
Aldrich, Saint Louis, MO, USA) in trichloroethylene (AlfaAesar, Ward Hill, MA, USA) for
15 min. Subsequently, the coated wafer was thoroughly rinsed with methanol and ultrapure
water (18 MΩ·cm water, NANOpure Diamond, Dubuque, IA, USA) and stored in a clean
capped vial until use. This treatment is known to render a hydrophobic surface with a water
contact angle around 100° [29]. Pluronic F-127 was purchased from Sigma (Saint Louis, MO,
USA) and used to prepare antifouling coatings on hydrophobic substrata. The background
electrolyte (10 mM acetate buffer) was prepared by mixing solutions of sodium acetate and
acetic acid (Merck, Darmstadt, Germany) in ultrapure water and adjusting the pH to 4.7 (digital
pH meter, Orion 420A+, Thermo, Waltham, MA, USA). Bovine serum albumin (BSA),
Fraction V (heat-shock treated), was purchased from Fisher Scientific (Fair Lawn, NJ, USA)
and used as received. Stock solutions of BSA were prepared at concentrations 1 g·L-1 and
diluted in acetate buffer just prior to use. The selected dye (Coomassie brilliant blue G) was
obtained from Sigma and diluted in water (5X), according to the protocol provided by the
manufacturer.

2.2 Ellipsometric study of adsorbed proteins
All experiments were performed at room temperature (22 ± 1 °C) using a variable angle
spectroscopic ellipsometer (WVASE, J.A. Woollam Co; Lincoln, NE, USA). Spectroscopic
ellipsometry has proven suitable to study adsorption processes, and provides useful information
about the optical constants and thickness the adsorbed film. Ellipsometric measurements were
performed in a modified flow cell [30] which was mounted directly on the vertical base of the
ellipsometer. In all experiments, the variation of Ψ and Δ was determined at an angle of
incidence of 70°, as defined by the inlet/outlet of the UV fused-silica windows. In all cases
and prior to the adsorption of proteins, a spectroscopic scan of the cleaned substrate was
obtained in the range of 300-900 nm (in 10 nm steps). These measurements allowed a better
estimation of the thickness of the oxide layer (SiO2), and improved the accuracy of the
measurement. In order to adsorb protein, the substrate was then dipped into a beaker containing
BSA solution at the desired concentration, under moderate agitation (100 rpm, Innova 2000
platform shaker, New Brunswick Scientific, Edison, NJ, USA) for 30 min. The substrate was
then transferred to the cell and measured by ellipsometry (spectroscopic scan 300-900 nm).
Next, the sample was removed from the cell and placed in a second beaker containing the BB
solution for 5 min. After a mild rinsing step performed to remove the excess of BB, the substrate
was again mounted in the cell for the final spectroscopic scan. The described procedure allowed
ellipsometric measurement of adsorbed protein layer before and after BB treatment on a single
substrate.

In order to model the collected data, the WVASE software package (J.A. Woollam Co; Lincoln,
NE) was used. The mean square error (MSE, performed with a built-in function in WVASE)
was used to quantify the difference between the experimental and model generated data.

2.3 Dynamic adsorption of proteins
In order to test the potential advantages of this method to assess the efficacy of antifouling
coatings, the adsorption of BSA to a polyethylene oxide brush-coated surface was investigated.
For these experiments, a layer of Pluronic F-127 (triblock copolymer of polyethylene oxide
(PEO) and polypropylene oxide (PPO) with an average structure of PEO99-PPO65-PEO99) was
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deposited on hydrophobic Si/SiO2 wafers (DDS-treated). This procedure yields a uniform layer
of PEO in a brush-like conformation [31] that is known to efficiently resist protein adsorption
[32]. Both the pre-treatment of the substrate with Pluronic and the dynamic BSA adsorption
experiments, were performed at room temperature and monitored by real time measurement
of Ψ and Δ at three wavelengths (400, 630 and 850 nm) as a function of time. In this case the
data acquisition rate was 3.2 Hz which, considering the 3 wavelengths selected, translates into
1 full scan every 56 sec.

The dynamic experiments were started by pumping acetate buffer was onto the surface (in a
stagnation point flow setup, Reynolds number = 12) for 5 min in order to set a baseline. Next,
the flow was switched to the solution containing the Pluronic (dissolved in buffer at a
concentration of 0.2 g·L-1) until saturation was reached (~15 min). Then, the flow was switched
back to the solution containing buffer for 35 min in order to remove the excess of Pluronic
from the cell. Then, a BSA solution (0.1 mg·L-1) was introduced (~55 min after the start of the
experiment) and continued for about 45 min, when buffer was pumped again to remove the
excess protein for another 40 min. At ~140 min, the BB solution was pumped onto the surface
for 10 min followed by a rinsing step with water. According to preliminary experiments, this
procedure allowed staining the adsorbed proteins.

3. RESULTS AND DISCUSSION
Despite the advantages offered by spectroscopic ellipsometry for the investigation of
adsorption studies, there are limitations in sensitivity of this technique when characterizing
thin layers of different soft materials with similar optical parameters. The method presented in
this study enables the measurement of stained proteins adsorbed on a surface as a light
absorbing film by spectroscopic ellipsometry. The applicability and advantages of using this
method are herein discussed.

3.1 Optical characterization of the substrates
First, and to demonstrate that significant differences in optical constants can be obtained by
the proposed method, spectroscopic scans of the substrates (Si/SiO2 wafers), the substrates
with a layer of BSA, and with a layer of BSA treated with BB, were performed. Representative
examples of the results are shown in Figure 1. As it can be observed, the adsorption of BSA
produced considerable shifts in the phase difference (Δ) but did not introduce any new features
in the spectroscopic scan, neither produced significant changes in amplitude (Ψ). This response
is in a good agreement with previous reports [33], and was interpreted as the adsorption of a
thin film of proteins on the surface of the substrate. As it can be also observed, treating the
adsorbed protein layer with BB produced rather small changes in Ψ but significant changes in
Δ, particularly in the range of 500 to 700 nm. As can be also observed, the maximum difference
was obtained at 630 nm, which corresponds to the absorption peak of the BB-protein complex.
This finding confirms that BB was able to react with the adsorbed protein layer, and that the
change can be detected by ellipsometry. It is also worth mentioning that treating bare Si/
SiO2 wafers with BB did not cause any change in the measured ellipsometric angles (data not
shown), indicating that, as expected, reaction of BB with the bare substrate, if present, does
not lead to significant changes in ellipsometric angles. It is also important to mention that no
BSA was detected (spectrophotometrically) in the BB solution after immersing the BSA-coated
wafer, indicating that the BB treatment does not induce desorption of the protein layer.

It has to be realized that although the staining of the adsorbed protein layer with BB is shown
to be advantageous, modifications with other dyes might not lead to similar results. In this
regard, experiments were performed to assess the applicability of bicinchoninic acid (BCA),
another well-established reagent used for protein assays. However, preliminary experiments
performed with following the staining protocol described for BCA indicate that the majority
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of the adsorbed protein layer is desorbed during the staining process. The desorption process
was first measured by ellipsometry (spectroscopic scans of the substrate) before and after the
staining process and confirmed by measuring (spectrophotometrically) the BCA solution after
immersing the BSA-coated wafer (data not shown). It is also worth noting that although many
other derivatization procedures are available [34], only few would provide significant
advantages (in terms of performance, cost, time, and labor) for the detection of adsorbed
proteins by reflection methods (such as ellipsometry or reflectometry), when the signal is
originated by a change in ellipticity (at the same wavelength), rather than a change in light
intensity or fluorescence emission. For these reasons, the rest of the experiments herein
described were performed with BB.

3.2 Adsorption of Proteins
In order to determine how the ellipsometric signal (Δ and Ψ as function of λ) was affected by
the amount of protein adsorbed, SiO2 substrates were immersed in solutions containing
different concentrations of BSA, within the 1 × 10-4 to 1 g·L-1 range. As previously described,
the substrates were then measured, treated with BB and measured again. Although it was
observed (see Supplementary Information) that higher concentrations of protein produced the
larger changes in both ellipsometric angles, the most significant change was observed in Δ.
This observation is in agreement with literature reports [35]. More importantly, the change in
Δ was significantly larger when the adsorbed protein layers were treated with BB. It is evident
that treating the protein layer with BB induces a significant change in Δ, resulting in a sensitivity
enhancement of the ellipsometric measurement of 2.5 ± 0.4 fold (2.3 ± 0.3 103 °·L·g-1 protein
after BB treatment versus 0.9 ± 0.1 103 °·L·g-1 before BB treatment, calculated in the
concentration region where change in Δ varies linearly with respect to BSA concentration).
These results highlight one of the advantages of using BB, which would allow the analysis of
small variations in protein amount on solid surfaces, which may otherwise be not detectable
by the conventional procedure. This advantage is, among others, of particular importance in
the analysis of protein interaction with low adsorbing surfaces.

3.3 Optical Model
Needless to say, it is of interest for many applications to obtain information not only about the
optical changes in the system, but also about the physical interpretation of those changes.
Therefore, the optical model used to represent the optical properties of the Si/SiO2 substrates
was composed by layer of Si (bulk; d=1 mm) and a layer of SiO2 (d=2.5±0.5 nm), with optical
axes parallel to the substrate surface. Initially, the adsorption of unmodified proteins was
represented by adding an additional layer described using a Cauchy parameterization model
(see Equation 1). In such cases, fixing the fitting parameters (A=1.44, B=0.01 and C=0) [30]
allowed calculating the thickness of the protein layer. Upon the modification of the proteins
with BB, the experimental results were analyzed using a Lorentz model, which is better suited
to describe the optical properties of layers that absorb light in a region of the measured spectral
range [14, 36]. Equation 3 expresses a general formulation of the Lorentz model,

Equation 3

where ε is the complex dielectric function where E is the photon energy and n is the complex
index of refraction. The fit parameters in this expression are the dielectric function at infinite
energy (ε(∞)), the amplitude (An), center energy (En), and the broadening (Γn) of each
oscillator. In the fitting discussed herein, the number of oscillators was defined as one, in order
to reduce the number of fitted parameters to five (four from the optical model plus the
thickness). In all cases, a very good agreement was obtained between the experimental and the
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data generated by the Cauchy (before the modification with BB) and Lorentz (after the
modification with BB) models (See Supplementary Information for examples of the
experimental and model-generated data for a protein film before and after the modification
with BB). Similar MSE values were obtained for other adsorbed layers described in this study
supporting the possibility of using a Lorentz model to describe the optical properties of the
protein layer after the modification with BB.

In order to further characterize the properties of the BB-treated protein layer, the corresponding
optical constants were calculated (See Supplementary Information). It was observed that the
refractive index (n) and extinction coefficient (k) did not change significantly in the region
from 300 to 450 nm. However, a sharp increase in the extinction coefficient was obtained for
the BB-modified layers at λ > 450 nm, showing a well-defined absorption peak at 630 nm. This
maximum in k is in close agreement to the absorption peak obtained in solution for the BB-
protein complex in solution (595-620 nm [27]). These results not only provide evidence about
the formation of the BB-protein complex on the surface and their role in the ellipsometric
characterization of the adsorbed film, but also support the use of a simple optical model (like
Lorentz) to extract information about the optical properties of the stained protein film.

3.4 Correlation between optical models (Cauchy and Lorentz)
As can be observed in Figure 2, although the thickness calculated using a Cauchy (before the
modification) or Lorentz (after the modification) models show a very good correlation (R=
0.98), staining the protein layer produces a significant decrease in the uncertainty, particularly
at low coverage values. In agreement with these results, when the thickness of the BSA layer
was < 0.51 nm (produced by immersing the wafer in solutions containing < 1 × 10-3 g·L-1 of
BSA, see Supplementary Information), only a slight change in Δ (within the noise) was
obtained. In such cases, treating the adsorbed proteins with BB improved the limit of detection
of the technique from 0.38 mg·m-2 to 0.27 mg·m-2 (as estimated based on the thinnest layer
resulting in a change in Δ > 2.6°, that is 3 times the noise). Furthermore, and although the
sensitivity values herein reported were calculated using the recommended standard (BSA, 15
% basic residues), the methodology described in this communication can be slightly modified
to improve the detection of various proteins [28,37].

3.5 Application of the proposed modification to the detection of proteins adsorbed to a
polymer film

In order to further investigate the advantages of the proposed method in a real application, the
adsorption of BSA on a Pluronic F127-coated surface was studied. It has been reported that
Pluronic F127 can readily adsorb to hydrophobic surfaces forming brush-like structures of
PEO, which have been shown to inhibit protein adsorption and particle adhesion [38,39]. Figure
3 shows the results obtained in a representative dynamic experiment, monitored in real time
by ellipsometry for the adsorption of Pluronic to a hydrophobic SiO2 substrate, and the
subsequent interaction with BSA. The quick change in the signal (Δ and Ψ as function of time)
upon the introduction of Pluronic F127 indicates that a considerable amount of Pluronic F127
(1.36 mg.m2, as calculated using a Cauchy model) was quickly adsorbed on the hydrophobic
surface. In agreement with previous reports, this adsorption process is supported by the
interaction of the hydrophobic PPO chain with the hydrophobic surface [40]. Also in agreement
with previous reports, the layer of Pluronic F127 was not removed by rinsing the surface with
buffer. To demonstrate the advantages of the modification of adsorbed proteins with BB, the
antifouling properties of the Pluronic F127 coating were investigated by exposing the films to
a solution containing BSA. As can be also observed in Figure 3, only a small change in Ψ and
Δ was observed upon introduction of BSA in the cell. Considering the signal/noise ratio, this
experiment indicates that the optical properties of the adsorbed layer were not affected by the
interaction with BSA and it could be concluded that the amount of BSA adsorbed to the Pluronic
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film is not significant. However, upon the treatment of the substrate with BB (performed in
the 140 to 160 min spam), a significant change in the ellipsometric angles collected at 630 nm
was observed. In agreement with Figure 1 (and Supplementary Information), this change
cannot be observed if 400 or 850 nm were selected as the wavelength. Modeling the BB-
modified proteins layer enabled calculating an adsorbed amount of 0.8 ± 0.1 mg·m2 on the
surface of the polymer brush. Once again, although this amount is significantly smaller than
the amount of BSA adsorbed to the plain Si/SiO2 surface under similar conditions (2.4 ± 0.1
mg·m2), the adsorbed amount was detectable only after treating the surface with BB.

It is also worth mentioning that although the described method offers several advantages, it
does not allow following the modification reaction in real time (with our current experimental
set-up). Apparently, having a high concentration of BB in the surroundings of the measuring
spot, does not allow enough light to be reflected off the surface. This is the reason why the
change in signal displayed in Figure 3 can only be observed after the rinsing step.

4. CONCLUSIONS
This manuscript describes a simple way to improve the sensitivity of spectroscopic
ellipsometry, when applied to monitor the adsorption of proteins to solid surfaces. It is based
on the reaction of a commercially available dye (brilliant blue) with the adsorbed proteins. The
optical properties of the dye-modified protein layer can be represented using a simple Lorentz
optical model. In addition to increasing the sensitivity of measurements by a factor 2.5, the
proposed modification enables the detection (with a signal/noise ratio > 3) of thin protein layers
which represents an improvement of at least 30% with respect to the experiment performed
with unmodified (transparent) proteins. These results also reveal the advantage of the proposed
modification for the study of protein adsorption on low adsorbing substrates and antifouling
surfaces. Furthermore, and because of the specificity of dyes like BB, the proposed method
would allow the analysis of more complex systems, with intermixed proteins and polymers.
We envision that the use of other dyes would further enhance the capabilities of spectroscopic
ellipsometry for the study of biological molecules.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Spectroscopic scans of the substrate (dotted line), the substrate with a layer of BSA (gray solid
line), and with a layer of BSA treated with BB (black solid line) in the range of 300 to 900 nm
(10 nm steps)
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Figure 2.
Thicknesses of the BSA adsorbed layers calculated by Cauchy (before the modification) versus
Lorentz (after the modification) models.
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Figure 3.
A representative dynamic experiment, monitored in real time by ellipsometry for the pre-
treatment of the substrate with Pluronic and the subsequent BSA adsorption experiments. The
flow had different steps: 1) introduction of Pluronic solution, 2) rinse, 3) flow of BSA solution,
4) rinse, 5) BB solution, 6) rinse.
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