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Abstract

Protein adsorption on solid surfaces is of interest for many industrial and biomedical
applications, where it represents the conditioning step for micro-organism adhesion and biofilm
formation. To understand the driving forces of such an interaction we focus in this paper on the
investigation of the adsorption of bovine serum albumin (BSA) (optically non-absorbing, model
protein) and DsRed (optically absorbing, naturally fluorescent protein) on silica surfaces.
Specifically, we propose synthesis of thin protein layers by means of di}% coating of the dielectric
surface in protein solutions with different concentrations (0.01-5.0 g1~ ). We employed
spectroscopic ellipsometry as the most suitable and non-destructive technique for evaluation of
the protein layers’ thickness and optical properties (refractive index and extinction coefficient)
after dehydration, using two different optical models, Cauchy for BSA and Lorentz for DsRed.
We demonstrate that the thickness, the optical properties and the wettability of the thin protein
layers can be finely controlled by proper tuning of the protein concentration in the solution.

These results are correlated with the thin layer morphology, investigated by AFM, FTIR and PL
analyses. It is shown that the proteins do not undergo denaturation after dehydration on the silica
surface. The proteins arrange themselves in a lace-like network for BSA and in a rod-like
structure for DsRed to form mono- and multi-layers, due to different mechanisms driving the
organization stage.

Keywords: SiO, thin layers, proteins, protein-adhesion problem, protein thin layers, BSA,
DsRed

1. Introduction applications in medicine for anti-bacterial coatings of ortho-

pedic and dental implants or for in vivo labeling and drug
In the last ten years, the research and development of new  screening systems [1-3]. Newly created niche applications of
biomaterials based on oxides, such as silicon oxide-related biomaterials are currently gaining pace. They are mainly
materials, has considerably increased. The growing interest in  related to bioelectronics, to proteins engineering, dealing with

this field is due to the use of biomaterials in well-established generation of function-specific proteins for tissue engineering



and therapeutics, or more generally to nanotechnology where
the properties of inorganic and organic solid materials should
be adapted to those of proteins [4—7].

Regardless of the targeted application, whenever a for-
eign material is brought to a contact with blood or physio-
logical fluids one of the first process to occur is protein
adsorption on the material surface. The conformation and
arrangement of the adsorbed proteins further control the
subsequent biological processes and thus determine the bio-
logical response to the material [8—11]. Protein adsorption on
solid surfaces manifests both beneficial and adverse effects
depending on the application, including cell attachment and
biofouling, respectively [12-15]. It depends on different
factors related to both the protein itself and the surface as the
final outcome is shared between the two sides [11, 16]. A
large number of variables, like surface energy, wettability,
electrical charge, temperature, buffer pH, time, kind of stu-
died protein, etc, is at play and can substantially affect the
experimental results, which actually complicates the com-
parison from study to study. Consequently, the protein
adsorption on solid surfaces remains an intensive field of
research supported by the interest in revealing the underlying
mechanisms and possible applications [11, 17-20]. Many
years of research on the ‘protein-adsorption problem’ how-
ever conducted to identification of some common trends
which are generally related to the internal coherence of the
proteins. Structural rearrangements do not significantly con-
tribute to the adsorption process for ‘hard’ proteins, i.e. for
proteins with strong internal coherence. These proteins
behave like ‘hard’ particles and their interaction with the solid
surface is governed by hydrophobic and electrostatic effects
[11, 17, 18]. They tend to adsorb to hydrophobic surfaces but
their adsorption on hydrophilic surfaces is attained only if
they are electrostatically attracted. On the contrary, the so
called ‘soft’ proteins, i.e. proteins of much lower structural
stability are apt to adsorb even under unfavorable conditions.
The °‘soft’ proteins are found to adsorb freely also on
hydrophilic and electrostatically repulsing surfaces.

The ‘protein-adsorption problem’ is of fundamental nat-
ure and becomes of primary importance when the interactions
with silicon oxide-related materials are under study. The SiO,
is an inorganic material with strongly pronounced hydrophilic
properties, thus not favoring protein adsorption. SiO, is well
known for its optically transparent properties in the visible
range of the spectrum and can successfully be used as anti-
reflective coating if properly dimensioned. The interest
towards SiO, layers is also based on their large application in
plasmonics as host matrix, in microelectronics as diffusion or
thin electrical insulating layers, etc [21-24]. Although many
studies have been devoted to exploring the biocompatibility
of silicon oxides in vivo or in vitro, the reported results on the
physico—chemical properties that drive or influence their
biocompatibility remain limited. A deeper understanding of
the physico—chemical properties and the basic principles of
the complex material-biological interactions is under request,
especially when biosensing and/or CMOS-compatible bioe-
lectronic devices are forecasted as potential applications.

In the present work, we report on the adsorption behavior
of two different, in their internal coherence, proteins after
adhesion and dehydration on thin silica layers through spec-
troscopic ellipsometry (SE) coupled with investigation of
their optical and structural properties. It comes out with study
on bovine serum albumin (BSA) and Discosoma recombinant
red fluorescent protein (DsRed). The BSA is a ‘soft’ and
small protein that was chosen as a model protein because of
its high abundance in the blood plasma, from one side, and
because it readily adsorbs on foreign surfaces dominating the
first stages of proteins adsorption [25, 26] from the other side.
Moreover, the BSA is optically non-absorbing protein. The
second selected protein is the recently cloned from reef coral
Discosoma sp. DsRed protein [27]. The DsRed belongs to the
naturally fluorescent protein family. It is found to be suitable
for rational design of ultra-stable and reversible photo-
switchable devices for super-resolution imaging [28] and
holds great promises for biotechnology and cell biology as a
spectrally distinct companion or substitute of the green
fluorescent protein.

2. Materials and methods

2.1. Thin SiO, sample preparation

Silica layers of about 100 nm-thick were thermally grown on
intrinsic Si-substrates at 1100 °C under slightly oxidizing
atmosphere using a N,—O, gas mixture containing 1.0% of
O,. Before being exposed to protein deposition, the SiO,/Si
substrates were consecutively cleaned in ethanol (95% vol.)
and acetone (95% vol.) and then rinsed in deionized water to
avoid electrostatic interactions and to permit a better control
of the experimental conditions. The deionized water was fil-
tered through 200 nm pore size filter. The rinsing procedure
continued until attaining zero surface conductivity on the
SiO, surfaces.

2.2. Selected proteins and preparation procedure

BSA has been chosen as a model protein to start the synthesis
of very thin protein layers on solid substrates. BSA was
purchased from Sigma Aldrich. According to the SDS-PAGE,
the BSA was at least 96% pure in a lyophilized powder form.
A stock solution of BSA was prepared with a concentration of
5.0 g1™" in 50 ml water for injectable preparations (PPI water,
European Pharmacopoeia, COOPER) [29]. The pH-value of
the PPI water was measured to 7.0 with conductivity of
1.2 uS cm™'. The pH-value of the BSA stock solution was
measured to 5.6, whilst the BSA isoelectric point (pI) is
reported to be 4.7 in water and at 25 °C. Aliquots of BSA
stock solution were then diluted 1-500 times in PPI water.
The second selected protein for this work was the natu-
rally fluorescent DsRed. DsRed was purchased from Biovi-
sion and according to the SDS-PAGE, it was at least 97%
pure and in a freeze-dried form. DsRed stock solution of
0.1 g17" was prepared in PPI water. Aliquots of DsRed stock
solution were diluted 1-10 times into PPI water. The pH-



value of the DsRed stock solution was measured to 6.6 and its
stability was continuously monitored during the measure-
ments. The assays were performed at room temper-
ature (23 °C).

While BSA has a size of 4nm x 4nm X 14 nm (prolate
spheroid shape where a =b < ¢) [1, 26], DsRed, that is
generally under tetrameric form in solution and in the crystal,
is a squat rectangular prism comprising four monomers con-
sisting of an 11-stranded [-barrel with a coaxial a-helix
where the chromophores are arranged in c.a. 2.7 nm X 3.4 nm
rectangular array in two approximately antiparallel pairs [30].

2.3. Deposition of thin protein layers

Thin protein layers on silica surfaces were prepared by dip
coating process. Basically, SiO, thin substrates (80—105 nm) with
a fixed superficial area of 1 x 1cm? were immersed for 1h in
1 ml of the protein solutions; seven different concentrations were
prepared for the BSA solution (0.01 gl_l, 0.05 gl_l, 0.1 gl_l,
05g1™", 1.0gl™", 25g17", 5.0g1™") and three for DsRed
(001gl™',0.05g1",0.1g1™"). After the immersion, the sam-
ples were rinsed in PPI water to remove all the non-adhered
proteins and were left dehydrating at room temperature and
atmospheric pressure before starting the physico—chemical
characterization.

2.4. Wettability measurements of thin protein layers

Sessile droplets of PPI water of a very small volume
(2.5 £ 0.1 pul) were brought to contact with the surface of the
thin dehydrated protein layers deposited on the SiO, substrates
to investigate their wettability. The contact angle was measured
using Digidrop goniometer from GBX Scientific Instruments.
The droplets were deposited with microsyringe Gastight 1700
series fixed on the goniometer giving the possibility of fine
control of the droplet volume. To record and analyze the dro-
plets a Visiodrop software was coupled to the contact angle
meter. The measurement precision of the applied method is of
+0.1°. The results given in this work are averaged over three
independent measurements per sample.

2.5. Structural and optical characterizations

Absorption spectra of the protein solutions were obtained
from optical transmittance measured at room temperature by a
Hewlett Packard HP8452A Diode Array UV-vis spectro-
photometer in the range 190-820 nm to evidence the differ-
ences between the optical properties of the two investigated
proteins and, in the meantime, to validate the choice of the
best optical model required for the ellipsometric simulations.

Optical images of protein thin layers after their dehy-
dration were recorded with a digital microscope Keyence
VHX-1000 using the VHX 1.3.0.7 associated software to get
information on their morphological state at the micrometric
scale.

Topography images were acquired with a Bruker Multi-
mode 8 set-up using Peak-Force Quantitative NanoMechanical
(PF-QNM) mode. To probe soft material as the resulting protein

layers a SNL tip with spring constant of 0.24 Nm ™" and cur-
vature radius of around 5 nm was used. The peak force was set
to 0.5nN.

Fourier transform infrared (FTIR) spectra were acquired
with a Brucker Vertex 70 spectrometer in transmission mode
in the range 4004000 cm ™' with a resolution of 2cm™" to
obtain information about the composition of the dehydrated
protein layers. The transmission mode was attainable owing
to the transparency to infrared light of the used intrinsic Si-
substrates.

The photoluminescence (PL) spectra were acquired under
532 nm excitation wavelengths with a confocal Jobin-Yvon
XploRa equipment. In order to avoid possible degradation of
the molecules due to laser heating, the incident intensity was
limited to 10% (1.5 mW) of its maximum value. The laser
beam was focused down to 2 um spot diameter using a 50x
objective, by which also the emitted light was collected.
Then, it was dispersed using a Jobin Yvon spectrometer with
a 600 grooves mm ' grating. A mapping of the PL intensity
was performed using a piezoelectric stage at the same
experimental conditions in an area of 40 x 40 um?, with a
scan step of 5 um.

For the SE measurements, a Semilab ellipsometer SE-
2000 with a rotating polarizer and a fixed analyzer was used
in the spectral range 250-850 nm. To maximize the accuracy
in the recorded spectra during SE measurements, the incident
angle was set to 75° which appears to be the most appropriate
for Si substrates. It gives the largest phase shift A between the
parallel and the perpendicular components of the polarized
electric field after reflection. All measurements were carried
out between 250-850 nm in steps of 5nm. After the data
acquisition, numerical analysis was required to extract the
information concerning the protein layer. However, for any
such procedure to succeed, it is necessary that accurate data
for the ‘known’ parameters are available. The most important
of these parameters is the dielectric response ¢ of the sub-
strate. For this reason, we characterized the substrate prop-
erties (especially thickness of the thin SiO, layer) through SE
measurements before the protein layers were deposited. Then,
the simulation of the recorded spectra was performed with SE
Analyzer-SEA (WinElli 3) software [31] provided by Semi-
lab. A three-phase model was used to characterize the di-
electric SiO, on Si substrates. However, for the protein layers,
a proper choice of the simulation model for the dispersion
law, depending on the protein optical properties, was made
and it will be discussed along the paper. In the following
section, a focus on the two main used models is reported.

3. SE for proteins adsorption study. Short overview
of theory and models

In the present study, SE was extensively used to analyze the
optical properties of the protein layers deposited on SiO,. SE
is an optical technique based on the measurements of the
polarization changes occurring upon reflection at oblique
incidence of a polarized monochromatic plane wave. It is



largely applied to study the optical response of thin layers. SE
is a non-destructive, low-cost diagnostic method and quite
appropriate to follow (in situ) and to control (in situ and/or
ex situ) the thicknesses and the optical properties of thin
transparent layers. The basic quantity measured with SE is the
complex reflectance ratio p = x,/x; where x, and x; repre-
sent the state of polarization of the reflected and incident
beam, respectively. For optically isotropic samples this
equation simplifies to p = R, /R, = tan ¥ e!® where R, and
R, are the complex reflection coefficients for light polarized
parallel and perpendicular to the plane of incidence, respec-
tively. The directly measured parameters are tan ¥ and cos A,
where ¥ and A are called ellipsometric angles. In particular,
tan U represents the ratio between moduli of the reflection
coefficients, meaning that it is closely related to the changes
in the amplitudes of the polarized electric field after reflection
and cos A gives the phase difference (A = §,-6,) between
the perpendicular (6;) and parallel (6,) components of the
polarized electric field, induced by the reflection. It is also
worthy to point out that the SE is an indirect technique,
meaning that to extract the desired information from the
experimental data, such as materials complex dielectric
functions ¢ = g + ig, (or refractive index n = /&, both
functions of the photon energy) and thickness, an appropriate
optical model should be taken into account [32]. SE was
intensively applied to study the adsorption of proteins on
solid surfaces [33-40]. It appears also as a very suitable
characterization technique for sensor applications where
physico—chemical effects as biointeraction, internal adsorp-
tion, efc are under study in immunosensors, DNA-hybridi-
zation [35]. To model the protein layers on the dielectric
substrates, we recurred to the so-called four-phase model, the
specific configuration consisting of the following phases: (1)
Si substrate; (2) the silica thin layer (80—150 nm); (3) the thin
protein layer; and (4) the surrounding medium (air). Once the
proper optical models for describing the layers were chosen,
the ellipsometry data were fitted to the model with the
Levenberg—Marquardt algorithm to minimize the root mean
squared error that measures the regression quality and, con-
sequently, the goodness of the fit. The surface mass con-
centration of the protein layers, I', was then calculated
according to the de Feijter’s formula [36], using the calculated
refractive index of the protein layers at 632.8 nm.

3.1. Cauchy model

For all proteins that do not display optical absorption in the

visible spectral range, the most suitable dispersion law for

ellipsometric spectra simulation is the transparent Cauchy

model. The refractive index is characterized by a real part (n)

that decreases monotonously by increasing the wavelength, and

the imaginary part being null, £ = 0, by following the relation:
B C

n\)=A+ — +

S+ (1)

where A is a dimensionless parameter describing the material
refractive index for A — oo, while B (in nmz) and C (in nm4)

affect the amplitude and the curvature of the refractive index in
the visible and UV wavelength ranges, respectively. Generally,
A>1and 0 < C < B <1 [1]. This model has been mostly
employed to study the structure of non-absorbing layer of
biotin—avidin [37] and ferritin [38] and it is also the most sui-
table for albumin [39], such as BSA, since this protein does not
display any optical absorption in the visible range [1, 40, 41].

3.2. Lorentz model

For weakly absorbing proteins in the visible spectral range,
Cauchy law cannot be employed. For this reason, we recurred
to the Lorentz dispersion law. It is generally used for
describing frequency dependent polarization due to bound
charge. It is suitable for absorbing proteins because it well
describes radiation absorption due to interband transitions
where electrons move from a ground state to a final state
without changing their k-wavevector in the Brillouin’s first
zone. To simulate the complex dielectric function &(w) of a
material, the Lorentz model considers the response of a dipole
to a submitted electromagnetic field assuming that the elec-
trons oscillate according to a damped harmonic oscillator. By
resolving the equation for the electrons motion, it is possible
to extract the expression of the oscillation amplitude 7 and
hence the complex dielectric response as a function of the
photon pulsation w. This is directly connected with the
material’s susceptibility y (w) through the relation:

—e N 7 (w)
g0 E(w)
where N is the total number of dipoles per unit volume in the
material, E(w) is the incident electromagnetic field, e is the
electron charge, and ¢y is the vacuum permittivity. The

complex dielectric function can be extracted thus by knowing
7 (w):

x(Ww) = @)

—e N F(w)

Bw) =1+ xyw) =1+ o)

w2

=1+ 5—F—, 3)
Wy — w* + 1w

where 7, is defined as the damping factor in the oscillation, w;
2
is the

is the oscillator resonance frequency, w, =
Eom

plasma frequency and m the electron mass. This model was
employed to estimate the thickness and the optical parameters
of optically absorbing proteins, such as in the case of the
modification of BSA by absorbing Coomassie brilliant blue
dye [42] and of the investigation of the adhesion of blood
plasma proteins on hydrogenated carbon thin films [43].

4. Results

4.1. Morphology of the dehydrated thin protein layers

To obtain information on the organization and uniformity of
the protein layers, the samples containing a protein layer



a) BSA 0.1 g/

b)BSA 0.5 g/l

¢) BSA 1.0 g/L

Figure 1. Optical micrographs (pseudocolor images) of bovine serum
albumin (BSA) thin layers with different solution concentrations:
(@ 0.1gl™", ) 05g17", (¢) 1.0g1 " and (d) 5.0 g1™" after
adsorption and dehydration at room temperature and atmospheric
pressure on top of 100 nm thick SiO, substrates. All micrographs
were acquired using 500 x magnification.

adsorbed and dehydrated on silica thin layers were analyzed
by means of optical microscopy under 500x magnification.
Although it is difficult to evidence alteration of the proteins
structure, due to the limited spatial resolution of the technique
and to the nanometric size of the proteins, the characteristic
patterns of the protein layer formation at micrometric scale
can be deduced.

The optical micrographs corresponding to different BSA
concentrations (0.1, 0.5, 1.0 and 5.0g1*') are reported in
figures 1(a)—(d). As far as the morphology of BSA thin layers
is concerned, starting from 0.1 g1~' concentration, one can
observe the presence of branched objects with white contrast
(figures 1(a) and (b)), that completely disappear at 1.0 g1~
(figure 1(c)). Those patterns are most likely due to dis-
continuity in the protein layer or to small protein agglomer-
ates. Further increase of the protein concentration (=>2.5 g I
leads to a non-uniform layer, characterized by peaks and dips,
due to the formation of big protein agglomerates on the silica
surface (figure 1(d)).

At the microscopic scale a comparison between the BSA
and DsRed thin layers, resulting from the same concentration
of 0.05 glfl, is presented in figures 2(a) and (d). For the
DsRed layer at low concentration one observes a partial
coverage of the surface, as already evidenced for the BSA
layers, with the proteins being concentrated close to the
whitish spots. Only protein aggregates were visible by optical
microscopy. Statistical analysis performed on more than 300
agglomerates reveals that the average distance between the

aggregates is 18.5 um with a spread of 11.2 um for the DsRed
thin layer with a concentration of 0.05 g1 .

To achieve information at the nanoscale on the organi-
zation stage of the two protein layers an AFM investigation
was performed in PF-QNM mode (figures 2(b) and (e)).
Comparison of the resulting BSA and DsRed protein layers
shows different behavior in the adsorption process. Indeed,
the BSA proteins arrange themselves in a lace-like network
whereas the DsRed proteins exhibit a rod-like structure. These
organizations were further probed on smaller regions pre-
sented in figures 2(c) and (f). For the BSA protein, the height
histogram (insert of figure 2(c)) shows a value of 4.3 nm
between the substrate surface and the protein layer. This value
is consistent with the BSA smaller dimension (minor axis of
the spheroid) [1, 26] suggesting that the proteins are ‘side-on’
adsorbed on the surface. For this concentration of the BSA
solution (0.05 g1™") the resulting BSA layer is mainly con-
stituted by a mono-layer structure. Concerning DsRed, the
height histogram presented in the insert of figure 2(f) shows a
value of 3.6 nm between the substrate and the protein layer.
The obtained value is consistent with the protein monomer
dimension [30]. Moreover, a much less intensive second peak
is observed at 7.2 nm (twice the 3.6 nm) which corresponds to
a layer formed by proteins in their tetrameric form. Accord-
ingly, the DsRed layer resulting from the same concentration
in the solution (0.05g1 ") is constituted mainly by mono-
layer of monomers with small residues of tetramers.

4.2. Light interactions with thin protein layers

Investigation of the optical properties of the dehydrated protein
thin layers after interaction with light can give further infor-
mation on the protein adhesion mechanisms. Firstly, we inves-
tigated the optical absorbance of the protein solutions used for
the growth of the protein thin layers. The spectra reported in
figure 3 show the main absorption peaks of the DsRed fluor-
escent protein and the BSA model protein. In the BSA
absorption spectrum only some weak optical structures due to
m—nr" transitions in the aromatic amino acid residues near
280 nm and the general peptide backbone UV absorption below
250nm can be observed [26], while otherwise the optical
response of BSA is rather featureless in the visible range. Dif-
ferently, DsRed absorption spectrum presents a broad band
extended between 445-575nm (convoluted in two peaks),
overlapped with the UV ones at 280 nm and below 250 nm. It
should be pointed out that the red fluorescence of DsRed takes
several days to mature, passing through an obligatory green
fluorescent intermediate [44]. Furthermore, the DsRed tetramer,
during its maturation, consists of oligomers of both an imma-
ture, green emitting form, and a mature, red-emitting form.
Therefore, the broad DsRed absorption band in the visible range
can be interpreted as convolution of the absorption bands of
immature green and mature red chromophores, respectively
peaked at 480 and 558 nm with an overall full width at half
maximum (FWHM) of about 135nm. The large difference
between the BSA and DsRed absorption spectra in the visible
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Figure 3. Absorption spectra of BSA (0.5 g 171) and DsRed

(0.1 g17") solutions. The absorption peak at 280 nm, present in both
solutions, is due to the 7—7" transitions in the aromatic amino acid
residues. While the BSA is transparent in the visible range, the
DsRed has two convolved absorption peaks related to the
chromophores.

range will be considered for the simulation of the ellipsometric
spectra, with the aim to extract the layer thickness and the
optical parameters. Unfortunately, the absorption spectra of
dehydrated protein layers were not accessible due to the very
thin protein layer formed by means of dip coating. This would
have also given further information on the secondary structure
of the proteins. To overcome this issue, we have performed
FTIR and PL measurements (where applicable) on the dehy-
drated layers.

The recorded FTIR spectrum of the dehydrated protein
layers [45] is reported in figure 4(a) only for the highest
concentration 5.0 g1™" of BSA. For smaller concentrations,
there is no enough matter to detect any signal rather than
silica, owing to the small BSA layer thicknesses. In the same
way, the only accessible information was gathered on DsRed
dehydrated layer with concentration of 1.0 g1, In the same
figure, we have also reported as reference the FTIR spectrum
of the thermal silica layer used as a substrate. The typical
bond vibrations of the SiO,, such as the Si—-O-Si rocking
vibration at 457 cm™', the symmetric stretching mode at
810 cm ™' and the asymmetric stretching mode at 1067 cm ™'
[46] are easily recognizable. In addition to the SiO, signature,
in the FTIR spectrum of BSA protein thin layer it is also
possible to identify other features, although overlapped with
the most intense silica FTIR signatures: the band between
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Figure 4. (a) FTIR spectra of dehydrated BSA (5.0 g 17" solution) and DsRed (1.0 g 17" solution) thin layers on SiO, substrate. In addition the
FTIR spectrum of the SiO; is reported; (b) photoluminescence spectrum from DsRed (0.05 % 17! solution) dehydrated thin layer under
532 nm excitation. In the inset, a mapping of the PL intensity over a region of 40 x 40 um~ is reported.

1600—1700 cm " is ascribed to the C=0 stretch vibrations of
the peptide linkages and it is highly sensitive to the protein
secondary structural components. Occurrence of proteins
denaturation and unfolding processes after dehydration leads
to a complete loss of the proteins secondary structure and,
therefore, the disappearance of these typical FTIR signatures.
However, from the FTIR spectrum acquired on the dehy-
drated layers of BSA and DsRed, the Amide I band with
peaks centered at 1654 cm ™' and the Amide II band centered
at 1530 cm ™" assigned the protein a-helix are still well dis-
tinguishable [45, 47], thus permitting us to deduce that the
protein secondary structure is preserved after adsorption,
adhesion and dehydration on the silica substrate. The other
broad bands at about 3300-3500 cm ™' and 28003100 cm ™'
on the spectra can be instead related to the Amide A (N-H)
and the C—H bonds in CH; environment, respectively.
Taking advantage of the fact that DsRed belongs to the
family of naturally fluorescent proteins, we could exploit photo-
emission spectroscopy to investigate whether the proteins were or
not denaturated. Indeed, in absence of denaturation and unfolding
of the proteins, the DsRed are supposed to emit in the orange-red
wavelength range [27]. To obtain this information, the excitation
wavelength of 532nm was used to excite selectively only the
DsRed mature red species without contributions from
the immature green chromophores. The PL spectrum obtained for
the DsRed dehydrated thin protein layer with the protein con-
centration of 0.05g1™" is reported in figure 4(b), where the
presence of an intense red emission peaked at 594 nm can be
observed. The PL emission from dehydrated DsRed layers scales
up linearly with the protein concentration up to 0.25g1~'. For
higher protein concentrations quenching is observed [45].
Although the peak of PL emission is slightly shifted compared

with the values reported in the literature for luminescence coming
from solutions (583 nm) [27], likely due to the dehydration
process, we could straightforwardly conclude that for DsRed
proteins the secondary structure is preserved after adsorption,
adhesion and dehydration on silica substrates. Thus, the PL
spectroscopy for fluorescent proteins can be claimed as a non-
destructive and strongly sensitive method to detect the status of a
protein, being complementary to the FTIR study. The inset of
figure 4(b) reports a PL map over a 40 x 40 um® area. The
intensity variation that can be observed (around one order of
magnitude among the central region and the edges in the map)
reflects the non-uniform distribution of DsRed proteins on the
surface (for concentration of 0.05 glfl). The mean distance
among the most luminescent points on the map has been found to
be around 20 pum, which is compatible with the mean distance
between DsRed agglomerates observed in the optical
micrograph (figure 2(d)).

4.3. SE on thin protein layers

The SiO, surface is hydrophilic to PPI water [45], indicating
that the protein molecules bind with fewer conformational
changes and consequently give rise to a less space-filling
[11, 17, 18]. Moreover, it is believed that the presence of
protein layers has strong consequences on the biofilm for-
mation and growth on surfaces in the biomedical domain. For
the above reasons, the control of the protein layer thickness is
a very important step aiming at a thorough understanding of
the underlying mechanisms of the adhesion phase. To track
the protein adhesion process and measure the thickness of the
resulting protein layer we used a non-destructive and non-
invasive optical technique, namely the SE. The obtained
results can be moreover correlated with the ones obtained by
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Figure 5. (a)—(e) Ellipsometric spectra of BSA thin layers formed after dehydration for different solution concentrations (0.01, 0.5, 1.0, 2.5

and 50 g 171, (f) schematic representation of the modeled structure.

means of AFM PF-QNM measurements and from the
investigation of the optical and structural properties shown in
the previous sections. As explained in section 3, an important
point in this study was to evaluate the relevance of different
theoretical models necessary for the interpretation of the
recorded ellipsometric spectra in terms of optical absorbance
of the studied protein.

The ellipsometric spectra measured after BSA adsorption
on thin silicon oxide layers are reported in figures 5(a)—(e).
Before the thin protein layer deposition, the thickness of the
thermal silicon oxide used as substrate was precisely mea-
sured to improve the accuracy in the measurement of the
protein layer thickness. The observed slight difference
between the ellipsometric spectra before and after the growth
of protein layer actually contains the information about the
amount/thickness of the adsorbed BSA proteins forming the
protein layer for different BSA concentrations. For the sake of
simplicity only the spectra corresponding to the total struc-
tures are presented in the graphs. Schematic representation of
the modeled structure is presented in figure 5(f). The mea-
sured thickness of the SiO, layer was thus fixed in the
modeling of the total structure. Since the BSA is an optically
non-absorbing protein in the visible wavelength range
(figure 3), the spectra were simulated using the Cauchy law.
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Figure 6. Refractive index (upper part) and thickness (lower part) of
the adsorbed protein layers on SiO, after 1 h immersion for different
BSA and DsRed concentrations.



Table 1. Data extracted from ellipsometry measurements of BSA and DsRed thin layers.

Conc. (g17")  Refractive index (n) @632nm  Thickness d, (nm) R? RMSE T (ugem ?)
BSA
0.01 1.35 3.1 +02 0.99945 0.007 92 0.047
0.05 1.42 39+ 0.1 0.99942  0.008 22 0.199
0.1 1.42 38 4+03 0.99937  0.008 50 0.203
0.5 1.42 45403 0.9994 0.008 47 0.243
1.0 1.46 53402 0.99952 0.007 32 0.455
2.5 1.54 93 +03 099717 0.01848 1.004
5.0 1.56 26.8 + 0.7 0.97727 0.05202 3.434
DsRed
0.01 1.44 39+ 0.1 0.99967 0.007 39 0.259
0.05 1.44 42 + 0.1 0.99949  0.007 53 0.257
0.1 1.40 374+02 0.99958 0.007 14 0.160
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Figure 7. Comparison between the optical spectra of BSA (a) (Cauchy law, non-absorbing proteins) and DsRed (b) (Lorentz law, absorbing
proteins) at the same protein concentration (0.1 g 17Y. (c) The DsRed complex refractive index (n) and absorption coefficient (o) extracted

from the simulation is reported.

The protein layer thickness and its refractive index for
different protein concentrations in solution, extracted during
the simulation process, are reported in figure 6 as well as
summarized in table 1. It is possible to observe that the
thickness slightly increases by increasing the BSA con-
centration from 0.01 to 0.05g1™' and remains almost
unchanged when increasing the protein concentration up to
0.1g1™". After 0.1 g1, the thickness increase is more evi-
dent and it becomes steeper above 2.5 g1 '. Also the protein
refractive index increases slightly by increasing the solution
concentration. Thus, considering the refractive index n,
obtained for protein layers as an indication of the BSA layer
density, we can claim that the densest layers are formed above
2.5g1"", while for the lowest concentration of 0.01 g1~ the
formed layer is likely porous. This last result, coupled with
the absence of evident changes in the BSA protein layer
thickness in the range 0.01-0.1 g1~!, suggests that for these
concentrations the protein layer starts to form itself by filling
the voids and becoming denser. It is also consistent with the
AFM PF-QNM topography measurements showing that for
low BSA concentrations in the solution the resulting protein
layer organizes in a lace-like network.

The ellipsometric spectrum of the adsorbed layer of
DsRed at 0.1 gl™" in solution is reported in figure 7, in
comparison with the BSA one at the same protein con-
centration as an example. The similar spectra shape suggests
that the two layers have comparable thicknesses. However,
since the DsRed is an optically absorbing protein in the
visible wavelength range, the Lorentz model was found to be
more appropriate than the Cauchy model for simulating its
response after light irradiation.

The Lorentz simulation gave a value of 3.7 £ 0.2 nm for
the DsRed thin protein layer thickness, compatible with the
DsRed monomer size. A scan of the thickness in an area of
several mm? was also performed to probe its uniformity. The
scan resolution was of 100 ym determined by the size of the
light spot. In addition, the DsRed thin protein layer complex
refractive index was extracted during the simulation process,
and it is reported in figure 7(c). In particular, its complex part,
the extinction coefficient-k, that reflects the absorption coef-
ficient-o of the investigated materials, is characterized by a
main peak at 490 nm and a FWHM of 130 nm, compatible
with the FWHM of the DsRed absorption band in solution
reported in figure 3. It is worth pointing out that it was not
possible to simulate the experimental spectra with a double-
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Figure 8. Schematic representation of the wettability tests performed
on thin protein layers where s is the solid-liquid interface, ygy is
the solid—vapor interface and - v is the liquid—vapor interface, 04 is
the advancing angle.

peak Lorentz model, such as the absorption spectrum from
solution would suggest. Our understanding on the issue is that
during the adhesion and dehydration processes the optical
properties of the DsRed thin layers change slightly compared
with the ones of the proteins in solution. Therefore the two
absorption peaks become closer and larger during the dehy-
dration, resulting in a convoluted absorption band. This
hypothesis is supported also by the shift of about 10 nm in the
PL emission peak (594 nm) shown in figure 4(b), compared
with the values found in literature for PL of DsRed from
solution (583 nm) [27].

The protein layer thicknesses alongside with the
corresponding refractive indexes and surface concentrations
extracted during the simulation process are reported in
figure 6 as well as in table 1 for the other investigated con-
centrations of DsRed: 0.01 and 0.05g1 ", Similarly to the
BSA thin layers, by using SE we did not observe any sig-
nificant variations in the resulting thin layer parameters
(thickness, refractive index, surface concentration) with
increasing the DsRed protein concentration in the range
0.01-0.1 g1 ! (figure 6).

4.4. Wettability of dehydrated thin protein layers

In biomedical applications, microbial adhesion and biofilm
formation represent a major complication in implanted and
percutaneous medical devices, and together, they form an
important stage in the development of infection with potential
septic complications or lethal issues [48]. Moreover, it is well
known that protein layers represent the conditioning step for
micro-organism adhesion, formation of biofilm and coloni-
zation of biomedical surfaces. Therefore, a study on the
wettability properties of thin proteins layers is well justified
aiming at an identification and description of the underlying
mechanisms. With the intention to initiate such study, here we
compare the measured advancing contact angles when sessile
droplets of PPI water are brought in contact with previously
deposited proteins layers, as schematically represented on
figure 8. The PPI water, used in this work to dilute the pro-
teins in order to prepare the stock solution for the dip coating
process, is indeed used to prepare injectable solutions in
human bodies. The idea behind is to investigate the response
of dehydrated protein layers to liquids which can be further
applied for example for biosensors or in bioelectronic devices.

Figure 9(a) shows the evolution of the measured water
contact angles during the dehydration process of the droplets
for the obtained thin protein layers of BSA (0.05 g1") and of
DsRed (0.0Sgl_l), compared with the bare SiO, surface
(control). The advancing contact angle values at t = 1 s after
the PPI droplet deposition are reported in table 2 together with
optical images of the water droplet. While the nature of the
Si0, surface is hydrophilic (5 = 63.2°), the resulting protein
layers for this concentration behave as more hydrophobic
surfaces, with measured advancing contact angles being
O = 75.1° for DsRed and 05 = 79.9° for BSA, respectively
thus suggesting a lower wettability of the protein layers than
the SiO, surface.

It is also worth to notice that while the contact angle of
PPI on bare SiO, is nearly preserved for the whole dehy-
dration process due to the contact angle hysteresis phenom-
enon (except for the very end), the contact angles of PPI water
on the protein layers decrease linearly with time for both BSA
and DsRed [45]. The reported 0°-values on figure 9(a) are for
indication purposes only. They correspond to the time of
entire dehydration of the deposited PPI water droplet, i.e. the
droplet in no more visible (measurable). The PPI droplet
dehydration is well pronounced when the droplet is brought to
contact with the protein layer. The time is twice shorter
compared to the PPI droplet dehydration on bare SiO, sur-
face. To go more deeply in understanding the existence of a
possible correlation between the thickness of the protein layer
and its wettability, we have systematically investigated the
behavior of the PPI water contact angles for the different BSA
concentrations and reported the trend as a function of the
measured proteins thickness, as shown in figure 9(b). As it is
possible to observe, when increasing the BSA concentration
and, consequently, the protein layer thickness (see
section 4.3), the advancing contact angle increases. For BSA
concentration included in the range 0.01-0.1 g 1™, the contact
angle has almost a linear dependence on the layer thickness
and it varies in between 70°-80°, reaching values of 88.13°
and 97.47° for 0.5g17" and 1.0 g17", respectively. The later
concentration value can be considered as a saturation point,
since for all the other higher concentrations the contact angle
varies only slightly (98.19° for 2.5 g1~ "), reaching a plateau
region. This means that further increasing the protein con-
centration, i.e. the protein layer thickness, will only result in
an increase of the layer thickness without changing the
hydrophobicity of the layer. Considering that the immersion
time of the silica substrates in the proteins solutions has been
kept constant (1 h) for all BSA concentrations, one can con-
clude that up to 1.0 g1~ the contact angle is strongly influ-
enced by the solutions concentrations that determine
differences not only in the layer thickness but also in its
conformation. For higher concentrations, even though the
proteins layer thickness continues to increase, no influence on
the contact angle can be detected, meaning that no further
conformational changes on the layer morphology occurred.
This preliminary study opens many perspectives on biome-
dical applications and will be further directed to the
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Figure 9. (a) Measured contact angles at 23 °C as a function of time during PPI water sessile droplet dehydration on DsRed and BSA thin
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function of thickness is also reported for the concentration of 0.05 g1 ".

Table 2. Advancing contact angles of PPI water droplets when brought to contact with BSA and DsRed layers (0.05 g1~ ! in solution) and

bare SiO, layer. The images at r = 1 s are also reported.

PPI droplet SiO, surface

DsRed layer (0.05g1™")  BSA layer (0.05g1™")

Advancing contact angle (6,) 63.2°

75.1° 79.9°

investigation of the micro-organism adhesion in presence of
protein thin layers.

5. Discussions

Nowadays, the growing interest in the development of bio-
compatible materials and on the investigation of the interac-
tion mechanisms of proteins and cells with solid surfaces is
highly motivated by their possible applications, in particular
for coatings of orthopedic and dental implants, as well as
biosensors and bioelectronics. Protein adsorption on oxide
materials have been used to evaluate protein adsorption-des-
orption kinetics in reply to the required assessment of bio-
compatibility issues [1-3, 49]. Titanium and titanium oxides
are the most commonly used materials for the above men-
tioned applications, due to their appropriate mechanical and
chemical properties. The selective adsorption of plasma pro-
teins on hydrothermally grown nano-TiO, has already been
reported [49], by analyzing the different factors in terms of
protein adsorption, such as surface topography and chemical
composition, hydrophilic/hydrophobic characteristics, sur-
face energy and wettability.

In the present study, BSA- and DsRed-adsorption on the
surface of thermally grown silica layers was investigated by

changing the proteins concentrations. Silica is an amorphous
material and the wettability properties of this thin layer with
PPI water (same buffer solution used for the protein dilution)
were investigated before starting the study on the protein
adhesion. Given the measured advancing contact angle of
05 = 63.2°, this surface has hydrophilic properties. More-
over, when immersed in water, silica surfaces are known to
acquire a negative surface charge density [50, 51]. The sur-
face roughness was measured by cross sectional transmission
electron microscopy and AFM studies. A value of 1.0 nm has
been found, i.e. much smaller than the values reported for
nano-TiO, [49]. Therefore, the effects on the conformation of
proteins (such as structural transformation or protein dena-
turation) after their interaction with the surface depend also on
the proteins charge status and, thus, on the pH-value of the
proteins-containing solutions.

Despite the fact that the SE is a widely valid technique to
estimate the thickness and the complex refractive index of
even sub-nano layers, when biological targets are addressed
or biological processes are discussed, it is sufficient and more
straightforward to determine the surface concentration I, i.e.
the adsorbed protein mass per unit area (g cm ™ 2). If the layer
is assumed to be transparent and the ellipsometric data allow
both thickness and refractive index to be determined, one can
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Figure 10. Surface concentration of the adsorbed BSA and DsRed
protein layer on silica, calculated using the de Feijter’s formula [36].
On the right side, schematics representing the scenario of thin layer
formation for different proteins concentrations are reported.

use de Feijter’s formula [36]:

r— dy(n, — no)

dn, ’

()

where ny is the refractive index of the ambient and dn,,/dc is
the refractive index increment for the molecules in the layer.
In the literature, the refractive index increment for the
molecules in the layer (dn,/dc) is generally assumed to be
around 0.18-0.19 cm® g71 [52]. For BSA it was evaluated to
0.187 cm® g_l [36]. The values of I for both BSA and DsRed
thin protein layers, as determined in the current work, are
reported in table 1 and represented on figure 10 in a log-log
scale as a function of the protein concentration. According to
previous BSA adsorption studies [1], the I'-value and the
protein layer thickness (d),) can be used to understand the
conformation of the proteins after dehydration: d,,-values of
4nm describe BSA proteins adsorbed in ‘side-on’ config-
uration, i.e. with their major axis parallel to the surface, while
d,-values between 4 and 14 nm correspond to BSA proteins
adsorbed ‘end-on’, i.e. with their major axis perpendicular to
the surface. The d,-value of 3.1 &= 0.2 nm, corresponding to
the BSA layer obtained with lowest BSA concentration
(0.01 g1"), shows a small difference in the layer thickness
which can be explained by different extent of spreading of the
protein molecules due to the fact that BSA is a soft protein
and easily undergoes partial or total denaturation upon
adsorption [1, 53, 54]. Another explanation, more reasonable
in our opinion, is that the d,-values extracted from SE mea-
surements are actually equivalent thicknesses comprising of
empty protein regions in the resulting protein layers.

The I'-value of a protein mono-layer can be calculated for
the two possible protein configurations taking into account the
molecular weight of the BSA protein (66 kDa) and the surface
occupied by one protein (4 x 14nm” for ‘side-on’ and
4 x 4nm? for ‘end-on’ configurations, respectively). I'-values
of 0.19 z1g cm 2 for no-spread ‘side-on’ and ~0.70 yg cm ™ for
no-spread ‘end-on’ protein mono-layer have been calculated in

“

accordance with the literature [1, 33, 55-57]. The calculated I'-
values are reported in figure 10 as lines (indicated as BSA-1 and
BSA-2, for ‘side-on’ and ‘end-on’ configurations, respectively),
in comparison with the experimentally obtained ones (symbols).
For the smallest investigated concentration, 0.01 g 17!, the
reported equivalent thickness is of 3.1 £ 0.2 nm. This value is
compatible with the ‘side-on’ configuration. Both the equivalent
thickness and the obtained I'-value are smaller than the
expected ones for a saturated mono-layer, suggesting that the
BSA protein layer starts to form with proteins lying with their
major axis parallel to the surface, although the surface coverage
remains limited, of only 25% (see the suggested sketch in
figure 10 for this concentration). As soon as the concentration is
increased (0.05-0.1 g17"), the experimentally obtained I'-values
and the protein layer thicknesses reach the expected values for a
saturated BSA layer in ‘side-on’ configuration, thus suggesting
an evolution of the protein layer towards a more compact and
uniform configuration (corresponding sketch in figure 10). The
obtained higher values for the refractive index confirm the
densification of these layers (figure 6). Further increase of the
protein concentration in solution (0.5 and 1.0 g1™") results in
thicker layers, higher refractive indexes and, finally, in higher
surface densities T'. In particular, for 1.0 g1~", both thickness of
5.3 nm and surface density of 0.46 jg cm 2 suggest compact
protein layer with proteins starting to deviate from the ‘side-on’
configuration, indicating reorientation of the major axis at tilted
angle with respect to the SiO, surface (see corresponding sketch
in figure 10). Starting from 2.5g1”' the higher values of
thickness and surface density can be explained by BSA protein
adsorption in the ‘end-on’ configuration. For the highest
investigated concentration of 50gl™' the experimentally
obtained thickness of 26.8nm and the related I' =
3.43 pugcm ™2 suggest formation of double or more complex
compact layer structure (see corresponding sketch in figure 10).
The higher refractive index (n, = 1.56), found for BSA con-
centration of 5.0 g1™", supports this hypothesis in accordance
with previously reported studies [1, 58].

The changes in the advancing contact angles by
increasing the BSA concentration in the solution can be fur-
ther correlated to the morphological changes of the protein
layers and thus to be linked to their equivalent thickness
(figure 9(b)). The increase of the advancing contact angles for
d,, between 3.0-5.0 nm (i.e. between 0.01-0.5 g 17") suggests
formation of a denser protein layer with more hydrophobic
properties in accordance with the increased refractive index.
Well expressed hydrophobic properties are reached for the
BSA layer thickness of 6.0nm (i.e. 1.0 g1™"). Starting from
this value on, for thicker protein layers a plateau is reached,
owing to the fact that no further conformational changes
occur in the layer density.

As far as the DsRed is concerned, considering its tetra-
meric structure in solution with a weight of 120 kDa where all
monomers are packed together to form cubic-like shape, a
surface area of 29.16 nm? is evaluated. Thus, for a saturated
protein mono-layer constituted by tetramers, the expected
surface concentration is I' = 0.68 g cm ™2 (DsRed-t line on
figure 10). Given the monomer size, the surface area of the
DsRed monomer is 11.56 nm® The T-value for a saturated



protein mono-layer constituted only by DsRed monomers is
then 0.4 ugcm 2 (DsRed-m line on figure 10). The experi-
mentally obtained I'-values for DsRed protein layers after
adsorption and dehydration on the silica surface lay down in
the range between 0.16-0.26 ug cm 2, thus always smaller
than the expected calculated ones, regardless the DsRed form
—monomer or tetramer. They correspond at maximum to
surface coverage between 40%—65% (corresponding sketch in
figure 10). The obtained from SE equivalent protein layer
thicknesses range between 3.7 and 4.2 nm which is rather
compatible with the monomer size. This suggests structural
rearrangements of the DsRed proteins when passing from
planktonic state in solution to adsorption state when inter-
acting with the solid silica surface. These interaction-induced
changes lead to separation of the DsRed tetramer in mono-
mers, although some residual tetramers result in equivalent
layer thickness larger than the DsRed monomer size
(d, =42nm for 0.05 gl™' as shown in the sketch in
figure 10, in agreement with the AFM PF-QNM height his-
togram in figure 2(f)). The obtained results therefore suggest
the presence of a non-continuous layer on the silica surface
for all the investigated concentrations and morphology state
in accordance with the AFM PF-QNM-measurements where a
rod-like structure was identified. Moreover, as reported pre-
viously, proteins with strong internal coherence do not adsorb
easily on hydrophilic surfaces [11, 17, 18]. These last evi-
dences, combined with the presence of the DsRed typical
absorption peaks in the IR spectrum of the protein, reported in
figure 4(a), and the strong red PL signal, reported in
figure 4(b), further confirm the absence of denaturation
(unfolding) after dehydration on the silica surface, in accor-
dance with a previous study [45].

Although the investigated DsRed concentrations match
some of the BSA ones, they remain small to achieve con-
tinuous mono-layer. Moreover the mechanisms of the thin
layer organization largely differ for the two studied proteins.
Complete mono-layer was achieved only for the BSA pro-
teins. This evidence can be explained by considering both the
different protein size and the solution pH-value, compared to
the protein isoelectric points (pH-value at which the proteins
carry no net electrical charge). Indeed, a saturated BSA
mono-layer in ‘side-on’ configuration contains 1.7 x 10'2
proteins cm %, while for a DsRed mono-layer constituted by
monomers this value reaches 8.6 x 10'? proteins cm 2,
which is five times higher. The pH-values of BSA and DsRed
solutions have been measured to 5.6 and 6.6, respectively. For
BSA, this value is very close to the protein isoelectric points,
thus having only a small negative charge; large variations
from the isoelectric points are indeed well known to alter the
BSA secondary structure [59, 60]. Therefore, one can expect
that the adhesion process of BSA proteins on the hydrophilic
and negatively charged silica layer is optimized under these
conditions. It is mainly driven by the van der Waals or the
induced dipole forces with repulsion of only a small fraction
of proteins, due to their slightly negative charges in accor-
dance with the adsorption studies on other hydrophilic sur-
faces, such as GeOH [19]. Concerning DsRed, its secondary
structure has been found to remain very stable for a large

variation of the pH-values. Almost no changes are observable
in the 4-11 pH-range [45, 61, 62]. The higher measured pH-
value of DsRed solution (6.6) compared to the one of BSA
solution (5.6) suggests that the proteins are negatively
charged and therefore the rate at which they interact with the
surface is strongly attenuated owing to the occurrence of a
significant electrostatic repulsion before adsorption [60].
Given also the DsRed strong internal coherence, the protein
adsorption on silica surfaces is reduced under the above
conditions although separation in monomers is achieved.

These results demonstrate the importance to evaluate
protein adhesion to bioactivated surfaces. This opens new
perspectives for building up a more realistic scenario repre-
senting plasma proteins in intermixed proteins/proteins sys-
tems, micro-organisms and more complex organizations, such
as proteins/micro-organisms hybrid systems. The substantial
role played by the competitive adsorption of different plasma
proteins has to be considered [49, 63] in addition to the
already discussed influencing factors related to the surface
properties. This requires further studies by weighting the
contribution of each constituent to the ‘protein-adsorption
problem’.

6. Conclusions

In this work we have investigated the adsorption process of
BSA (optically non-absorbing, model protein) and DsRed
(optically absorbing, naturally fluorescent protein) on silica
surfaces, their organization in thin layers and their state after
dehydration. Uniform protein thin layers on silica were pro-
cessed by dip coating. The evolution of the layer thickness by
changing the protein concentration was followed ex situ by
SE evidencing the dynamics of the formation of the thin
layers. The possibility to finely control the proteins layer
thickness by properly tuning the solutions’ concentration is
demonstrated. Specifically, the small thickness, the low
refractive index and the small surface coverage measured for
the lowest BSA concentration (0.01 g1™") suggest the pre-
sence of a non-continuous and non-dense mono-layer that
evolves towards (i) a compact mono-layer for intermediate
concentrations (0.0S—l.Oglfl) and (ii) a complex structure
for higher concentration (>1.0g1 "). Concerning DsRed,
only non-continuous mono-layers mainly constituted by
monomers (surface coverage between 40%—-65%) were
obtained for all the investigated concentrations. Even though
structural rearrangement leading to separation of the DsRed
tetramers into monomers occurs after interaction with solid
silica surfaces, some residual tetramers are observed. The
thicknesses extracted from SE measurements and analysis,
were confirmed by AFM PF-QNM analyses. These differ-
ences in the BSA and DsRed thin layers formation are due to
the smaller DsRed dimensions compared to those of BSA,
which result in a much higher required number of proteins
(five times larger) needed to obtain a saturated DsRed mono-
layer. Regarding the internal coherence and the isoelectric
points of the two proteins a reduced adsorption was found for
the DsRed compared to the BSA. Besides, different protein



organizations on the silica surface are observed being a lace-
like network for the BSA and a rod-like structure for the
DsRed. By bringing together the information obtained by
FTIR (presence of the Amide I and II bands for both proteins
thin layers) and PL measurements (presence of an intense red
emission for the DsRed thin layers), we can exclude protein
unfolding and denaturation and suggest the preservation of
the proteins’ secondary structure after dehydration. Therefore,
these results reveal the advantage of the proposed synthesis
process to realize uniform, non-denaturated thin proteins
layers with controlled thicknesses down to mono-layer level
(<5nm) thus opening the possibility to apply the proposed
methods for more complex organizations, such as intermixed
proteins /proteins and proteins /micro-organisms systems.
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