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Protein adsorption is influenced by many factors such as temperature, pH, protein size and structure, or surface energy and
roughness, among others. Self-assembled monolayers (SAMs) and the Langmuir-Blodgett (LB) technique are two of the
techniques more used to produces ultrathin films of proteins on surfaces. In this work, we established protocols for the
preparation of nanocoatings of bovine serum albumin (BSA) protein on glass surface using SAMs and LB. Furthermore, we
determined how small changes in temperature and pH can affect the covering when SAMs are used. Using a combination of
different analyses, such as relative roughness, dynamic contact angles, and atomic force microscopy (AFM), it was possible to
establish conditions to obtain a uniform nanocoating using SAMs. The results of the analysis of the nanocoating performed
using the LB technique were very similar to those obtained using SAMs. The Derjaguin-Landau-Verwey-Overbeek (DLVO)
theory in conjunction with the AFM images showed that electrostatic interactions are very important in the self-assembly
process, but a process dominated solely by attraction is not sufficient to achieve a good SAM nanocoating, since it does not

allow proper orientation and packaging of BSA molecules on the glass surface.

1. Introduction

Adsorption of amphiphilic surfactant molecules at interfaces
is a well-known phenomenon of interest in many areas.
These adsorption phenomena, jointly with other interac-
tions, have generated many areas of science that interact,
and there is great interest in surface modifications that
emphasize the development of protocols for the immobili-
zation of nucleic acids, DNA, proteins, lipids, and carbohy-
drates [1]. At present, protein accumulation and surface
modifications have a direct impact in diverse applications
in food-processing industries [2], semiconductor materials
[3], microbiology [4, 5], biophysics [6-8], biomaterial implants
[8-12], biosensors [13-16], nanotechnology [17-19], chro-

matographic techniques [20-22], filtration membranes [23],
and others [24].

In recent years, special attention has been paid to the
adsorption of proteins in molecular layers, since under con-
trolled conditions, it is possible to obtain surfaces with new
properties, such as offering protection against chemical cor-
rosion or improvement in the biocompatibility of the surface,
among others [8-16]. Another way to obtain functional coat-
ings is to use self-assembled multilayer proteins, which are
obtained by the successive construction of layers of proteins
on top of each other; Aurélien et al. [25] have an interesting
review about it. Proteins are the organic molecules found
most abundantly in living systems. They show amphiphilic
behavior, due to the presence of a mix of polar and nonpolar
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groups in their surface, allowing them to act as enzymes,
antibodies, antibiotics, hormones, transport molecules, and
structural components.

Protein adsorption is influenced by many factors. These
factors can be external parameters, such as temperature,
pH, ionic strength and buffer composition, or be specific to
the protein, such as size, net charge and structure, or to the
surface used, such as surface energy, polarity, charge, mor-
phology, and roughness [26-28]. Likewise, the protein
adsorption process can be performed over several time scales,
from a few seconds to several hours, and may involve electro-
static, hydrophobic, and hydrogen-bonding interactions, and
the ability to form 7-7 stacking [29-35].

The adsorption or the generation of a coating of protein
or other organic substance requires that the quantity,
arrangement, and conformation of it on the surface be homo-
geneous, since this will determine the final quality of the
coating [26]. However, the preparation of surfaces to be
coated with protein in a well-defined molecular arrangement
is not trivial. Proteins have much more limited thermal and
mechanical stabilities than those of inorganic compounds,
so that traditional methods of cutting, polishing, and clean-
ing in high-vacuum conditions, which are commonly used
to obtain coatings of metals and their oxides, are not viable
in the case of organic materials. The technique to use to
achieve a coating will depend on the type of material and sub-
stance to be deposited. In this sense, the most widely used
techniques are the self-assembled monolayers (SAMs) and
the Langmuir-Blodgett (LB) technique.

SAMs are nanosized coatings that offer a flexible method
of carrying out the surface modification of materials to tailor
their surface properties for specific end applications [36].
SAMs have their origins in 1946 with the report by Zisman
[37] and have been developed in recent years by investiga-
tions by Nuzzo and Allara [38]. The technique is based on
the adsorption of an active compound onto a substrate as a
result of surface chemical reaction (chemisorption), resulting
in an organic monolayer of well-defined orientation and
packing. So, we can understand self-assembly as the process
by which a system moves from a state of disorder towards a
state of order, without any external influence [39].

On the other hand, the LB technique produces ultrathin
films of amphiphilic molecules having affinity to a liquid sur-
face, such as water, with a hydrophilic group attracted to the
solution and the hydrophobic group projecting out of the
solution [40]. Depositing of molecules occurs in a controlled
manner and the amount of deposited material is known [41].

Although the reasons for using SAMs are several, such as
relative easy preparation, no requirement for specialized
equipment or special conditions, the ability to be used as
building blocks to form other complex structures, or to be
the bridge between molecular level nanostructure and mac-
roscopic properties such as wetting or adhesion [42, 43],
finding the optimal conditions to manifest these advantages
is not simple, and small variations of these optimal condi-
tions can produce large variations in the coatings. In this
paper, we use glass as surface, and the protein bovine serum
albumin (BSA), a globular protein [44], to compare the two
techniques mentioned, SAMs and LB. Furthermore, we try
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to find the best conditions for both techniques under the
studied conditions, and determine, with the help of the clas-
sical DLVO theory, how small changes can affect the coatings
obtained by SAMs.

2. Materials and Methods

2.1. SAMs. Glass surfaces (B&C, Germany) washed with eth-
anol (J.T. Baker) and rinsed with deionized water (EASYpure
LF, 18.3 MQ-cm) were used as the flat substrates. BSA
protein (lyophilized powder >96%, mol weight ~66kDa,
Sigma-Aldrich) was prepared by dissolving 1mg/ml in
0.01 M NaCl solution adjusted to three different pH values
(4.5,5.0,and 5.5). These pH values were chosen, because they
are close to the isoelectric point, or zero charge point, of the
BSA protein [45, 46]. It should be made clear that, under
the isoelectric pH, the protein has a positive net charge and
on it has a negative net charge. Likewise, the glass surface
has a negative surface charge at pH >3 [47]. The flat sub-
strates were submerged in 0.01 M NaCl solution adjusted to
the three different pH values for 2, 3, and 4 h at temperatures
of 20, 25, and 30°C. After the elapsed time, the substrates
were removed and placed in a desiccator until use.

2.2. LB Monolayer. BSA (0.01g) was dissolved in 10ml of
deionized water adjusted to pH5.0. To improve the spread-
ing process, and according to Dervichian [48] and previous
work by Sanchez-Gonzalez et al. [49, 50], 1004l of 1-
pentanol (p = 0.890 g/ml, Merck) was added. Film deposition
at the air/water interface was carried out using a microsyr-
inge; 50 yl of solution was deposited on the interface of a
Langmuir Balance (KSV 3000), and a time of 10 minutes
was considered sufficient to evaporate the amyl alcohol and
to equilibrate the protein before compression. As is known,
the main parameter that controls the transfer process is the
transfer surface pressure, 7 (mN/m). This value determines
the structure and stability of the transferred layer and must
be constant during the transfer process. We determined the
7 value of the subphase for optimal covering.

2.3. Topographic Characterization of Substrates. Clean and
coated substrates were characterized topographically. Com-
mercially available silicon nitride AFM probes were used
with nominal square-pyramid tip radius of curvature of
20nm (Veeco). The scan rate was chosen at 2 Hz at the begin-
ning. Spring constants of individual cantilevers were typically
0.2N/m. Topographic maps of the substrates were obtained
using atomic force microscopy (AFM) (Dimension 3100,
Digital Instruments) in contact mode for the uncoated sub-
strates and tapping mode for the coated substrates to prevent
erosion of the coating. Scans were made at various magnifica-
tions (20 x20, 10x10, 5x5, and 2x2um2) to obtain
images and the topographical features observed. Root mean

square roughness (rms= (L‘lfgz(x)dx)llz) was used as a
roughness indicator. The Digital Instruments Nanoscope Illa
v4.42 software was used for data acquisition, and the Gwyd-
dion v2.48 software was used for image analysis. To have a
more representative area size, the analyzes were performed
on the 2 x 2 ym?2 images.
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2.4. Dynamic Contact Angle Measurements. Dynamic contact
angle was measured using a tensiometer (Sigma 700, KSV).
Samples of coated glass with BSA deposited for 2, 3, and 4
hours, and different pHs were immersed in the water-filled
tensiometer cup to determine the advancing (immersion)
and receding (ascension) dynamic contact angle according
to the Wilhelmy method [51]. Data obtained were processed
by the software of the equipment (One Attension, v1.7, Biolin
Scientific Oy).

2.5. DLVO Theory. Interactions between two colloidal parti-
cles can be represented by the total energy of interaction.
According to classical DLVO theory, the pressure between
two surfaces, such as glass or BSA, in aqueous solution is
due to an electric double-layer force, which is almost always
repulsive, and a London-van der Waals force, which is almost
always attractive. The total energy of interaction between the
surfaces at a certain separation distance is obtained by a sim-
ple integration of the pressure over the interaction range of
interest. Thus,

V(L) =Vyqw(L) + Vea(L) (1)

describes the classical DLVO theory, where VvdW is the
London-van der Waals interaction potential, Vedl is the elec-
tric double layer interaction potential, and L is the distance
between surfaces. In Eq. (1), for a sphere (BSA) near a flat
surface (glass):

AR
6L

(2)

VvdW(L) =

where A is the nonretarded Hamaker constant (J) and R is the
radius of the sphere.

The value of Vedl was calculated using the algorithm of
McCormack et al. [52] developed to a one-dimensional non-
linear Poisson-Boltzmann equation for the mean electro-
static potential, y(L), in a symmetric v:v electrolyte
between two planar surfaces located at a distance L apart,
which can be written in the nondimensional form:

dzy(ﬁ) =sin
G hy(8) 3)

where y = (evy/kBT) is the potential scaled by the thermal
potential (kBT/ev), with e being the protonic charge, kB
the Boltzmann constant, and T the absolute temperature.
L is related to the scaled variable £=«xL by the Debye
length « — 1 = (8mnv?e?/ekBT) — 1/2, where € is the dielec-
tric constant of the solvent and # is the number of ions in
the bulk electrolyte.

For calculation purposes, the BSA molecule was assumed
to be a sphere with radius R=3.9nm [53]. The Hamaker
constant was obtained using combinations relations (or com-
bining laws) [54], which are used to obtain approximate
values for unknown Hamaker constants in terms of known
ones. For this, we define Aswp as the nonretarded Hamaker
constant for silica (s) and BSA (p) interacting across water

TaBLE 1: Dynamic contact angles of water (in degrees), hysteresis,
and mean roughness of a clean glass (N =5).

RMS (nm)
0.79 +0.09

0 advancing
51.3+1.9

0 receding
46.6+1.5

Hysteresis*
0.06 +0.01

*Hysteresis: |cosfadvancing — cosOreceding | .

(w), and we may expect that Aswp to be approximately
related to Asws and Apwp via

Ay =14 [AA (4)

swp sws* *pwp

using the values of Asws=4.114x10-21] [55] and
Apwp=4.6x10-217 [56].

3. Results and Discussion

Table 1 shows the values of dynamic contact angles obtained
for clean glass. The measurements made with deionized
water include the advancing and receding contact angles
and the hysteresis of the system. The results reflect the affin-
ity between clean glass and water, which is due to the silanol,
SiOH groups on the surface of the glass, which form hydro-
gen bonds with water molecules. The low hysteresis value,
0.06, indicates that the surface of the glass is relatively
smooth.

Figure 1 shows AFM images of a clean glass surface, in
which a relatively smooth surface is observed, with very few
imperfections and some typical surface granules, which
agrees with the roughness analysis, which showed a low aver-
age roughness of 0.79 nm.

The dynamic contact angles measured for the coated sub-
strates; Table 2 shows an increase in the hydrophobicity of
the substrate with respect to the uncoated substrate
(Table 1), which shows that the protein molecule is adsorbed
on the glass through its hydrophilic part, projecting its
hydrophobic part outwards. It is believed that increasing
the temperature generates a greater driving force for adsorp-
tion, which would be due to an entropy gain derived from the
release of water molecules and salt ions adsorbed on the sur-
face and structural rearrangements within the protein [26].
Our results shown in Table 2 indicate that, as the tempera-
ture changes, the orientation of the molecules on the glass
surface also changes, at the three pH levels studied, since
the highest values of contact angle were obtained at a temper-
ature of 20°C, while the lowest values were obtained at 25°C.
We believe that above is due to the fact that not all proteins
behave in the same way, and this can be observed in
Table 2, where it can be seen that at the three pH levels stud-
ied, there is a decrease in the measured contact angles when
increasing the temperature from 20 to 25°C, but when the
temperature is increased again, to 30°C, the measured contact
angles increase; that is, the temperature has effects on the
equilibrium state of the BSA protein that affect the orienta-
tion adopted by the protein when it is deposited on the glass
surface. Our results show that at temperatures of 20 and
30°C, the BSA protein prefers to interact with itself rather



4 Journal of Nanomaterials

7.7 nm
-2.5nm

FIGURE 1: AFM images of a flat glass substrate washed with ethanol and used for coatings with BSA, scan of 2 x 2 ym2.

TaBLE 2: Dynamic contact angles (degrees) of water on BSA protein SAMs on glass prepared under different conditions of temperatures and
pH (N =5).

pH Temperature Immersion time

2h 3h 4h
Advancing contact angle (*) 949+5.3 80.6 +5.1 79.9+4.8
20°C Receding contact angle (*) 56.5+3.2 58.9+3.9 57.2+4.1
Hysteresis 0.63+£0.11 0.35+0.13 0.36 £0.12
Advancing contact angle (*) 79.9£4.1 82.3+39 83.2+4.6
4.5 25°C Receding contact angle (°) 36.0+3.3 36.4+2.9 36.6£3.7
Hysteresis 0.63+£0.10 0.67 £0.14 0.68+0.13
Advancing contact angle (°) 90.4+54 89.2+5.1 834152
30°C Receding contact angle (*) 52.2+4.3 54.5+3.8 56.0 +3.7
Hysteresis 0.61+0.13 0.54+£0.10 0.44+0.11
Advancing contact angle (*) 76.6 £4.1 78.3+3.6 75.5+4.6
20°C Receding contact angle (*) 58.6+4.8 60.4+3.9 58.4+4.2
Hysteresis 0.28 £0.06 0.29 +0.05 0.27 £0.06
Advancing contact angle (") 71.7+3.8 71.0+3.9 68.8+2.9
5.0 25°C Receding contact angle (*) 37.4+£32 40.3£3.6 45.9+3.1
Hysteresis 0.48 £ 0.09 0.43 £0.09 0.33+£0.07
Advancing contact angle (°) 87.1+4.2 88.7+3.9 84.8+3.8
30°C Receding contact angle (°) 58.6+3.6 60.4+3.1 58.4+3.0
Hysteresis 0.47 £0.10 0.47 £0.08 0.43+£0.08
Advancing contact angle (") 89.0+5.5 83.4+5.1 74.2+4.8
20°C Receding contact angle (*) 82.6+4.4 75.6+4.3 71.3+4.2
Hysteresis 0.55+0.11 0.38 £0.09 0.27 £ 0.06
Advancing contact angle (*) 82.6 +5.0 75.6 £3.7 71.3+3.8
5.5 25°C Receding contact angle (°) 409+3.3 39.9+3.5 46.5+3.8
Hysteresis 0.62+0.12 0.51+0.11 0.36 £0.07
Advancing contact angle (*) 83.9+44 79.4+4.1 82.8+4.5
30°C Receding contact angle (*) 55.2+3.1 57.7+3.2 60.4+3.2

Hysteresis 0.46+0.10 0.35+0.07 0.36 £0.07
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TaBLE 3: Relative roughness (RMS) and average height of BSA protein SAMs on glass prepared under different temperatures and pH levels.

Immersion time

pH Temperature ’h 3h ih
R RMS (nm) 5.59+0.15 4.12+0.12 6.11+£0.14
20¢ Average height (nm) 7.04+0.20 10.28 £0.31 12.52£0.28
R RMS (nm) 3.26+£0.13 1.66 £ 0.36 1.41+£0.25
e 2 Average height (nm) 10.82 +0.41 6.35+0.32 5.40 +0.23
N RMS (nm) 1.39+£0.37 1.20+£0.35 1.03+£0.19
0C Average height (nm) 11.38 £0.28 12.93 +0.24 13.24 +0.31
. RMS (nm) 4.46+0.18 1.83+£0.37 7.78 £0.35
20¢ Average height (nm) 7.37 £0.36 5.61 +0.30 3.01+0.15
R RMS (nm) 1.32+0.17 0.71+£0.15 0.39+£0.09
>0 »e Average height (nm) 4.14+0.21 2.20£0.20 1.84+0.16
N RMS (nm) 20.97 £ 0.93 7.89 +0.48 15.22 £ 0.44
0C Average height (nm) 25.03+£0.97 8.57 £0.42 18.62 +0.21
R RMS (nm) 0.97+0.18 0.47 £0.10 2.72+0.27
20¢ Average height (nm) 10.36 +£0.33 13.11+£0.32 13.47 £0.29
R RMS (nm) 1.19+0.21 0.38+0.11 1.26 £ 0.25
> »e Average height (nm) 6.81 +0.34 12.74 +0.31 12.79 +0.49
: RMS (nm) 0.43+£0.12 4.55+0.38 0.54+0.14
0C Average height (nm) 11.74 £ 0.26 13.29+0.37 11.79+0.23

than with the surface, allowing BSA orientations that favor
the formation of aggregates or clusters of the protein.

When observing the topographic results obtained for the
conditions studied, we can see that the temperature not only
affected the orientation of the BSA on the glass but also
affected the amount of protein adsorbed. The topographic
characterization allowed the appreciation that, when working
at temperatures of 20 and 30°C, irregularly coated glass sur-
faces were obtained, with BSA protein clusters and the pres-
ence of large peaks on all the surfaces analyzed. Table 3 shows
the roughness analysis of the samples studied, where it is pos-
sible to appreciate that at temperatures of 20 and 30°C, the
greatest relative roughness and the highest average height
were observed. The values of roughness and average height,
obtained at 20 and 30°C allow us to infer that the samples
at these temperatures have coatings with greater imperfec-
tions than those observed at 25°C. AFM images of the sam-
ples obtained at 20 and 30°C are presented in supporting
information S1. The advancing contact angle of 68.8° for
water on the BSA protein-coated glass surface at pH 5.0 and
25°C after 4h of immersion is similar to the values previously
reported [7, 50, 57]. Follstaedt et al. [57] obtained similar
values for contact angles on an Octadecyltrimethoxysilane
(OTMS)-coated surface and obtained values for contact
angles similar to ours and the relative roughness of 2.7 nm,
which in our case fluctuates depending on conditions. The
same authors establish that these differences may be due to
the fact that the asymmetric shape of the BSA protein does
not allow the protein to always be oriented in the same way
on the surface.

Regarding the coating formed at pH5.0 and 25°C, the
images show coatings more homogeneous coatings than
those form under the other conditions studied. In addition,
as the time of immersion increases, the coatings become
softer and contain fewer imperfections, as shown in
Table 3. At pH levels of 4.5 and pH 5.5, the behavior observed
was similar to that described above, i.e., large protein clusters
and uneven surfaces (see Supplementary Material S1).

Figure 2 shows AFM images of the glass surface coated
with BSA at pH 5.0, a temperature of 25°C and 4 h of immer-
sion. A smooth surface can be observed, with no superficial
imperfections, and the surface is highly homogeneous. The
height profile (Figure 3(c)) reveals that the BSA coating does
not show great variations in height, displaying, in general, a
flat profile. Likewise, the relative roughness value obtained
for this coating, 0.39nm, as well as its average height,
1.84nm, were the lowest of all the samples studied (see
Table 3).

Our results indicate that the charge distribution on the
BSA protein is governed by the pH of the medium which
also controls the degree of adsorption of BSA on the glass
surface. It has been determined that the isoelectric point
(IP), or point of zero charge, of BSA is close to pH4.8
[45, 46]; therefore, at higher pH levels, negative charges will
be generated; at lower pH levels, positive charges will be
generated. On the other hand, the surface potential of the
glass is negative in the range of pH and NaCl concentration
studied [47]. According to the above, higher adsorption was
expected at pH 4.5 because the electrostatic interactions
would favor it, but this did not occur. At pH 4.5, the
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FiGure 2: AFM image of BSA protein SAMs on glass prepared at pH 5.0, 25°C, and 4 h immersion: (a) 3D image, scan of 2 x 2 ym; (b) 2D
image, green line indicates the cut profile; (c) height profile cut of image.

coating was not homogeneous, showing protein clusters on
the glass surface.

The continuum DLVO theory has been used to describe
the surface interaction down to a separation of 1-2nm. In
this theory, only the repulsive electric double-layer force
and the attractive van der Waals force matter, since they
operate at long range, over 1-2nm. Here, repulsive double-
layer interactions in the BSA protein-glass system were calcu-
lated by solving the nonlinear Poisson-Boltzmann equation
with the algorithm proposed by McCormack et al. [52], using
51.3mV as the surface potential value of glass [57], for the
three pH levels studied, while for the BSA the following sur-
face potential values were used: 4mV at pH=4.5, -7mV at
pH=5.0, and -12mV at pH =5.5 [53]. On the other hand,
for the calculation of nonretarded van der Waals attractions,
for the same system, we used a Hamaker constant value of
Aswp =4.35x10—-21] in equation (4). Figure 3 shows the
interaction curves for the protein-glass system at the three
pH levels studied, in which three different behaviors can be

observed, depending on the surface potentials of the surfaces.
At pH 4.5, when the protein has positive surface potential, the
interaction is clearly attractive. The above could be beneficial,
but as our images showed, that was not the case. Apparently,
an excess of attraction produces protein clusters, disfavoring
a uniform coating. The presence of a higher density of posi-
tive charges induces lateral repulsions between the protein
molecules, which is detrimental to a good adsorption of
BSA on the glass surface. On the other hand, when the pH
is significantly above the IP, as in our case at pH 5.5, where
the glass surface and the protein have negative surface poten-
tial of -12mV, the interaction with glass surface is repulsive
until the separation distances closest to 3 nm, the distance
at which the van der Waals forces begin to manifest them-
selves and the interaction becomes attractive. Obviously, an
excess of charge, negative in this case, will produce a greater
repulsion between the BSA protein molecules, due to lateral
interactions, and with the glass surface, also negatively
charge, which will result in a poor coating, as observed in
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FIGURE 4: Comparison between pressure isotherm of BSA (black line) and 1-pentanol (blue line).

the images (S1). At pH 5.0, when the BSA protein has a
slightly negative surface potential of -7mV and the interac-
tion is repulsive, this only happens until the separation dis-
tances closest to 6-7 nm; at this distance, the van der Waals
attractive forces begin to manifest themselves, and adsorp-
tion of BSA on the glass occurs. The aforementioned dis-

tance, 6-7 nm, is very close to the diameter of a BSA protein
molecule, 7.8 nm [53]. Apparently, this allows the BSA mol-
ecules to adsorb better on the glass surface by allowing the
protein molecules to be oriented and packed in a more com-
pact way on the glass surface. According to Rabe et al. [26],
because proteins have a complex structure, they exhibit
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FI1GURE 5: AFM images of a glass surface coated with BSA using the LB technique at a surface pressure of 6 mN/m and pH 5.0: (a) 3D image,

scan of 2 x 2 ym2; (b) 2D image, green line indicates the cut profile; (c) high-profile cut of image.

different affinities in different regions of their surface, which
will depend, mainly, on the local composition of the amino
acid residues. Thus, the orientation adopted by the protein
BSA on the glass surface will tend to reduce its free energy,
which will be, among others, the result of attractive interac-
tions, hydrogen bonds, and the increase in entropy due to
the release of counterions and solvent molecules.

Our results show that at pH 5.0, 25°C, and 4 h immersion,
the BSA protein has the best orientation and conditions to
adsorb on the glass surface, allowing it to lose energy by
reducing the attractive forces towards the surface and, at
the same time, gain free energy because the repulsive forces
between neighboring proteins reduce.

Figures 4 and 5 show the results obtained when coating a
glass surface with BSA using the LB technique. Achieving the
coating of BSA protein on the glass surface by the LB tech-
nique requires two successive processes: the first is the

adsorption of BSA protein at the air-water interface, and
the second is its transfer and immobilization on the surface
of the glass. For Pal et al. [58], these two stages are key when
using the LB technique and define the efficiency of the coat-
ing and its quality. Figure 4 shows the ability of 1-pentanol
to carry the BSA protein to the air-water interface. It com-
pares the surface pressure of pure 1-pentanol and 1-
pentanol with BSA after 10 minutes of deposition on water.
The difference in the surface pressure curves obtained is evi-
dent; after 10 minutes, the curve of pure 1-pentanol shows
that no 1-pentanol remains on the surface of the water. Thus,
the curve obtained for the 1-pentanol-BSA mixture is actu-
ally due only to the presence of BSA at the air-water interface.
The transfer of molecular monolayers from the air-water
interface to the substrate using the LB technique must be car-
ried out by maintaining the system at a constant pressure.
Ideally, this pressure should be within the area of the
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TaBLE 4: Dynamic contact angles of water (°), hysteresis, and mean
roughness of a glass surface coated with BSA using the LB technique
(N =5).

RMS (nm)
0.35+0.04

0 advancing
75.1+2.9

0 receding
57.4+4.3

Hysteresis*
0.61+0.10

*Hysteresis: |cosfladvancing — cosfreceding | .

isotherm of the BSA curve (see Figure 4), where its behavior
satisfies the condensed liquid state. Therefore, coating the
glass surface with BSA using the LB technique were made
at a surface pressure of 6 mN/m.

Table 4 shows the results obtained for the glass surface
coated with BSA using the LB technique at a surface pressure
of 6 mN/m. The average value of advancing contact angle
obtained, 75.1°, is very close to that obtained by SAMs at
pH 5.0, 25°C, and 4h immersion (68.8°) and that reported
by Sanchez-Gonzalez et al. [49], who obtained a contact angle
value of 73° using the same technique.

Figures 5(a) and 5(b) show 2 x 2 yum2 AFM images of a
glass surface coated with BSA, where a homogeneous surface
is observed. The roughness analysis of the samples gave low
values of average roughness, 0.34 nm, as shown in Table 4.
The height profile (Figure 5(c)) reveals that the coating did
not show a large variation in the height of the samples, which
confirms that the coating was smooth and homogeneous.

4. Conclusions

Nanocoatings of BSA protein on glass surface, produced
using self-assembled monolayer (SAM) and Langmuir-
Blodgett (LB) techniques, show that the preparation of these
coatings is reproducible by following the procedures
described. Through a combination of different analyzes, such
as relative roughness, dynamic contact angles, and AFM
images, it was possible to establish conditions to obtain a uni-
form nanocoating with SAM, pH of 5.0, a temperature of
25°C, and an immersion time of 4h. Our results also show
that small changes in temperature or pH that can affect the
coatings, since these changes will affect the orientation
adopted by the BSA protein on the glass surface, which tends
to reduce its free energy, but that due to these changes, it will
affect its attractive interactions, hydrogen bonds, and entropy
due to the release of counterions and solvent molecules. The
results of the analysis of the nanocoating performed using the
LB technique were very similar to those obtained using SAM.
The DLVO theory in conjunction with the AFM images
showed that electrostatic interactions are very important in
the self-assembly process, but that a process dominated by
attraction alone is not sufficient for achieving a nanocoating
using SAM, since it does not allow adequate orientation
and packing of the BSA molecules on the glass surface.
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