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Abstract: Adsorption of hyperbranched arabinogalactan-proteins (AGPs) from two plant exudates,
A. senegal and A. seyal, was thoroughly studied at the solid–liquid interface using quartz crystal
microbalance with dissipation monitoring (QCM-D), surface plasmon resonance (SPR), and atomic
force microscopy (AFM). Isotherms of the adsorption reveal that 3.3 fold more AGPs from A. seyal
(500 ppm) are needed to cover the gold surface compared to A. senegal (150 ppm). The pH and
salt concentration of the environment greatly affected the adsorption behavior of both gums, with
the surface density ranging from 0.92 to 3.83 mg m−2 using SPR (i.e., “dry” mass) and from 1.16 to
19.07 mg m−2 using QCM-D (wet mass). Surprisingly, the mass adsorbed was the highest in conditions
of strong electrostatic repulsions between the gold substrate and AGPs, i.e., pH 7.0, highlighting the
contribution of other interactions involved in the adsorption process. Structural changes of AGPs
induced by pH would result in swelling of the polysaccharide blocks and conformational changes of
the polypeptide backbone, therefore increasing the protein accessibility and hydrophobic interactions
and/or hydrogen bonds with the gold substrate.

Keywords: Acacia gum; gold; adsorption; arabinogalactan-protein; flexibility; quartz crystal microbalance;
surface plasmon resonance; atomic force microscopy

1. Introduction

Acacia gum (AG, E414), also called gum arabic, is a plant exudate used since the Stone Age in
various applications, such as food, and the cosmetics and pharmaceutical industries, because of its
stabilization, emulsification, encapsulation, and adhesion properties [1–3]. Acacia gums exudates are
produced from the trunk and branches of two classical trees, Acacia senegal and Acacia seyal, and contain
complex biopolymers made of highly glycosylated hydroxyproline-rich proteins with a high proportion
of heavily branched neutral and charged sugars in the polysaccharide blocks. The structure, chemical
compositions, and physico-chemical properties of Acacia gums have been recently reviewed [1]. These
hyperbranched arabinogalactan-proteins (AGPs) display high added-value functionalities, particularly
their ability to adsorb at solid–liquid (adhesion, adsorption) and liquid–liquid interfaces (emulsion
stabilization). Acacia senegal gum is a highly heterogeneous material that can be separated into three
main molecular fractions by hydrophobic interaction chromatography (HIC) [4–6]. Most of the gum
(88.3% of total), an arabinogalactan-peptide (HIC-F1), has a very low protein content (0.49%) and a
molecular mass of 3.5 × 105 g mol−1. The second fraction (10.4% of total), an arabinogalactan-protein
complex (HIC-F2), contains 6.3% protein and has a molecular mass of 15 × 105 g mol−1. The third
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fraction (1.3% of total gum), referred to as glycoproteins (HIC-F3), contains 14.4% protein and has a
molecular mass of 16 × 105 g mol−1 [7]. These values may vary depending on the gum origin, age,
storage conditions, etc. [8].

The surface properties of AG, and of a number of plant gum exudates, are unique in the
polysaccharide world. By surface properties, we mean both the ability of AG to decrease the interfacial
tension between gas–water, liquid–liquid, or solid–liquid interfaces, and to stabilize these interfaces
through steric and electrostatic interactions and hydration forces [9]. These properties can be used to
form and stabilize foams [10], emulsions, and solid nanoparticles. Studies on the foaming properties
of AG are rare as compared to studies on the stabilization of liquid or solid particles, especially
nanoparticles [11–24]. Obviously, the ability of AG to stabilize solid interfaces is the basis of ink and
paint manufacturing [25–27]. AG was also used to stabilize latex nanoparticles as a model interface
system with a surface coverage of about 0.5 to 5 mg/m2 depending on the solvent conditions and initial
AG concentration [28,29]. The surface coverage was found to be similar at liquid–liquid interfaces
in oil-in-water O/W emulsions [4]. The HIC-F2 fraction was found to be the most effective to be
adsorbed while the HIC-F1 fraction was ineffective in the stabilization of the latex dispersions [29].
Currently, it is widely accepted that it is the arabinogalactan-protein complex, HIC-F2 and HIC-F3,
which mainly provides the surface properties of gum. This statement comes from numerous studies on
liquid–liquid interfaces, i.e., oil-in-water emulsions stabilized by acacia gums [30–33]. However, even
if the applications of these AGPs are widely spread, little is known about the molecular mechanism
underlying the adsorption properties of these hyperbranched AGPs. Indeed, to the best of our
knowledge, there are no studies on the adsorption of AGP on 2D solid surfaces and their related
interfacial properties to highlight the adsorption properties of gums and their molecular fractions.

The present study focuses on the adsorption of Acacia gums (A. senegal and A. seyal) at the
solid–liquid interfaces of gold surfaces, as characterized with a quartz crystal microbalance with
dissipation monitoring (QCM-D) and surface plasmon resonance (SPR). These powerful methods allow
highly sensitive, quantitative, real-time, in situ, and non-invasive detection of molecule adsorption on
a solid surface. QCM-D probes the variation of the shear rate of an oscillating piezoelectric sensor,
caused by changes in the total mass of the adsorbed molecules, while SPR allows the determination of
the mass of the adsorbed species from the change of refractivity of the gold film. Combining these two
techniques can provide information on the sorption mechanisms, structural changes, and obtained
state of hydration of the adsorbed film. These techniques have been widely used to investigate the
adsorption properties of biopolymers, proteins, and polysaccharides on various type of surfaces with
or without grafting [34–46]. A comparison of the two gums should allow their respective contribution
to the surface interactions leading to adsorption to be deciphered. The effect of the pH and salt
concentration on the adsorption behavior, the maximum coverage, and the thickness of the layer were
investigated, and the fraction of water in the gum films was estimated. AFM was used to probe the
morphology of the adsorbed AG layer both in wet, dry, and rehydrated states. These experimental
investigations should lead to a better understanding of the adsorption behavior of the Acacia gum on
solid surfaces.

2. Materials and Methods

2.1. Materials

The experiments were carried out using commercially available Acacia senegal (A. senegal,
lot OF152413) and Acacia seyal (A. seyal, lot OF110724) soluble powders, provided by the Alland
and Robert Company–Natural and Organic gums (Port Mort, France). The biochemical and structural
properties of both gums are presented in a previous work [6]. All stock solutions and dispersions were
prepared a day before each experiment at room temperature and filtered with a 0.2 µm membrane
(GHP, Life Science, Merck, France) using fresh purified water (Milli-Q, Millipore, Staffordshire, UK)
with a resistivity of 18.2 MΩ cm. Dilution of stock Acacia gum dispersions (C = 10 g/L) to the desired
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concentrations was performed in acetate buffer. The salt concentration was fixed with acetate buffer
(VWR Chemicals, Fontenay-sous-Bois, France) at 1, 10, or 100 mM and pH values of 3.0, 5.0, or 7.0
were set with HCl or NaOH solutions (Merck, analytical grade, Molsheim, France). The concentrations
of the Acacia gum in the stock dispersions were quantified by the dry matters method. A summary of
the biochemical composition and structural parameters of the two Acacia gums, A. senegal and A. seyal,
used in this study is provided in the supporting information, Table S1 [47].

2.2. Methods

2.2.1. Surface Preparation

Gold-coated quartz crystals and silicon wafers were cleaned in piranha solution of H2SO4/H2O2

(7:3, v/v) for 3 min, rinsed exhaustively with Milli-Q water, and dried under a stream of nitrogen.
Because the Acacia gum films were difficult to remove even with the piranha treatment, the quartz
crystals were additionally gently rubbed with a soft paper (KIMTECH, Nanterre, France) until the
surface was visually cleaned before any reuse. Prior to use, all surfaces were treated with a plasma
cleaning device (Harrick Plasma, Ithaca, NY, USA). The gum films on the silicon wafers for AFM
observations were prepared by dipping for 2 h in a gum solution and rinsed with Milli-Q water before
being analyzed in solution. Surfaces were then dried with a nitrogen stream for dehydration state
studies and dipped again in water for eventual rehydration state observations.

2.2.2. Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D)

QCM-D was used to probe the adsorbed mass, layer thickness, and viscoelastic properties of
the the hydrated adsorbed film in different experimental conditions (pH and salt concentration).
QCM-D experiments were carried out using a Q-Sense E4 instrument (Gothenburg, Sweden) using a
piezoelectric AT-cut quartz crystal coated with gold electrodes on each side with a nominal resonance
frequency of 5 MHz (QSX301, Q-Sense), and a peristaltic pump to maintain the flow of the liquid
through the measurement chamber. The QCM-D principles are described in detail elsewhere [48,49].
The signal was recorded by the simultaneous measurement of changes of the resonance frequency (∆F),
which is related to the adsorbed mass, and dissipation of the oscillation energy of the piezoelectric
quartz resonator (∆D), which is directly connected to the viscoelastic properties of the adsorbed layer.

For adsorbed films with small changes in ∆D (i.e., < 1 × 10−6) and homogenous overtones,
the adsorbed mass, ΓQCM−D (ng/cm2), is proportional to the change of frequency, ∆F, as described by
Sauerbrey’s equation [50]:

ΓQCM−D = −C
∆Fn

n
, (1)

where C is the constant for the mass sensitivity of the quartz crystal (17.7 ng cm−2 Hz−1 at 5 MHz), and
n is the overtone number equal to 1, 3, 5, and 7. The film thickness, dQCM−D (nm), was then calculated
with the following equation:

dQCM−D =
ΓQCM−D

ρ
, (2)

where ρ is the film density. The film density, ρ, is ill-defined in the literature and two opposite views
are presented: One view for which the film density is equal to 1 g cm−3 when the adsorbed film is
highly hydrated [51] and the other view for which film density values vary depending on the nature
of the adsorbate and range typically from 1.009 to 1.77 g cm−3 [37,42]. In the present study, it was
considered, in accordance with the refractive index value of a dry film corresponding to 100% of the
adsorbed species (see Section 2.2.3), that the film density is assumed to be the inverse of the partial
specific volume, ϑ, with ϑ = 0.5870 and 0.5767 cm3 g−1 for A. senegal and A. seyal, respectively [7].
The Sauerbrey equation is only valid for the adsorbed film considered as homogeneous and rigid on
the surface. However, when there is a large change in the dissipation energy loss (∆D > 1 × 10−6) and
a high inhomogeneity between overtones, another theoretical model has to be applied to accurately
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determine the adsorbed mass values of the flexible film. In that case, Voigt viscoelastic modeling is
generally applied [52–54], in which the adsorbed film is represented by a complex shear modulus, G,
defined as:

G = G′ + iG′′ = µ f + i2π fη f (3)

where µ f is the film shear elastic modulus, f is the oscillation frequency, η f is the film shear viscosity,
G′ is the apparent film storage modulus, and G′′ is the apparent film loss modulus. The adsorbed film
was assumed to have a uniform thickness and a uniform density. The data were fitted to obtain the
film thickness, shear elastic modulus, and shear viscosity assuming a film density, ρ = 1

ϑ , of 1.703
and 1.734 g cm−3 for A. senegal and A. seyal, respectively, with at least four overtones with a good
signal-to-noise s/n ratio (generally 3, 5, 7, and 9), using the Q-Sense Dfind software (version 1.2.1,
Biolin Scientific, Q-Sense, Sweden). The adsorbed mass was calculated as follows:

ΓQCM−D = dQCM−D.ρ (4)

The baseline corresponds to the values recorded in acetate buffer after at least one hour of
stabilization. The temperature of the measuring chamber was stabilized at 25 ◦C, with a flow rate of
200 µL min−1. The gum solution was left in contact with the substrate until stabilization was reached
during the adsorption process, and desorption was investigated by rinsing the system with pure
buffer solution. All experiments were conducted at least three times with the adsorbed mass values
corresponding to the mean ± standard deviation. For data representation, the third overtone was used,
with the highest intensity and a good signal-to-noise ratio.

2.2.3. Surface Plasmon Resonance (SPR)

The SPR measurements were conducted on a Biacore × 100 instrument (Uppsala, Sweden) with
gold sensor chip from GE Healthcare (SIA kit Au, Fontenay-sous-Bois, France). Briefly, the surface
plasmon resonance technique (SPR) is based on the detection of changes of the refractive index (RI)
sensed by the evanescent wave at the metal–liquid interface. When molecules are adsorbed on the gold
chip surface, they produce a change in the refractive index at the interface, causing a change in the SPR
angle, ∆angle, which is related to the thickness and mass concentration of the adsorbed layer [53,55,56].
The thickness, dSPR , of the adsorbed dry layers was calculated using the relationship:

dSPR =
ld
2

∆angle

m(na − ns)
, (5)

where ld is a characteristic decay length of the evanescent electromagnetic field estimated at 0.37 of the
light wavelength (λd = 281.2 nm), m is a sensitivity factor for the sensor obtained after calibration of
the SPR (101.93◦/RI), ns is the refractive index of the bulk solution (ns = 1.33371), na is the refractive
index of the adsorbed species in condensed form, and ∆angle is the change in the SPR angle. From the
glycerol calibration curve, 1000 RU = 0.1◦, with RU corresponding to the response unit (arbitrary
angle unit) of the system of detection. In this work, we assumed the refractive index, na, for gums
to be 1.481, obtained from both calibration curves on a refractometer operating at λ = 589 nm (RFM
300 refractometer, Belingham and Stanley Limited, Farnborough, Hants, UK), and considering that a
“dry” film is made of 100% of the adsorbed species on the surface (supporting information, Figure S1).
It should be noted that the refractive indices varied by less than 2% with the salt concentration in
the range 1–100 mM. The dry mass adsorbed, ΓSPR (ng/cm2), on the gold surface was then calculated
according to Equation (6):

ΓSPR = dSPR.ρ, (6)

where ρ is the film density. The baseline was obtained after 2 h of stabilization with the buffer solution.
The temperature was set at 25 ◦C with a flow rate of 5 µL/min. The gum solution was left in contact
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with the substrate until stabilization was reached during adsorption. Then, the system was rinsed with
the pure buffer solution to measure the desorption process.

2.2.4. Hydration State of the Adsorbed Film

Generally, the adsorbed amount detected by QCM-D is higher than that detected from SPR.
Indeed, SPR is sensitive to the “dry” mass adsorbed related to refractive index changes, while QCM-D
is proportional to the hydrated mass adsorbed on the surface, which consists of the adsorbed molecules
and their associated “bound” water molecules involved in hydration shells as well as the “trapped”
water inside the layer structure [36,40,41].

By comparing the SPR and QCM-D techniques, the hydration state, ΓH2O[%], of the adsorbed
gum film can be estimated according to the following equation:

ΓH2O[%] =
ΓQCM−D − ΓSPR

ΓQCM−D
× 100. (7)

2.2.5. Electrophoretic Mobility

The electrophoretic mobility (µe) of acacia gum dispersions was determined at 25 ◦C using a
Zetasizer Nano ZS90 (Malvern, Orsay, France). Data were calculated using the Smoluchowski equation
with the Zetasizer software (version 7.11, Malvern). All dispersions were prepared at 1 g/L in acetate
buffer at different pH values and salt concentrations, and experiments were at least triplicated.

2.2.6. Atomic Force Microscopy (AFM)

Height, error-signal, and phase images of gum adsorbed layers on silicon wafers were registered
in air and liquid by AFM using both INNOVA and BioScope Catalyst AFM from Bruker (Palaiseau,
France). Images were recorded with low scan rates (0.1 to 0.3 Hz), employing conventional nitride
coated silicon tips in the tapping mode and scanasyst tips from Bruker for scanasyst modes, whose
spring constants are, respectively, 2.8 N m−1 and 0.7 N m−1. Samples were scanned following three
steps: The hydrated surface directly after 2 h of sorption, dry surface (N2), hydrated surface after
drying, and rehydration. In each case, several surface areas were examined from 1 µm × 1 µm to
40 µm × 40 µm. Height distribution histograms were systematically measured by removing as much
noisy background as possible, and adsorption boundaries were observed for surfaces analyzed directly
after sorption.

3. Results

3.1. A. senegal Gum Adsorption Behavior

3.1.1. Influence of pH

The impact of the pH on gum adsorption was studied using two types of experiments by QCM-D:
Adsorption isotherms were first performed in order to determine the gum concentration for a maximum
surface adsorption; adsorption kinetics at the maximum coverage concentration were then performed
at different pH values.

The adsorption isotherms for A. senegal gum on the gold surface were determined at three different
pH values for 10 mM acetate buffer (Figure 1). Data were acquired by sequentially increasing the gum
concentration and after each increase, allowing the adsorption to reach equilibrium, at which point the
values of the frequency change (∆F) and dissipation energy loss (∆D) were reported.

The adsorption isotherms for the three pH values produced a decrease in ∆F and an increase of
∆D with increasing gum concentration, indicating the formation of an adsorbed layer on the gold
substrate, until stabilization. According to both the ∆F and ∆D values, a plateau was reached for the
150 ppm gum concentration regardless of the pH values. The adsorption kinetics of A. senegal gum at
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150 ppm in 10 mM acetate buffer at pH 3.0, 5.0, and 7.0 are presented in Figure 2, with ∆F and ∆D
variations in time.

Figure 1. Adsorption isotherms of A. senegal gum on gold substrate presented as (a) frequency change
(∆F) and (b) dissipation energy loss (∆D) for pH 3.0, 5.0, and 7.0 at a salt concentration of 10 mM acetate
buffer. Time of adsorption between each concentration ranged from 30 to 60 min.

Figure 2. Adsorption kinetics of A. senegal gum at 150 ppm in 10 mM acetate buffer on gold substrate
as a function of pH: (a) frequency change (∆F) and (b) dissipation energy loss (∆D). Dashed lines
represent the switch of the solution from the adsorption to desorption process with acetate buffer.

Vertical dashed lines indicate the switch of the solution for the desorption process with acetate
buffer. The impact of pH on A. senegal gum adsorption is clearly visible, with a significant change of ∆F
and ∆D with increasing pH, even if the electrostatic repulsion is favored between the gold substrate and
the gum. Indeed, between pH 3.0 and 7.0, A. senegal gum displays a negative electrophoretic mobility
(see Table S1, supporting information) with a value close to zero at pH 2 [57,58]. Gold substrate is
reported by Schrems et al. [59] to have an isoelectric point pI of 2.9 and a negative zeta potential at
high pH. A. senegal gum and gold substrate are therefore both negatively charged between pH 3.0 and
7.0. The gum is, however, adsorbed on the gold substrate and surprisingly adsorbed more at pH 7.0
while more negative charges are present. The more mass adsorbed, the longer the time needed to
reach equilibrium on the substrate: From 30 min at pH 3.0 to >45 min at pH 7.0 to reach 95% of the
stable state.

It is worth noting that the discrepancies in the ∆F and ∆D values between the isotherms and
kinetics came from the differences in the time of adsorption between the experiments: More than 5 h
was needed to obtain the ∆F and ∆D values in the adsorption isotherm at C = 150 ppm while the
∆F and ∆D values during the kinetics of adsorption at the same concentration were obtained after
approximately one hour. In addition, the mechanism of adsorption could be different during isotherm
experiments, with multilayer structures formed on the gold substrate, due to the prolonged time of
adsorption and to the gradual increase of the gum concentration in solution.

Conformational changes or changes in the hydration water content can be observed in the QCM-D
experiments by plotting the D-f plot, ∆D vs. ∆F [39]. The D-f plots for A. senegal gum adsorption as a
function of pH are presented in Figure 3a. It can be clearly observed that the extent of adsorption (as
determined by the maximum ∆F) is more limited at pH 3.0 compared to pH 5.0 and 7.0. For pH 5.0 and
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7.0, the initial slopes are considerably higher than at pH 3.0, signaling more dissipation per added gum
macromolecule during the initial adsorption stage. In addition, the pH 5.0 and 7.0 D-f plots present
the same behavior with one slope change and similar slope values, indicating that a similar adsorption
mechanism takes place. The D-f plot at pH 3.0 presents, however, a different behavior with two slope
changes and a lower slope value, indicating a more compact conformation of the adsorbed film. It is
therefore suggested that all these observations indicate that structural alterations occurred within the
individual gum macromolecules or within the gum layer as the adsorption proceeded. In other words,
the different slope values signal different adsorption phases. ∆D was very high for the three pH values
(>2 × 106), and all overtones were highly inhomogeneous (supporting information, Figure S2), which is
related to the viscoelastic film. Therefore, the Voigt model was used to analyze data and the results are
presented in Figure 3b. The adsorbed mass increases with increasing pH. From pH 3.0 to 5.0, the mass
increases 2.85 fold from 407 ± 24 ng cm−2 to 1162 ± 16 ng cm−2, while the increase is less important
between pH 5.0 to 7.0 with a 1.44 fold increase, leading to 1675 ± 64 ng cm−2. The thickness of the
A. senegal hydrated layer varies from 2.4 nm at pH 3.0 to 9.8 nm at pH 7.0. A. senegal gum film therefore
has a very high swelling capacity with increasing pH, probably in line with the increase of the charge
density with pH.

Figure 3. Adsorption of A. senegal gum at 150 ppm in 10 mM acetate buffer on gold substrate as a
function of the pH: (a) D-f third normalized overtone profiles upon adsorption and (b) comparison of
the adsorbed amount (ΓQCM-D) onto the gold substrate at equilibrium after adsorption and desorption.

The difference between the complete adsorption of gum and the irreversible adsorption after
washing the system shows that the level of gum desorption gradually decreases with increasing pH
until a highly irreversible adsorption occurs at pH 7.0. This indicates that the more mass adsorbed,
the more stable the adsorbed layer is. Indeed, there no gum or water loss occurred during the desorption
process at high pH values. Therefore, the viscoelastic layer is able to stabilize water molecules inside
and outside the adsorbed layer.

While the QCM-D experiment is related to the “hydrated” mass of the adsorbed molecules, the
SPR technique allows observations of the “dry” adsorbed mass. The SPR sensorgram of A. senegal
adsorption on gold substrate at pH 5.0 and 10 mM acetate buffer is presented in Figure 4a as an
example. The gum adsorption causes the fast increase of the SPR signal with time (∆RU), until a
plateau is reached. Gum is thus directly adsorbed on the gold substrate with a fast-starting kinetic
adsorption. The mass of the dry A. senegal gum film adsorbed on the gold substrate for the three pH
values is presented in Figure 4b. Compare to the QCM-D results, weaker adsorption occurs at pH 5.0,
with 105 ± 6 ng cm−2, and the maximum adsorption is again at pH 7.0 with 242 ± 15 ng cm−2, which
corresponds to a 2.3 fold increase compared to pH 5.0. The calculated thickness is between 0.62 nm to
1.42 nm, which is very low compared to the QCM-D derived layer thicknesses. Nevertheless, the same
desorption behavior is observed compared to QCM-D experiments with an irreversible adsorption
with increasing pH.
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Figure 4. (a) Surface Plasmon Resonance SPR sensorgram illustrating the immobilization of A. senegal
and A. seyal gums at pH 5.0 and 10 mM acetate buffer on gold substrate. (b) Comparison of the adsorbed
amount (ΓSPR) of A. senegal gum on the gold substrate at equilibrium after adsorption and desorption
(washed with buffer solution) at pH 3.0, 5.0, and 7.0.

3.1.2. Influence of Salt Concentration

The adsorption isotherms for A. senegal gum on gold substrate were determined at pH 5.0 for three
salt concentrations (1, 10, and 100 mM) and are presented in Figure S3. The three salt concentrations
produced a decrease in the ∆F values and an increase of ∆D values with the increase of the gum
concentration, in accordance with the previous pH study. According to both the ∆F and ∆D data,
a plateau is reached at around 200 ppm in the solution. For a better comparison with the pH results,
a kinetics study was performed at 150 ppm. The adsorption kinetics of A. senegal gum at 150 ppm
and pH 5.0 for 1, 10, or 100 mM acetate buffer are presented in Figure S4. The influence of the salt
concentration on the A. senegal gum adsorption is clearly visible with a significant change of ∆F
and ∆D with increasing salt concentration. Unlike with pH adsorption, the stronger the adsorption,
the faster the equilibrium is reached on the gold substrate: In total, 95% of the stable state is reached
in 90 min for 1 mM and in 26 min for 100 mM. The D-f plot, presented in Figure 5a, shows that a
similar adsorption behavior occurs with one unique slope change regardless of the salt concentration.
It can be seen that the extent of adsorption (as determined by the maximum ∆F) is more limited at
low salt concentrations. For 10 mM acetate buffer, the initial slope is considerably higher than at
the other two salt concentrations, signaling more dissipation per added gum macromolecule during
the initial adsorption stage. In addition, the adsorbed film at 10 mM acetate buffer presents a less
compact conformation.

Figure 5. Adsorption of A. senegal gum at 150 ppm on gold substrate at pH 5.0 as a function of the
salt concentration: (a) D-f third normalized overtone profiles upon adsorption and (b) comparison
of the adsorbed amount (ΓQCM-D) at equilibrium after adsorption and desorption (washed with
buffer solution).

Results obtained from the Voigt model calculations are presented in Figure 5b, where the adsorbed
mass increases with salt concentration. The adsorption with the 1 mM salt concentration was very low
with only 193 ± 18 ng cm−2 of the adsorbed mass, while the amount is 10 times higher at 100 mM with
1907 ± 148 ng cm−2 of A. senegal gum adsorbed on the gold substrate. The thickness of the hydrated
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layer was found to vary from 1.1 nm at 1 mM to 11.2 nm at 100 mM acetate buffer, a 10-fold increase in
agreement with the 10-fold increase of the adsorbed mass. The layer formed in the pH 5.0 100 mM
acetate buffer is the thickest and has the highest adsorbed mass. The degree of desorption gradually
decreases with salt concentration until an irreversible adsorption occurs, as previously observed.
The greater the amount of gum adsorbed at the substrate, the more stable the layer is. An increase in
the salt concentration leads to a screening of both gum charges and gold substrate, reducing both the
intra- and intermolecular electrostatic repulsions between gum macromolecules and the repulsion
between the gold substrate and the gum. The adsorption on the substrate is therefore increased
as well as the surface accessibility, leading to faster adsorption kinetics. The adsorbed amount of
A. senegal gum (150 ppm) observed by SPR at pH 5.0 is presented in Figure S5. Gum adsorption at
low salt concentrations (1 mM) was not achieved using the SPR method for two reasons: First, the
very low adsorption of gum reaches the detection limit of the SPR technique; second, the refractive
index change is not as stable as the gum adsorbed on the gold substrate, leading to a highly noisy
sensorgram. The 3.6 fold increase of the adsorbed mass between 10 and 100 mM from 105 ± 6 ng cm−2

to 383 ± 23 ng cm−2 is in agreement with the decrease of the electrostatic repulsions between the
gold substrate and the gum. The thickness also increases 3.6 fold from 0.6 nm to 2.3 nm at high salt
concentrations. Interestingly, desorption is higher for the 100 mM salt concentration with a 7.5%
of mass loss. Therefore, electrostatic screening is not sufficient to suppress the desorption process.
The hydrated state of the film decreases from 91.0% at 10 mM to 79.9% at 100 mM. This result is in
agreement with the more compact conformation of gum with the increase of the salt concentration,
as previously observed using QCM-D. The effect of the salt concentration was previously observed
with a decrease of the macromolecule hydration through partial shielding of the charges of the gum in
solution [7].

3.2. A. seyal Gum Adsorption Behavior

3.2.1. Influence of pH

The adsorption isotherms for A. seyal gum on the gold substrate were determined at three different
pH values for 10 mM acetate buffer (Figure S6). The data are very noisy and represent very small
∆F and ∆D values, indicating a very low adsorption. The changes observed between 400 ppm and
500 ppm are very slow (1 h) and present a ∆F variation < 0.5 Hz. This small shift can therefore be
associated to the natural frequency shift of the quartz crystal in time; therefore, a plateau was reached
around 500 ppm for the three pH values. Moreover, 3.3 times more A. seyal gum was needed to reach
the maximum surface adsorption as compared to A. senegal gum. The adsorption kinetics of A. seyal
gum at 500 ppm with 10 mM acetate buffer for pH 3.0, 5.0, and 7.0 are presented in Figure S7, with
∆F and ∆D vs. time. As observed for the adsorption isotherms, A. seyal adsorption is quite low and
noisy and there was no significant change of ∆F or ∆D regardless of the pH except at pH 7.0, where
∆D > 1 × 106. The same adsorption time was needed to reach equilibrium regardless of the pH: ~30 min
to reach 95% of the stable state. The D-f plot of A. seyal at the three pH values with 10 mM acetate buffer
in solution is presented in Figure 6a. The pH 3.0 and pH 5.0 adsorption presents the same adsorption
behavior with one slope change and a very compact conformation, while pH 7.0 displays two slope
changes and a conformation that is slightly viscoelastic. The A. seyal adsorbed layer presents a rigid
behavior compared to the A. senegal layer in the same conditions (i.e., ∆D ≤ 1 × 106 and homogeneous
overtones). However, it seems that the layer formed by A. seyal is quite viscoelastic for Sauerbrey’s
model, which underestimates the adsorbed amount of gum on the gold substrate, with 157 ± 6 ng cm−2

found using Sauerbrey’s model while 231 ± 24 ng cm−2 was calculated using Voigt’s model at pH
5.0. Voigt’s model was therefore used to analyze the data and the results are presented in Figure 6b.
The adsorbed mass is quite constant regardless of pH value, with an average surface concentration of
248 ± 20 ng cm−2 and an average layer thickness of 1.4 nm. Despite electrostatic repulsions between
the gum macromolecules and substrate, A. seyal was weakly adsorbed on the substrate, indicating
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that other interactions may occur. In addition, A. seyal gum has a lower protein content and is more
structured and compact compared to A. senegal gum with the lowest intrinsic viscosity (see Table S1),
giving rise both to a lower adsorption and lower accessibility of the protein backbone for the gold
surface. Interestingly, the desorption process is important at pH 3.0 and 5.0 with around a 16% mass
loss, while a loss of only 7.0% was observed at pH 7.0. The layer formed at pH 7.0 is more stable than
that formed at pH 3.0 and 5.0. To summarize, the more viscoelastic the layer is, the more stable the
adsorbed layer is.

Figure 6. Adsorption of A. seyal gum at 500 ppm on gold with 10 mM acetate buffer as a function of the
pH: (a) D-f third normalized overtone profiles upon adsorption and (b) comparison of the adsorbed
amount, ΓQCM-D (ng/cm2) and (c) ΓSPR (ng/cm2), of A. seyal gum at the gold substrate at equilibrium
after adsorption and desorption (washed with the buffer solution). Time of adsorption approximately
lasted 60 min between each data point.

The SPR sensorgram of A. seyal adsorption on a gold substrate at pH 5.0 and 10 mM is presented
in Figure 4a, with a fast increase of the SPR signal (∆RU) with time, until a plateau is reached. The
SPR signal is half that for A. seyal gum compared to A. senegal gum. The mass of the “dry” A. seyal
gum adsorbed on the gold substrate for the three pHs values is presented in Figure 6c. The adsorbed
“dry” mass probed by SPR displays a different behavior than the hydrated mass probed by QCM-D
with a minimum value found at pH 5.0 (40 ± 2 ng cm−2) and a maximum value found at pH 7.0
(124 ± 8 ng cm−2). The calculated thickness ranges from 0.2 nm to 0.7 nm. Desorption follows the
adsorption amount with a high mass loss at pH 5.0 (11%) and an irreversible adsorption for the two
other pH values. The hydration of the adsorbed layer is the highest at pH 5.0, as for A. senegal gum, with
82.5% of water, while a decrease was observed at pH 3.0 (61.7%) and pH 7.0 (54.7%). The high hydration
at pH 5.0 is related to the lowest amount of adsorbed gum and therefore the lowest film stability on
the gold substrate. As for A. senegal gum, the swelling capacity of A. seyal film is characteristic of
the polyelectrolyte character of the polysaccharide blocks and therefore of the numerous hydrophilic
interactions taking place with water. Interestingly, contrary to what was observed for the A. senegal film,
the decrease of hydration of the A. seyal film observed at pH 7.0 comes directly from the rigid behavior
of the film for which, at the molecular level, some structural rearrangements or conformational changes
specific to A. seyal gum would occur.

A preliminary conclusion, according to these results, is that the adsorption process of A. seyal
gum as a function of the pH is similar to A. senegal gum, with hydrophobic forces taking place between
the protein backbone and the gold substrate, and hydrophilic interactions occurring between the
polysaccharide blocks and water, leading to more or less hydrated films. A detailed comparison of the
adsorption behavior of both gums will be discussed later.

3.2.2. Impact of the Salt Concentration

The adsorption isotherms for A. seyal gum on the gold substrate were determined at pH 5.0
10 mM and 100 mM and are presented in Figure S8. According to both the ∆F and ∆D data, plateaus
are reached at C~500 ppm. The lowest salt concentration of 1 mM displays a very weak and noisy
adsorption in the QCM-D isotherms, which is in the detection limits of the method (data not shown).
The signal was significantly higher than the detection limit for the kinetic experiments at C = 500 ppm.
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The adsorption kinetics of A. seyal gum at 500 ppm and pH 5.0 for 1, 10, or 100 mM acetate buffer are
presented in Figure S9, with ∆F and ∆D monitored vs. time. The impact of the salt concentration on
the A. seyal gum adsorption is clearly visible with a significant change of the ∆F and ∆D values with
an increasing salt concentration, especially between 10 and 100 mM, with a high frequency change
(∆F) and a dissipation energy loss of ∆D > 1 × 106, representative of a viscoelastic film. Therefore,
the salt concentration clearly has an important impact on the A. seyal gum adsorption process compare
to the pH. It takes approximately the same time to reach 95% of the stable state for 1 and 10 mM (about
34 min), while 56 min are needed at high salt concentrations.

The D-f plot, presented in Figure 7a, shows a similar adsorption behavior for the 10 and 100 mM
salt concentration in solution with one conformational change (one slope change), while two slope
changes were observed for the lowest salt concentration. The adsorbed amount of the hydrated mass
of A. seyal gum on the gold substrate at pH 5.0 as a function of the salt concentration is presented in
Figure 7b. However, it should be noted that despite many attempts, the Voigt model always failed at
1 mM acetate buffer because the data was too noisy, and the Sauerbrey model was therefore used in this
case. The adsorption of gum on the gold substrate with the 1 mM salt concentration was very low with
only 116 ± 16 ng cm−2 of the A. seyal adsorbed mass, while the amount was almost five times higher
at 100 mM with 543 ± 9 ng cm−2. The thickness of the hydrated layer varied from 0.67 nm at 1 mM
to 3.13 nm in the 100 mM acetate buffer. The layer formed in the 100 mM acetate buffer and pH 5.0
was the thickest and has the highest adsorbed mass. The desorption process is the most important for
10 mM with a 15.8% mass loss, while it decreased by half when the 1 or 100 mM salt concentration
was used. As previously observed for A. senegal gum adsorption, increasing the salt concentration
reduces electrostatic repulsions and increases the A. seyal adsorption capacity. The adsorbed amount of
A. seyal gum observed by the SPR method at pH 5.0, 500 ppm, and 10 or 100 mM salt concentration is
presented in Figure 7c. A 6.6-fold increase of the adsorbed amount was observed between 10 mM and
100 mM (40 ± 2 ng cm−2 and 267 ± 16 ng cm−2). The layer thickness increased from 0.23 nm to 1.54 nm
with the salt concentration. An irreversible adsorption was observed for a high adsorbed amount
with only a 3.1% mass loss while a 11.0% mass loss was observed at the 10 mM salt concentration.
Therefore, electrostatic forces have a huge impact on A. seyal adsorption and stabilization of the
structure. The hydrated state shows a decrease of the water content at high adsorption, with only 50.8%
of water in the 100 mM and 82.5% in the 10 mM acetate buffer, probably due to the increase of the ions’
hydration with the increase of the salt concentration and therefore a decrease of the macromolecule
hydration as previously observed for A. senegal gum. The consequence would therefore be a decrease
of the water content or of the hydration double layer in the adsorbed layer.

Figure 7. Adsorption of A. seyal gum at 500 ppm on gold at pH 5.0 as a function of the salt concentration:
(a) D-f third normalized overtone profiles upon adsorption and (b) comparison of the adsorbed amount,
ΓQCM-D (ng/cm2) and (c) ΓSPR (ng/cm2), of A. seyal gum on the gold substrate at equilibrium after
adsorption and desorption (washed with the buffer solution).

3.3. Morphological Characterization of Gum Films

AFM was performed to analyze the surface topography and roughness of the acacia gum adsorbed
layers on the silicon wafer in the liquid state just after adsorption, in a dry state, and after rehydration
(Figure 8). It should be pointed out that gold and silicon surfaces are both negatively charged, but they
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differ in the degree of hydrophobicity. Additional AFM topography images of dry adsorbed layers
and height distributions are presented in Figures S10 and S11. After 2 h of adsorption, all adsorbed
layers in the liquid state presented a homogeneous surface with very few “spheroidal-like” aggregates
(thickness ranging from 5 to 35 nm). The presence of a homogeneous layer was confirmed with the
phase images and height profiles, showing almost no contrast (data not shown). However, the AFM
images of adsorbed layers after drying reveal a different surface topography. The A. senegal gum
adsorbed layer presents a non-uniform surface coverage with two different populations: Very few
white spots corresponding to “spheroidal-like” aggregates with thicknesses higher than 10 nm and
numerous small aggregates with a “puddle-like” structure with a thickness of 1.3 nm. The A. seyal gum
dry adsorbed layer presents only few white spots of “spheroidal-like” aggregates with a thickness of
0.87 nm and few aggregates with a thickness of 1.3 nm. The A. senegal gum adsorbed layer therefore
presents a higher thickness after frying and a different morphology compared to the A. seyal gum
adsorbed layer. The thicknesses observed using AFM on dry adsorbed layers are in agreement with
the calculated thicknesses from the SPR measurements. It can therefore be concluded from the AFM
measurements that A. senegal and seyal gums formed uniform layers during the adsorption process
with the presence of a few aggregates on the surface. The A. senegal dry adsorbed layer presents
two different populations. The A. seyal dry adsorbed layer therefore only presents aggregates with a
“spheroidal-like” morphology.

Figure 8. Atomic Force Microscopy AFM topography images of adsorbed layers on solid silicon
substrates. Two surfaces are presented: A. senegal and A. seyal gums at C = 500 ppm pH 7.0 with 10 mM
acetate. Three states of the surface are presented: (a) after 2 h of adsorption in the hydrated state,
(b) dry surface (N2), and (c) the hydrated state after drying and rehydration. Yellow square: aggregate
with a “spheroidal-like” morphology; yellow circle: aggregate with a “puddle-like” morphology.

The layer formation has reversibility after drying and rehydration, however, with a higher
inhomogeneity on the surface and with the presence of swollen “spheroidal-like” aggregates.

4. Discussion

A comparison of the mass adsorption of both gums on a gold substrate using QCM-D and SPR
methods at various pH and salt concentrations is presented in Figure 9. The calculated data obtained for
these experiments using both techniques are shown in Tables S2 and S3 for pH and salt concentration
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variations, respectively. From a general point of view, A. senegal gum adsorption is much higher than
for A. seyal gum on the hydrophobic and negatively charged gold substrate. This first observation
comes from the adsorption isotherm results, where it is clearly shown that, in the same conditions, three
times less A. senegal gum is needed to reach the maximum surface adsorption compared to A. seyal gum.
In addition, at the maximum adsorption coverage for both gums, A. senegal still adsorbs much more
than A. seyal. A. senegal gum therefore has a greater adsorption capacity regardless of the experimental
conditions. Interestingly, the concentration (mg cm−3) obtained at equilibrium for each experimental
condition for both gums can be roughly calculated taking into account the surface concentration and
the layer thickness. It was found that a constant concentration of ~1720 mg cm−3 is obtained regardless
of the gum nature, pH, or salt concentration. This concentration value corresponds to the density of the
film, ρ, taken for calculations and equals 1703 and 1734 kg m−3 for A. senegal and A. seyal, respectively.
First, this result confirms the isotherm adsorption results, and, second, it shows that both gums have a
tendency to form a monolayer on the gold substrate. Indeed, if a multilayer was formed, regardless of
the experimental conditions, the concentration would be higher and no stabilization would be reached
during isothermal experiments. However, the fact that the ∆D vs. ∆F plots are not straight is indicative
of a multi-layer of gum at the surface [42]. However, further investigations are needed to distinguish
between a mono or a multilayer of gum adsorbed at the surface.

Figure 9. Comparison of the adsorbed mass amount of A. senegal and A. seyal gums on gold substrate
obtained using QCM-D and SPR techniques: (a) as a function of the pH with a salt concentration of 10
mM acetate buffer and (b) as a function of the salt concentration with a constant pH 5.0.

Both gums have the same adsorption behavior in the “dry” state (see SPR results), with a maximum
adsorption at pH 7.0 and a minimum at pH 5.0. This behavior is in contradiction with the increase of the
repulsive interactions between COO− driven by the carboxylic groups of the polysaccharide blocks at
high pH values and the negatively charged gold substrate, and could be explained by the hydrophobic
contribution of the polypeptide backbone. However, to try to rationalize why the adsorption is greater
at pH 7.0 while electrostatic repulsions prevail, calculations of the Debye screening length were made
in acetate buffer 10 mM taking into account the effective ionic strength brought by the buffer at the
three studied pH values.

Table 1 clearly reveals that the ionic strength brought by the buffer leads to an ~8-fold decrease
of the screening Debye length. This simple calculation could therefore explain in a first attempt the
substantial increase of adsorption with increasing pH and/or salt concentration. Other interactions can,
however, not be neglected and in particular the hydrophobic contribution coming from the polypeptide
backbone and/or the hydrogen bonds coming from the polysaccharide blocks. The adsorption is
therefore impacted more for A. seyal gum with a 6.6-fold increase of the mass adsorbed with the salt
concentration and a more stable film while a 3.6-fold increase was observed for A. senegal gum with
a less stable film. This result seems in contradiction with the lower number of the negative charges
of A. seyal (−452 e) compared to A. senegal (−560 e) gum. This would simply mean that interactions
other than electrostatic ones and/or conformational changes are involved in the adsorption process.
As a preliminary conclusion, it can thus be said that as A. seyal gum has a lower protein content (1%)
compared to A. senegal gum (2.15%) with a more compact structure, leading to a lesser solvent and
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surface accessibility of the protein backbone, its adsorption capacity would be at least twice lower,
a hypothesis that was confirmed by the SPR results.

Table 1. Screening Debye length, κ−1, calculated as a function of the pH in acetate buffer 10 mM.

Ibuffer (M) 1 1.75 × 10−4 6.4 × 10−3 9.94 × 10−3

pH 3 pH 5 pH 7

κ (nm) 2 23.0 3.8 3.0

1Ibu f f er =
Ctot∗10pH−pKa

1+10pH−pKa with Ctot = 0.01 M and pKa = 4.75; 2 κ−1 = 0.304/I1/2

From the QCM-D results, it was observed that A. seyal films are less stable and display a more
compact and less viscoelastic behavior than A. senegal films regardless of the experimental conditions.
This behavior may be related to the differences in the flexibility of each gum in solution [6,7], and the
present study confirms that the A. senegal film has a more flexible and deformable structure than the
more rigid A. seyal film. A. seyal films have close similarities to locust bean gum (LBG) films [41].

Both gums present a relative high hydration state of the adsorbed film, mainly due to hydrophilic
interactions between the polysaccharide blocks and water (Figure S12). A high hydration state was
also found on other polysaccharide films, such as pectin, xanthan, LBG, and gellan films [41], while
the adsorption takes place on more or less hydrophobic surfaces (bare gold sensor in our study or
PolyDiMethylSiloxane PDMS spin coated gold sensor in [41]). These results question the mechanism
of adsorption of polysaccharides with molecular structures being totally different in terms of the
molecular weight, persistence length, linear or branched structure, and the presence of a protein
fraction in the macromolecule.

The mass of the adsorbed gum, Γ, evaluated as per unit of the geometrical unit in ng/cm2 can be
evaluated from the following equation:

Γad =
Mw

SgAv
Θ, (8)

where Mw is the molecular weight; Sg is the cross-section area, which for the near spherical
macromolecule is Sg = πr2; Av is the Avogadro number; and Θ is the coverage. Using the molecular
weight and hydrodynamic radii values from Table S1, one can calculate that Γ = 87.8 and 122.1 ng cm−2

for A. senegal and A seyal, respectively, at the maximum coverage of Θ = 0.55 (the jamming limit for a
random sequential adsorption (RSA)). Assuming that the hydration of water contributes to the Acacia
gum macromolecule by ca. 52% [7], the mass of the saturated film, corrected for the molecule hydration,
should be 131.7 and 183.2 ng cm−2 for A. senegal and A. seyal, respectively. The mass obtained from
the QCM-D measurements for the adsorbed gum films is 1.3 to 12.7 times greater than the saturation
Γ value calculated according to Equation (8). This discrepancy indicates that part of the film mass
determined with the QCM-D technique is contributed by water bound at the interfacial areas free of
the adsorbate. The other reasons for the enhanced mass of the film may be the formation of multilayer
areas in the gum film or surface aggregation of the gum macromolecules. The latter phenomenon may
cause the trapping of an additional amount of water inside the aggregates. The comparison between
masses obtained from the QCM-D and SPR experiments to determine the hydration degree of the
films, assuming that the excess mass measured in QCM-D compared to SPR is due to trapped water
molecules, clearly indicates that Acacia gum films are highly hydrated films (Figure S12). In particular,
in agreement with the higher uronic acid content, A. senegal film presents a higher water content than
A. seyal, film leading to a higher swelling capacity. The lowest hydration degrees were obtained for both
gums at pH 3.0 I = 10 mM (~61%), where uronic acids were fully protonated and pH 5.0 I = 100 mM
(79.9% for A. senegal and 55% for A. seyal), where dissociated uronic acids were partly screened by
counter-ions. The modulated swelling process as a function of the pH and salt concentration was also
clearly demonstrated in polyelectrolyte branched dendrimer films [35,36]. In addition, it was clearly
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observed that the film shear elastic modulus and shear viscosity of A. senegal gum are rather constant
while those of A. seyal gum decrease with increasing pH (Figure S13a) (see also Table S2). The film
viscoelastic behavior is rather more complex with increasing salt concentration (Figure S13b) (see
also Table S3). A decrease of shear viscosity and an increase of shear elastic modulus were therefore
observed with the increase of salt concentration (see also Table S3). The viscoelastic properties of
films would therefore not be directly related to their hydration degree, but would arise from other
parameters, such as conformational changes associated to the film rearrangements. However, the
observed rise in the layer viscosity by the decreasing pH or increasing salt concentration, for instance,
is directly related to a decrease of the layer hydration. To summarize, A. senegal films always display a
viscoelastic behavior regardless of the pH and salt concentration used while A. seyal films shifts from a
rigid to a viscoelastic behavior with increasing pH while increasing salt concentration slightly increases
the film shear viscosity while an increase of the film shear elastic modulus is observed.

Interestingly, Mejia Tamayo et al. [7] found that A. seyal gum is more hydrated in solution than
A. senegal, despite a smaller content in charged sugars (see Table S1). This lower hydrated state was
explained as being due to a higher protein and mineral contents in A. senegal and a higher arabinose
content in A. seyal. Furthermore, the lower flexibility of A. seyal macromolecules and therefore the
increase of the film rigidity would induce a shrinking and/or a blockage of the polysaccharide blocks
when the polypeptide backbone unfolds during adsorption on the substrate, leading to a decrease of
the swelling capacity. This change of flexibility is illustrated through the D-f plots for which one or
two rearrangements took place depending on the pH and salt concentration (see Tables S2 and S3 and
Figure 3, Figure 5, Figure 6, Figure 7). It could be summarized by the more flexible the film is, the more
hydrated the film will be.

Grein-Iankovski et al. [60] recently determined the acid dissociation constant (pKa) of Acacia gum,
resulting in two characteristic pKa values: pKa1 between 3 and 4 corresponding to the carboxylic group
of the uronic acid fraction of the gum (i.e., polysaccharide functional groups) and a pKa2 around 6.5
corresponding to the amine group of the protein fraction (Lys, Arg, His). Note also that an additional
pKa can also be taken into account with the carboxylic groups present on the protein backbone (Glu,
Asp) with a pKa3 = 3.9–4.2. Therefore, by looking at the dry adsorbed mass (i.e., without water), it can
be observed that there seems to be an impact of these chemical functions on the adsorption process.
At pH 5.0, where the dry adsorbed mass is the lowest, carboxylate groups become negatively charged
while amine groups become positively charged. These protonation state changes can therefore have
two opposite effects: An increase of the electrostatic repulsions between the gold substrate and the
gum if the polysaccharide blocks are directly concerned by the adsorption process or an increase of the
electrostatic attractions between the gold substrate and the gum if the protein backbone is directly
involved in the adsorption process. In addition, the coexistence of negatively and positively charged
groups on gum macromolecules may induce intra-molecular interactions between the polysaccharide
and protein moieties, leading to some conformational constraints and therefore a contraction of the
whole gum. At pH 7.0, the amine groups become neutral while more carboxylic groups are dissociated
and more negative ions are present on the gold substrate. This chemical situation may lead to an
increase of the electrostatic repulsions between the gold substrate and the gum macromolecules but
also to a conformational relaxation between polysaccharide blocks and polypeptide backbone leading
finally to a structural rearrangement and therefore an increase of substrate accessibility for the gold
substrate of the hydrophobic amino acids carried by the protein backbone. At pH 3.0, where the dry
adsorbed mass is intermediate between pH 5.0 and pH 7.0, carboxylic groups are protonated (COOH)
while amine groups are dissociated in NH3

+, leading to an increase of the electrostatic attraction
between the gold substrate and the gum macromolecules, but also to a strong conformational constraint,
as no or few charges are present on the polysaccharide and polypeptide moieties. The consequence is
that the whole gum would collapse leading to a reduced surface accessibility. These conformational
changes with the pH together with the branching nature of the carbohydrate blocks were also recently
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reported by Ma, Bell, and Davis [61] to explain the differences in the emulsification properties of
A. senegal and seyal gums.

From the SPR and QCM-D data, it is possible to calculate the hydration state of adsorbed films.
A. senegal films present a very high hydration state on the gold substrate, with a maximum of 91% at
pH 5.0 while 85.5% is found at pH 7.0 and 61.9% at pH 3.0. Three types of water may be distinguished
in the film structure, which is considered by the QCM-D method: Water molecules within the internal
structure of gums films, water molecules from the outer shell of hydration, and water molecules that
are weakly bound or associated with the gum film. Nevertheless, one can observe that the hydration
state is the lowest at pH 3.0 and quite constant at pH 5.0 and 7.0. This swelling capacity of A. senegal
gum is characteristic of the hydrophilic interactions between the polysaccharide blocks and water and
therefore of the protonation of the carboxylic groups as for classical polyelectrolytes. Thereby, according
to these results, the adsorption process of A. senegal gum as a function of the pH may be governed by
hydrophobic interactions between the protein part and the gold substrate, but also by hydrophilic
interactions between the polysaccharide part and the solvent, leading to varied swelling states and
surface accessibility with the pH. A scheme showing the different contributions of interactions and
conformational changes as a function of the pH is displayed on Figure 10.

Figure 10. Scheme showing the electrostatic interactions and conformational changes as a function of
the pH occurring when A. senegal gum adsorbed onto the gold substrate. Note that the hydrodynamic
radii (Rh) changes as a function of the pH were experimentally demonstrated (data not shown).

5. Conclusions

In the present study, a thorough investigation of the effect of the pH and salt concentration on the
adsorption of Acacia senegal and seyal gums on a gold surface was performed. The results highlight some
important differences in the adsorption capacity and behavior of both gums, the highest adsorption
capacity being for A. senegal gum. The adsorption process is generally driven by hydrophobic
interactions between the polypeptide backbone and the gold surface, while the swelling of the adsorbed
film is mainly dependent on the hydrophilic interactions between polysaccharide blocks and water.
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These assumptions led to the preliminary conclusion that A. senegal gum adsorbs better onto the
gold surface due to its higher protein content compared to A. seyal gum. By increasing the pH of the
solution, the increase of electrostatic repulsions between AGPs and gold surface led to an increase of
the adsorbed amount, a result that is in agreement with the involvement of other interactions in the
adsorption process. As a consequence, the shielding of charges on both the gold surface and Acacia
gums by increasing the salt concentration led to a greater adsorption on the substrate, however, this
increase was more pronounced with the A. seyal gum. The adsorbed layers of both gums displayed a
high hydration state, with the swelling capacity being higher for A. senegal film due to its more flexible
and stable structure. AFM imaging shows the formation of a homogeneous film during the adsorption
process regardless of the substrate used. The drying of the adsorbed layer highlighted the different
behavior between the two gums: Two populations of aggregates were present for the A. senegal film
while the A. seyal film was only composed of one type of aggregate. In any case, a reversibility of
the adsorbed layer after drying and rehydration was clearly observed and the swelling ability of the
different aggregates was confirmed. AFM-derived thickness analyses confirm the calculated SPR
thickness and highlight the morphological differences between the adsorbed layers.

Supplementary Materials: The following data are available online at http://www.mdpi.com/2504-5377/3/2/49/s1,
Table S1. Biochemical composition and structural parameters of A. Senegal and A. seyal gums, Table S2.
Electrophoretic mobility of A. senegal and A. seyal gums in solution (µe), films characteristics calculated from
QCM-D and SPR data, and % water content (ΓH2O) of A. senegal and A. seyal gum films after adsorption on gold
substrate as a function of pH for a salt concentration of 10 mM, Table S3. Electrophoretic mobility of A. senegal and
A. seyal gums in solution (µe), films characteristics calculated from QCM-D and SPR data, and % water content
(ΓH2O) of A. senegal and A. seyal gum films after adsorption on gold substrate as a function of salt concentration for
a constant pH 5.0, Figure S1. Refractive index (λ = 589 nm) of A. senegal and A. seyal in 10 mM acetate buffer pH 5.0
as a function of concentration. Linear fits give the slope corresponding to the refractive index increment dn/dC and
extrapolation to C = 1 gives na, the refractive index of the adsorbed species in condensed form (i.e., corresponding
to a “dry” film where 100% of gum species are adsorbed on gold surface), Figure S2. Adsorption of A. senegal
gum at 150 ppm 10 mM acetate buffer pH 5.0 on gold substrate: frequency change (∆F) and dissipation energy
loss (∆D) in time for five overtone frequencies, Figure S3. Adsorption isotherms of A. senegal gum on gold
substrate presented as (a) frequency change (∆F) and (b) dissipation energy loss (∆D) at pH 5.0 and different
salt concentrations (1, 10 and 100 mM), Figure S4. Adsorption kinetics of A. senegal gum at 150 ppm on gold
substrate at pH 5.0: (a) frequency change (∆F) and (b) dissipation energy loss (∆D) for 1, 10 and 100 mM acetate
buffer. Dashed lines represent the switch of solution from adsorption to desorption process with acetate buffer,
Figure S5. Comparison of the adsorbed amount ΓSPR (ng/cm2) at equilibrium on gold substrate of A. senegal
gum at pH 5.0 in function of salt concentration after adsorption and desorption (washed with buffer solution),
Figure S6. Adsorption isotherms of A. seyal gum on gold substrate presented as (a) frequency change (∆F) and
(b) dissipation energy loss (∆D) in function of pH (3.0, 5.0 and 7.0) and a constant salt concentration of 10 mM
acetate buffer, Figure S7. Adsorption kinetics of A. seyal gum at 500 ppm 10 mM acetate buffer on gold substrate
in function of pH: (a) frequency change (∆F) and (b) dissipation energy loss (∆D). Dashed lines represent the
switch of solution from adsorption to desorption process with acetate buffer, Figure S8. Adsorption isotherms of
A. seyal gum on gold substrate presented as (a) frequency change (∆F) and (b) dissipation energy loss (∆D) with
two salt concentrations: 10 and 100 mM at pH 5.0, Figure S9. Adsorption of A. seyal gum at 500 ppm on gold at
pH 5.0: (a) frequency change (∆F) and (b) dissipation energy loss (∆D) for 1, 10 and 100 mM acetate buffer. Dash
lines represent the switch of solution from adsorption to desorption process with acetate buffer, Figure S10. AFM
topography images of Acacia senegal and Acacia seyal gums dry adsorbed layers on solid substrates at 1 × 1 µm,
Figure S11. AFM topography images and height distributions of Acacia senegal and Acacia seyal gums dry adsorbed
layers on solid substrates at 5 x 5 µm, Figure S12. Hydration degree (ΓH2O, %) of A. senegal and A. seyal gum
films in function of pH (a) and salt concentration at pH 5.0 (b), Figure S13. Viscoelastic properties derived from
Sauerbrey equation of A. senegal and A. seyal films in function of pH (a) and salt concentration (b).
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