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ABSTRACT
Biocompatibility of a biosensor can be achieved by grafting polymer brushes onto a solid surface. These brushes must be able to 
attract specific analytes or repel unwanted entities. This is obtained with weak polyelectrolyte polymer brushes that shrink or 
swell depending on external stimuli. In this study, the conformation of polyacrylic acid (PAA) and polyethylene oxide (PEO) pol-
ymer brushes was characterized as a function of pH and ionic strength using Atomic Force Microscopy (AFM) in spectroscopic 
mode. Instead of colloidal tips classically used to measure the mechanical behavior of the brush, force curves were performed 
with conventional tips for better sensitivity to the interaction between ions and polymer, which is responsible for their confor-
mation. Since force mapping experiments generate thousands of curves, a statistical representation was employed to define the 
general trend of the curves and facilitate their interpretation. As expected, the neutral PEO is not affected by changes in solution 
pH and salinity. In contrast, PAA exhibits behaviors depending on the ions present in the solution and increasing salinity; the 
brush shrinks at low pH with H3O+ ions and swells with the addition of Na+ and K+ ions. The originality of the study also lies in 
the implementation of an Artificial Intelligence (AI) clustering model applied to force curves to specifically study a 50% PAA/50% 
PEO mixed polymer brush. This AI model makes it possible to distinguish areas of the surface where only one type of polymer 
has been grafted and to identify its nature according to its force curve.

1   |   Introduction

The surfaces of living cells, cartilage, and synovial joints are all 
composed of polyelectrolyte polymers. An artificial method for 
producing a biocompatible surface involves grafting a polymer 
brush onto a solid surface. This creates biologically active sur-
faces that play a crucial role in biosensors, tissue engineering, 
and other biomedical devices [1]. For biosensors, polymer films 
provide reproducible and stable platforms for the immobiliza-
tion of various biomolecules to enable the recognition of target 
biomolecules in a given solution. However, to improve the sen-
sitivity and selectivity of biosensors, it is important to prevent 

nonspecific binding of unwanted entities that would interfere 
with specific analyte binding [2]. Thus, a well-adapted biosen-
sor should present controlled attractive and repelling polymer 
brushes on its bioactive surface.

A biosensor realized by a mixing of poly(ethylene oxide) (PEO) 
and poly(acrylic acid) (PAA) was considered a good candidate. 
The neutral PEO polymer is supposed to repel the entities 
when the negatively charged weak polyelectrolyte PAA is sup-
posed to attract them under stimuli conditions. In fact, PAA 
is known to shrink or swell depending on the pH or the ionic 
strength of the solution [3, 4]. In the collapse conformation, 
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the entities are repelled. The conformation of both polymers 
deposited on different substrates such as gold and silicon was 
widely characterized by different techniques, such as Quartz 
Crystal Microbalance (QCM) [4], ellipsometry [5], total in-
ternal reflection fluorescence (TIRF) spectroscopy [6], and 
Atomic Force Microscopy (AFM) [7]. Dupont-Gillain et  al. 
[4] have observed the adsorption of proteins in a mixed PEO/
PAA brush system, governed by the swelling of PAA brushes, 
and their desorption, governed by their collapse, using QCM 
under selected pH and ionic strength. Ellipsometry was 
used by Currie et  al. [5] to measure the thickness of PAA 
brushes, which increases with the swelling and decreases 
with the shrinking of the brushes, as a function of the pH, 
ionic strength and the grafting density. AFM force spectros-
copy was also employed by Hoy et al. [7] to characterize the 
conformation of PAA brushes by analyzing hydrophobic in-
teractions between the brushes and a silanized colloidal AFM 
probe using the obtained force-separation curves, where the 
separation is the tip-substrate distance.

This article proposes the study of the conformation of PEO and 
PAA polymers in six solutions of pH 5.5 and 7.4 with varying 
ionic strengths using AFM in force spectroscopy mode, by mea-
suring force maps, that is to say sets of force-distance curves 
over a 2D grid on the polymer surface.

Conventional tips were used rather than colloidal probes to 
be more sensitive to the interaction of ions with the polymers 
than to the mechanical properties of the polymer brush and to 
achieve a better spatial resolution [8].

Since the process is stochastic, thousands of curves were gen-
erated during the experiments using a force map approach. A 
statistical representation was used to define the general trend of 
the curves and to facilitate their interpretation. In addition, an 
artificial intelligence learning model was developed to identify 
and localize on the force map the different behaviors among the 
curves. This model was applied to discriminate between the two 
polymers on a mixed PEO/PAA sample.

2   |   Methods

2.1   |   Polymer Brushes

Two polymers, the poly(acrylic acid) (PAA), a charged polyelec-
trolyte polymer, and the poly(ethylene oxide) (PEO), a neutral 
polymer, were studied after being grafted on an ultra-flat gold 
substrate using the “grafting onto” technique [9].

Poly(acrylic acid) (PAA) terminated with (α-thiol, ω-bromo) 
groups was purchased from Polymer Source, featuring an av-
erage molecular weight of Mn = 2000 g/mol (23 repeating units) 
and a polydispersity index of 1.3. Poly(ethylene oxide) (PEO) ter-
minated with a methyl ether thiol group was purchased from 
Sigma-Aldrich. An average molecular weight of Mn = 2000 g/
mol, was also chosen (43 repeating units) with a polydispersity 
index of 1.09.

Ultra-flat gold wafers Au(111) were purchased from Platypus 
Technologies [10]. These gold wafers, deposited on silicon 

substrates (gold thickness 100 nm), were used directly after 
being stripped from the template without further cleaning. 
These surfaces present an average RMS of 0.36 nm and large 
crystal grains of 3.64 ± 0.2 μm2.

The polymers were dissolved in Milli-Q water (resistivity of 
18.2 MΩ cm) at a concentration of 1.5 g/L to yield pure solutions 
of PAA and PEO. These solutions were then deposited onto the 
ultra-flat gold surface and allowed to graft using “the grafting 
onto” method for a duration of 4 h to ensure optimal grafting 
density [11].

Additionally, a mixed 50% PAA/50% PEO sample was prepared 
by simultaneous grafting where a mixed polymer solution was 
prepared by mixing an equal amount of PAA and PEO solutions 
then deposited on a bare ultra-flat gold substrate following the 
aforementioned process.

To estimate this grafting density, a colorimetric method based 
on the selective binding of Toluidine Blue O (TBO) assay, a 
cationic dye, to the carboxyl groups of PAA is used [12]. An 
average grafting density of approximately σ = 0.36 ± 0.04 
chains nm−2 is measured, which is considered “moderate” and 
optimal for our experimental conditions [13]. As this exper-
iment was not possible on the neutral PEO brush, we have 
estimated in the rest of the article, a similar grafting density 
for PEO, or even slightly lower. Indeed, the greater length of 
the PEO chains (17.5 nm max) compared to the PAA chains 
(6.9 nm max) can lead to steric hindrance that can interfere 
with access to the surface.

2.2   |   Solutions

For the experimental measurements, six solutions were pre-
pared. Two solutions had varying pH levels: the first is 2 mL of 
Milli-Q water with 10 μL of 0.026 M HCl (at a pH of 5.5, ~10−4 M 
HCl, for a Debye length of 26.6 nm) and the second 2 mL of di-
luted PBS (at a pH of 7.4, 0.01× PBS, ∼10−4 M Na2HPO4, for a 
Debye length of 7.4 nm). These solutions, named HCl and PBS 
solutions, were considered with very low salt concentration. 
Two high salt concentration solutions were prepared by add-
ing 200 μL of 2 M NaCl to each of the aforementioned solutions 
thereby achieving a salt concentration of approximately 0.18 M 
and leading to Debye length of 0.7 nm each. Two moderate salt 
(0.02 M) solutions were also prepared by adding only 20 μL of 
2 M NaCl to each of the aforementioned solutions. The six solu-
tions are presented in Table 1.

Salt addition resulted in minimal pH variation in the solutions. 
After each measurement with salt, the samples were submerged 
in pure water for a couple hours before starting the next mea-
surement to assure the total dissolution of any remaining salt 

TABLE 1    |    The six solutions.

pH = 5.5 HCl HCl + NaCl (0.02 M) HCl + NaCl (0.18 M)

pH = 7.4 PBS PBS + NaCl (0.02 M) PBS + NaCl (0.18 M)

Note: Table representing the six solutions used in this study (pH and salt 
concentration).
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particles on the surfaces. From one experiment to another, the 
pH value remained the same for buffered PBS solutions but it 
was able to vary for unbuffered HCl solutions, due to CO2 ab-
sorption. Thus, fresh solutions were prepared before each ex-
periment and regular pH measurements were taken yielding a 
value of 5.5 ± 0.5. Subsequently, we will consider a value of 5.5, 
while taking into account the uncertainty of the measurement 
and the possibility of a pH shift.

2.3   |   AFM Force Spectroscopy

Experiments were performed using the AFM instruments NX10 
from Park System using their open liquid cell chamber with a 
volume of liquid of about 2.3 mL, allowing to always maintain 
the sample and the tip in wet conditions during the experiments. 
Between two experiments, the fluid cell and the cantilever holder 
were rinsed with pure water to dissolve any remaining salt parti-
cles, and then with pure ethanol to remove any contamination.

A scan rate of 1 Hz per line and an approach and retract speed of 
10 μm/s are chosen and the setpoint voltage was adjusted to 0.1 V 
corresponding to maximal forces between 10 and 20 nN. To fa-
cilitate comparison between curves, they were all cut at 10 nN.

FORTG (AppNano) cantilevers with a nominal stiffness between 
1 and 2 N m−1 were selected because their spring constant value, 
k, is high enough to limit the critical instability due to the attrac-
tive forces at small surface separations [14] but small enough to 
present a high sensitivity. Prior to each experiment, the cantile-
ver was individually calibrated using the thermal noise method.

The cantilevers were made from silicon and back coated with 
gold. Colloidal tips are often used to measure the collective 
mechanical behavior of the brush layer caused by the tip. This 
parameter was voluntarily not considered and eliminated in 
our system. Thus, classical tips instead of colloidal large ones 
were used with a curvature radius below 14 nm (the value was 
overestimated as it was measured by imaging a tipcheck grid 
(Budget sensor) after force curves measurements). Their small 
radius makes it more efficient to detect hydration forces on the 
interface than electrostatic forces and achieve a better resolution 
[8, 15].

We have also decided to consider only the approach part of the 
force curves in this study since the way the tip pulls at the poly-
mer brushes during retraction is off-topic. This article focuses 
primarily on the organization of these brushes on the studied 
surface. Although the retract curves were also recorded as 
Supporting Informations (Figure S1).

The measurement method exhibits a stochastic character due to 
various effects, the main ones being: thermal fluctuations of the 
tip and polymers, the spatial distribution of polymers under the 
tip for each measurement, and the variability of the position of 
ions and their charges along and between polymers. Therefore, 
it is necessary to generate a very large number of force curves to 
obtain reliable results.

Thus, the specific PinPoint mode, a force volume mapping mode 
available on the NX10, was used. A tip-surface interaction map 

is created by repeatedly acquiring the force-distance curve for 
each point on the surface. Then, each measurement corresponds 
to a 32 × 32 pixels square force map, covering a 25 × 25 nm area 
and containing 1024 force curves. To ensure the consistency and 
reliability of our data and curves, between 5 and 10 force maps 
were acquired for each sample at different locations. Numerous 
samples of pure PAA, pure PEO, and 50%/50% PAA/PEO mix-
tures were studied in six different solutions. Of these, 10 were 
selected for analysis due to their reproducibility. This represents 
a global dataset of approximately 300,000 curves (10 significant 
samples × 5 force maps (min) × 6 solutions × 1024 curves/map). 
All these curves were compared, and an average curve was cal-
culated for each sample-solution system. In order to simplify our 
presentation, we have chosen in this article the most representa-
tive force curve for each sample-solution system, that is, the one 
whose set of 1024 curves most closely approximated the corre-
sponding average curve, in order to illustrate each of the three 
samples and six solutions.

The variability and homogeneity of the 1024 curves was evalu-
ated in a specific force map, using a statistical representation. 
The 1024 force versus separation curves were superimposed and 
presented as 2D force-separation histograms [16, 17], where the 
yellow color indicates a high density of similar data points, and 
dark blue indicates a low density (Figure 1a). A low variability of 
the curves was observed, demonstrating the high repeatability 
of the measurements, with great homogeneity. Thus, a median 
force-separation curve was extracted for each measurement, 
which will be used further to discuss the different interaction 
processes (Figure 1b).

Finally, neither the average nor the median is suitable for char-
acterizing the differences between the two polymers in the 
mixed sample. To address this limitation, we developed a ma-
chine learning model to process the set of curves from each 
measurement and automatically classify them into groups based 
on their similarities. In this study, an unsupervised learning ap-
proach—specifically clustering—was adopted to automatically 
organize the data so that the elements within each group (or 
cluster) are more similar to each other than to those in other 
groups. A cluster can therefore be viewed as a homogeneous and 
compact collection of objects that share common characteristics 
while differing from objects in other clusters.

The agglomerative hierarchical clustering (AHC) algo-
rithm [18] was chosen because it is deterministic and does not 
require specifying the number of clusters in advance. The al-
gorithm works by successively grouping curves according to 
increasing proximity. It begins by assuming that each curve is 
an individual class and then iteratively merges the two closest 
groups according to the chosen distance function (Euclidean 
distance in this study). This process continues until all curves 
are merged into a single group. The result is a hierarchy of 
partitions—nonoverlapping subsets of the original dataset 
that together include all data points—which can be visualized 
using a dendrogram as Supporting Informations (Figure S2). 
In this dendrogram, each of the 1024 curves in the dataset is 
represented along the x-axis, while the y-axis indicates the 
distance at which two instances or clusters are joined. The 
height of the connecting link corresponds to this distance: a 
large jump denotes a significant dissimilarity between groups. 
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The optimal cut of the dendrogram can thus be determined 
by identifying such discontinuities, ensuring that data within 
clusters remain similar while clusters themselves are clearly 
distinct.

3   |   Results and Discussion

3.1   |   PEO Brush

PEO is a neutral polymer with uncharged chains [19]. Thus, 
variations in pH or ionic strength are not expected to modify the 
brush conformation. This is exactly what is observed on Figure 2. 
The force-distance curves obtained in the four solutions, HCl, 

PBS, HCL + NaCl (0.18 M), and PBS + NaCl (0.18 M) are globally 
very close to each other.

They all present a repulsive behavior that extends from 5 to 
7 nm, smaller than the maximal length of our PEO molecule 
(∼17.5 nm) but different to the one obtained on the PAA brush 
surface (Figure 3).

As the PEO is neutral, its elongation is dependent on the van-der-
Waals interaction between chains and then on the proximity be-
tween them. For a grafting density lower than 0.36 molecules nm−2, 
as expected, the van-der-Waals interaction is weak and the chains 
adopt a random conformation between collapsing and stretching: 
a ruffled brush that does not extend longer than 7 nm.

FIGURE 1    |    Approach part of the AFM force-separation curve for PAA in PBS + NaCl (0.18 M), shown as (a) a 2D histogram and (b) the corre-
sponding median force curve extracted from it.

FIGURE 2    |    Influence of pH and salt concentration in PEO. Median 
AFM force-separation curves of PEO in the four solutions: HCl, 
HCl + NaCl (0.18 M), PBS, and PBS + NaCl (0.18 M).

FIGURE 3    |    Influence of the pH on PAA. Median AFM force-
separation curves of PAA in the two low concentrated solutions: HCl 
and PBS.
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The average force-separation curves on PEO display a slight 
ondulation for separations above 7 nm that is below the noise 
level on individual curves (see Supporting Informations 
(Figure S3)). This modulation, accentuated by the superposi-
tion of the different curves, seems to be specific to the PEO 
systems, as it is not visible in the average curves on the PAA 
brushes. Since it occurs in the region between 7 nm and the 
maximal extension of the PEO molecules, it might be due to 
some very weak interaction between the AFM tip and the PEO 
molecules in this region, but this very subtle feature is beyond 
the scope of this paper.

3.2   |   PAA Brush

3.2.1   |   Impact of the pH

Figure  3 presents the median approach force-distance curves 
obtained in the two low salt solutions: HCl and PBS. Both curves 
are different and demonstrate the influence of the pH solution 
on the polymer conformation.

PAA is classified as a weak polyelectrolyte, because its carbox-
ylic acid groups can ionize in aqueous solutions. The percentage 
of ionized carboxylic acid groups is defined by the degree of dis-
sociation (�) [20]. It was shown that this (�) value is very difficult 
to evaluate properly in the brush layer structure as it depends on 
the “apparent pKa value” [20], the local pH in the brush [21–23], 
the concentration of added salt and the local polymer concen-
tration [24].

From titration curves measurements [25], we can establish 
that for a pH at 5.5, the PAA brushes have a degree of ioniza-
tion α of around 0.5, that is, 50% of their carboxylic groups are 
ionized or protonated, whereas at a pH of 7.4, α is around 0.9 
meaning that the majority of the polymer brushes are ionized. 
When the polymer molecules are ionized they can repel each 

other, leading to an extended configuration of the polymer. 
This can explain the difference between the repulsive force at 
a pH of 5.5 and 7.4.

In our curves, we can determine two parameters (Figures 3 and 
4). First, we can examine the shape of the curve which should 
provide information about the strength of the interaction (not 
studied in this paper). Second, we can extract the distance at 
which the force becomes superior to the fluctuation at large dis-
tances, Δz. This Δz value corresponds to the distance at which 
the tip begins to feel the interaction with the polymer and all the 
ionic environment, so it is related to the extension of the poly-
mer and its surrounding ions in the solution (Table 2). It should 
be noted that the measured Δz distance is close to the Debye 
Length value for the PBS solution (7.4 nm), but very far from it 
for the other solutions (26.6 nm in HCl and 0.7 nm in HCl + NaCl 
(0.18 M) and PBS + NaCl (0.18 M)). This confirms the idea that 
the electrostatic force due to organization of ions in solution is 
not accessible in our study due to the fineness of our tips. On the 
other hand, our force curves reflect the impact of ions on the 
organization of polymer chain [8, 15].

At a pH of 5.5, the repulsive force on PAA starts at 2 nm (blue 
curve on Figure 3) and is sharper than on PEO (Figure 2). As 

FIGURE 4    |    Influence of the salt concentration in PAA. Median AFM force-separation curves of PAA (a) in the 3 HCl solutions: HCl, HCl + NaCl 
(0.02 M), HCl + NaCl (0.18 M) and (b) in the 3 PBS solutions: PBS, PBS + NaCl (0.02 M), and PBS + NaCl (0.18 M).

TABLE 2    |    (Δz) detected interaction distance.

Solution HCl
HCl + NaCl 

(0.02 M)
HCl + NaCl 

(0.18 M)

Δz (nm) 1.78 ± 0.05 6.31 ± 0.05 4.10 ± 0.05

Solution PBS
PBS + NaCl 

(0.02 M)
PBS + NaCl 

(0.18 M)

Δz (nm) 7.03 ± 0.05 7.35 ± 0.05 6.66 ± 0.05

Note: Table summarizing the separation distance at which interaction is first 
detected (Δz) in the six solutions for the PAA sample.
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the PAA molecule is smaller than the PEO one and as only 
50% of the carboxylic groups are ionized, the protonation of 
the other groups reduces the interaction between the polymer 
chain. Therefore, the chains adopt more of a collapsed shape 
than an extended shape on the gold surface. At a pH of 7.4, 
the curve increases slightly from 8 to 0.5 nm and then more 
abruptly until contact (orange curve on Figure  3), following 
the curve at a pH of 5.5 for very low separations. The shape of 
the curve at a pH of 7.4 is very different from the one at a pH of 
5.5 in the region between 1 and 8 nm, with another slope and 
a higher repulsive (positive) force. The carboxylic groups are 
mostly negatively charged (90%), meaning that electrostatic 
repulsions between the chains are high and lead to the elon-
gation of the brush. However, the repulsive force extends to 
8 nm, which is slightly above the maximum possible length 
of the PAA molecule. Therefore, it seems that our sharp tip 
is sensitive not only to the polymer brush structure but also 
to the organization of the ions from the PBS surrounding the 
polymer [8].

3.2.2   |   Impact of the Ionic Strength

In the literature, two different regimes are described the impact 
of salt on the behavior of polyelectrolyte brushes [3, 5, 23]. First, 
the osmotic regime, typically observed at low salt concentrations 
(below 0.1 M), the concentration of the negatively charged PAA 
chains (due to deprotonation) keeps positive counterions H3O+ 
confined within the brush layer. The resulting electrostatic in-
teraction between COO− charged groups inside the brush in-
creases leading to the stretching and swelling of the polymer 
chains.

The second regime is the salted brush regime where the high 
amount of added salt ions, specifically the positive cations, 
screen the electrostatic interactions between the polymer COO− 
groups. More ions are condensed inside the polymer brush, 
reaching a concentration similar to the one in the bulk solution 
[21]. Electrostatic repulsions between charged groups are re-
duced and cause the collapse of the chain with the increase of 
the salt concentration [5].

In our study, we do not really observe the collapse of the chain 
at high salinity; therefore, an intermediate concentration was in-
vestigated. Figure 4a,b illustrates the impact of the ionic strength 
with force-distance curves obtained with different concentra-
tions of NaCl salt: 0 M, 0.02 M, and 0.18 M at the two pH. The 
distance at which the force becomes nonzero, Δz, is reported on 
Table 2. We noticed that this distance is greatest at intermediate 
concentration. This nonmonotonic behavior of polyelectrolyte 
brushes at low or moderate ionic strength has already been re-
ported in the literature [5, 21, 22] for longer PAA chains. Prior 
to significant collapse, polymer brushes can exhibit an initial 
swelling under moderate salt concentration. This occurs when 
external Na+ ions enter the brush layer, replacing H3O+ ions, 
leading to an increase of the local pH. This process induces a 
higher dissociation of the COOH groups in the chains, allowing 
the polymer chains to extend and causing the brush to expand 
before it eventually collapses at much higher salt concentrations 
[5, 26, 27].

However, it was reported that for short polymer chains (as in 
our case), the brush conformation becomes less sensitive to pH 
change, and no pH-induced swelling is typically observed [28]. 
Moreover, shorter PAA chains are known to be locally stiffer 
than longer ones [29], which limits their ability to undergo 
conformational changes such as pH-induced swelling or salt-
induced collapse. The fact that such changes are still detectable 
in our measurements, even if only slightly, highlights the high 
sensitivity of our characterization technique.

3.2.3   |   50% PAA/50% PEO Mixed Polymer

Clear differences between PAA and PEO were observed in 
the median force curves measured in our study. This suggests 
that our measurements are well adapted to discriminate poly-
mer type, PAA or PEO, in a system with unknown proportion 
of grafted polymers. To further explore this idea, we prepared 
an additional sample consisting of a 50% PAA/50% PEO mixed 
polymer and measured it by AFM spectroscopy. We expected to 
detect the characteristic force signatures of both polymers in the 
sample system.

The mixed sample was measured in the six different solu-
tions with varying pH (pH at 5.5 and 7.4) and ionic strength 
(0 M, 0.02 M, and 0.18 M), but only the result concerning the 
HCl + 0.02 M NaCl solution is illustrated in Figure 5.

The 2D histogram of Figure 5a presents a higher dispersity and 
lower homogeneity compared to the pure individual PAA and 
PEO sample, as expected for a mixed 50% PAA/50% PEO brush 
sample. Two distinct turquoise curves corresponding to two sets 
of concentrated data points can be observed. These two types of 
curves can be clearly identified: one resembling those obtained 
for pure PAA and the other similar to those of pure PEO in the 
same solution (Figure 5b).

In addition, the coexistence of PAA-like and PEO-like behav-
iors in the mixed sample was further evidenced through the 
clustering method (Figure 5b,c). The dendrogram (Figure S2) 
suggests a partition of the curves into three clusters rep-
resented in green, red, and orange. The identification of 
the polymer type was performed by comparing the median 
force curves of the pure polymer samples (PAA and PEO) 
(Figure 5b) with the 32 × 32 clustered curves of the mixed sam-
ple (Figure 5c). One curve corresponds to one pixel of the color 
map that covers a 25 × 25 nm2 area (Figure 5d). Thus, for this 
small area, the map clearly reveals a heterogeneity of the poly-
mers' spatial distribution. We can see orange and green zones 
that refer to PAA and PEO regions, respectively. The red inter-
mediate curves are mostly measured at the limit between the 
two green and orange zones or sometimes dispersed. The red 
cluster can describe either interactions with both polymers at 
the limit of the zone or some isolated different type of poly-
mers inside the zone (some PAA polymers in a PEO zone for 
example or the opposite).

The AI clustering approach appears to be an efficient tool to help 
us identify, thanks to the curves' shape, the nature of the poly-
mers in the different zones.
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3.3   |   Limitations of the Study

In order to improve the accuracy of our results, we plan to 
optimize the stability of the medium by using buffered solu-
tions in acidic conditions. This approach will eliminate any 
pH drift and strengthen the robustness of our experimen-
tal data.

To enrich this study, our field of investigation will be extended 
to a wider range of pH and ionic strengths by exploring vari-
ous salts.

Furthermore, to enhance analytical depth, we are transition-
ing from Agglomerative Hierarchical Clustering (AHC) to-
ward the implementation of high-performance neural network 
architectures.

4   |   Conclusion

Overall, these results demonstrate that AFM force spectroscopy 
with a sharp tip instead of a colloidal tip, combined with statis-
tical analysis using 2D histograms, is a powerful approach for 
analyzing and understanding the behavior of polymer brushes in 
solution, particularly with respect to changes in pH and salt con-
centration, as it is very sensitive to minute changes in the brush 
configuration. As expected, the neutral PEO polymer was not 
perturbed by changes in the pH and in the salinity of the solution 
and adopted a ruffled conformation according to our moderate 
grafting density.

In contrast, the weak polyelectrolyte PAA has shown different 
behaviors depending on the pH of the solution and the salinity 
despite its short size. It appears that the PAA brush collapses at a 

FIGURE 5    |    Mixed 50/50 PEO/PAA Polymers in the HCl + NaCl (0.02 M) solution: (a) 2D histogram of the AFM force-separation curve, (b) corre-
sponding median force curve in pure PAA and pure PEO superposed on the 2D histogram, (c) representation of the 1024 curves categorized by the 
AI clustering program, with the following color-code: Cluster 1 in orange, cluster 2 in green, cluster 3 in red, (d) corresponding color map of 32 × 32 
points on 25 × 25 nm with the same color code.
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pH of 5.5 when surrounded by H3O+ ions and swells with adding 
other ions in the salted solutions. In PBS, the PAA brush is in a 
swollen configuration due to a higher dissociation of the poly-
mer at a pH of 7.4. We also observed, as previously mentioned 
by Currie et al. [5] and Chu et al. [27] that the polymer brush 
extension is more important in intermediate salt solution than 
in higher salted concentration. In PBS, our results showed that 
the added salt modifies not only the chain extension but also 
the repulsive force within the brush in a way that remains to be 
understood by further studies.

Finally, our AI clustering analysis of the mixed PAA/PEO sam-
ple has proved to be adapted to discriminate areas on the sur-
faces where only one type of polymer has been grafted.

These results are very encouraging as they demonstrate that it is 
possible to create and to identify areas with different polymers at 
the scale of individual polymers. This is really promising for the 
development of biosensors with polymer brushes with different 
affinities toward proteins or bacteria.
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