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Abstract: Prostate cancer (PCa) is a slow-growing neoplasm that has, when diagnosed in its early
stages, great chances of cure. During initial tumor development, current diagnostic methods fail to
have the desired accuracy, thus, it is necessary to develop or improve current detection methods and
prognostic markers for PCa. In this scenario, films composed of hyaluronic acid (HA) and chitosan
(CHI) have demonstrated significant capture potential of prostate tumor cells (PC3 line), exploring
HA as a CD44 receptor ligand and direct mediator in cell-film adhesion. Here, we present a strategy
to control structural and cell adhesion properties of HA/CHI films based on film assembly conditions.
Films were built via Layer-by-layer (LbL) deposition, where the pH conditions (3.0 and 5.0) and
number of bilayers (3.5, 10.5, and 20.5) were controlled. The characterization of these films was carried
out using profilometry, ultraviolet-visible (UV-VIS), atomic force microscopy (AFM) and contact angle
measurements. Multilayer HA/CHI films produced at pH 3.0 gave optimum surface wettability and
availability of free carboxyl groups. In turn, at pH 5.0, the coverings were thinner and presented a
smoother surface. Films prepared with 3.5 bilayers showed greater tumor cell capture regardless
of the pH condition, while films containing 10.5 and 20.5 bilayers presented a significant swelling
process, which compromised their cell adhesion potential. This study shows that surface chemistry
and morphology are critical factors for the development of biomaterials designed for several cell
adhesion applications, such as rapid diagnostic, cell signaling, and biosensing mechanisms.
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1. Introduction

Prostate cancer (PCa) is a slow-growing neoplasm that causes second highest mortality
among men, though presenting good chances of cure when diagnosed in its early stages [1].
Currently, the diagnosis is performed through prostate specific antigens (PSA) detection
and rectal examination, which do not present the desired accuracy and thus result in many
false negative results [2]. Therefore, in this context, the development and improvement of
rapid detection methods and prognostic markers for prostate cancer are of great importance
in order to contribute to more effective treatments [3].

Towards that end, previous studies have shown great potential for multilayer poly-
meric films composed of hyaluronic acid (HA) and chitosan (CHI) in the selective capture
of tumor cells [4,5]. This interaction is driven by the high affinity of the hyaluronate,
present in the HA molecule, with CD44 receptors. CD44 is an extracellular glycoprotein
that is particularly upregulated in immune cells, such as B lymphocytes, macrophages, and
tumor cells [6,7]. When bonded to HA, one of its main ligands [8], CD44 is responsible
for a range of cellular processes, such as cell proliferation, migration, and adhesion [9].
Furthermore, current discussions point to a possible correlation between CD44 expression
and tumor cell metastasis [10–12], which supports the potential use of HA-based devices
as diagnostic tools.
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Hyaluronic acid and chitosan are natural polymers that offer a number of advan-
tages for use in biomedical materials, such as biodegradability, biocompatibility, and low
toxicity [13]. In this way, the risk of triggering immune responses when interacting with
living organisms becomes very low. CHI is a polymer obtained from the deacetylation
of chitin [14], which can be found in a wide variety of sources, such as insects [15–17],
fungi [18], and crustaceans [19]. Chitosan can vary in terms of molecular weight, degree
of deacetylation, and dispersity, which are key properties in determining the molecule’s
physicochemical characteristics and biological behavior [20]. Moreover, chitosan can be
synthesized in a range of derivative types in order to enhance a particular property [21].
For instance, molecular weight and degree of deacetylation, which is determined by
D-glucosamine and N-acetyl-D-glucosamine groups in the polymer backbone, are determi-
nant factors on modulating CHI antibacterial activity [22]. This particular application of
chitosan CHI has been extensively investigated due to the electrostatic interaction between
the positive charges of the amine groups of CHI and the negative charges in bacterial
membranes, thus disrupting bacterial cell walls [23,24]. Furthermore, the use of chitosan
as a building block for polyelectrolytic-based materials extends CHI applications to a
variety of biomedical purposes, such as the development of drug delivery systems [25,26],
biomarkers [27,28], wound dressings [29], tissue engineering [30,31], and as both treatment
and prevention of microbial infections [32–35]. In turn, HA is a copolymer that occurs nat-
urally in the human body as one of the main components of the extracellular matrix, being
found in larger amounts in the eyes, skin, and connective tissues [36–38]. As well as CHI,
hyaluronic acid is widely explored in the medical field, with applications in joint disorder
therapies [39,40], implants [41], regenerative medicine [42,43], and drug delivery [44].

Moreover, HA and CHI are polyelectrolytes that have ionizable functional groups,
being classified as anionic (negative) and cationic (positive), respectively. Thus, by using
oppositely charged polyelectrolytes, it is possible to build multilayer films via Layer-by-
layer (LbL) deposition, in such a way that the cohesion between the layers is maintained
by electrostatic forces. Films based on HA and CHI have been used in several applications,
such as antimicrobial surfaces [45,46], cell adhesion [47], drug delivery [48], biosensing [5],
wound dressings [29,49], gene delivery systems [50,51], and tissue engineering [52].

The Layer-by-layer assembly technique, developed by Iler in 1996, consists of alternat-
ing immersions of a substrate in solutions of opposite charges [53], so that the deposition
of the coatings occurs by adsorption [54]. It is a self-assembly process with no restrictions
regarding the type of geometry and substrate [55], which allows the incorporation of a
multitude of materials to the multilayer.

In this process, there are several possible formation conditions that can directly inter-
fere on the functionality of the multilayer films, since they can lead to different topography
conditions and physicochemical properties of the coatings [56,57]. Such parameters include
pH, ionic strength, and concentration of the polyelectrolytic solutions [58–60] as well as
the number of bilayers deposited on the substrate [61]. For instance, previous studies
have shown that it is possible to obtain tunable topography [62], hydrophilicity [63], drug
delivery parameters [64], and cell adhesion conditions [65] by adjustment of polymeric
solutions in Layer-by-layer assembly.

Given this context, this project proposes investigating the influence of the pH of the
polyelectrolytic solutions and the number of bilayers deposited on the morphology and
composition of HA and CHI films via LbL. In addition, the selective capture potential of
the coatings in regard to tumor cells of the PC3 strain, as well as the quality (form factor)
and kinetics of adhesion, were then explored.

2. Materials and Methods
2.1. Materials

Chitosan (CHI), hyaluronic acid sodium salt (HA, from Streptococcus equi sp.),
Polyethylenimine (PEI), Alcian blue (AB), and Rose Bengal (RB) were purchased from
Sigma-Aldrich, St. Louis, MO, USA. All polyelectrolytes were used without further purifi-
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cation. Sodium hydroxide (NaOH), sodium chloride (NaCl), and hydrochloric acid (HCl)
were purchased from Synth (São Paulo, Brazil). Glass slides were used as substrates and
purchased from Kasvi (São José dos Pinhais, Brazil). HAM-F12K cell culture media and
streptomycin/penicillin (S/P, 5000 U.I./mL) were purchased from Lonza (Basel, Switzer-
land). Fetal bovine serum (FBS) and Dulbecco’s Phosphate Buffered Saline (DPBS), DAPI,
and Phalloidin were purchased from Sigma-Aldrich (St. Louis, MO, USA). The PC3 tumor
line was obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA).

2.2. Methods
2.2.1. Polyelectrolyte Solutions

Chitosan, hyaluronic acid, and polyethyleneimine (PEI) solutions were prepared at
a concentration of 1% (w/v) with an ionic strength of 0.1 M NaCl. CHI solution was
solubilized in a 0.1 M glacial acetic acid (HAc) solution, while HA and PEI were solubilized
in Milli-Q water. The solutions were stirred for 24 h in the presence of NaCl. The solutions
were then divided into two portions each and adjusted to pH levels of 3.00 ± 0.05 or
5.00 ± 0.05, respectively.

2.2.2. Preparation of Substrates

Glass slides (24mm × 24 mm) were cleaned by ultrasonication with an aqueous
solution of commercial detergent and Milli-Q water for 10 min each, respectively. The
substrates were then dried at room temperature. Subsequently, they were treated with
O2 plasma at 100 mTorr for 15 min (720 V DC, 25 mA DC, 18 W; Harrick Plasma Cleaner,
PDC-32G) and covered with a PEI precoating [4].

2.2.3. Film Assembly via Layer-by-Layer Deposition

Multilayer films were assembled by alternating immersions of the PEI precoated
glass slides in HA and CHI solutions for 10 min each, followed by three rinsing steps
with ultrapure water (2 min, 1 min, and 1 min, respectively) between each polyelectrolyte
immersion. The LbL procedure was repeated for 3.5, 10.5, and 20.5 cycles for all films,
setting HA as the outermost layer.

2.2.4. Cell Adhesion Assays

Prostate tumor cells of the PC3 strain were cultured in HAM F12 K medium contain-
ing 10% fetal bovine serum and 1% penicillin/streptomycin. The culture was kept in a
humidified incubator at 37 ◦C and 5% CO2, with periodic changes of the culture medium.

To highlight the cells adhered to the culture flasks surface, 1 mL of 0.25% (v/v) trypsin
was used. In this way, the cells in suspension could be counted using a Neubauer Chamber.
Then, the HA/CHI films were placed in culture wells, pipetted with the suspension, and
left for 1 h in an oven for the incubation step.

Finally, the wells were rinsed with a DPBS Flush buffer at pH 7.4 in order to remove the
nonadhered cells. Micrographs were acquired using the Axio Observer.Z1 Zeiss inverted
confocal L510 microscope (Carl Zeiss AG, Oberkochen, Germany).

2.2.5. Physicochemical Characterization

Film thickness was determined with a Dektak 150 stylus profilometer (Veeco, Plain-
view, NY, USA) at a force of 1.0 mg and scan speed of 17 µm/s. Measurements were
taken in quintuplicate. To evaluate the availability of carboxyl groups in HA, the films
were stained with the polycationic dye Alcian Blue (AB), whose absorbance reading is
performed at a wavelength of 617 nm. The analysis was carried out using an ultraviolet-
visible (UV-VIS) spectrophotometer (Schimadzu, Model 1800). The hydrophilic character
of the films was assessed through contact angle measurements, which were carried out
in a goniometer Krüss Easy DropDSA-150 (Hamburg, Germany) in the static sessile drop
mode. Measurements were taken in sextuplicate. Film topography data was obtained with
atomic force microscopy (AFM) images, which were taken with a Park NX-10 Atomic Force
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Microscope (Suwon, South Korea) in tapping mode at room temperature and a humidity of
approximately 5%. The AFM images and roughness data were analyzed using Gwyddion
open software.

3. Results and Discussion
3.1. Film Characterization
3.1.1. Profilometry

Film thickness was assessed through profilometry. The results presented in Figure 1
indicate that the increase in pH range led to thinner films. This result is a consequence of
the charge density assumed by both HA and CHI in the studied pH range.
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At both pH 3.0 and pH 5.0, chitosan (pKa = 6.0) is highly charged, with about 99.90%
and 90.91% of its functional groups ionized respectively. In turn, hyaluronic acid (pKa = 2.9)
is partially charged at pH 3.0, with 55.73% ionized functional groups, while it is highly
charged at pH 5.0, where ionization levels reach 92.64% [37,66].

The charge density of the polymers in solution are determining factors for the con-
formation of their chains, in a way that the higher the charge density, the more linear the
molecule is, due to the phenomenon of charge repulsion [67]. In this scenario, CHI adopts
a stiff conformation regardless of the pH condition, while HA chains assume a random coil
conformation at pH 3.0 and a stiff conformation at pH 5.0 [67]. Thus, the result of thicker
films at pH 3.0 is explained.

In addition, the coiled conformation of HA at pH 3.0 provides a smaller surface area
for approximation with other molecules, which means that a smaller portion of the negative
charges of HA interact with the positive ones of CHI. For this reason, a greater amount
of HA molecules is required in order to compensate charges with CHI [66]. We suggest
that a greater number of HA molecules is required in order to compensate charges with
CHI for the film assembly [55]. Thus, there is a greater deposition of hyaluronic acid
at pH 3.0, which contributes to an increase in the overall film thickness. Similar results
were described by Montelongo et al. (2016) on the assessment of HA/CHI films under
different pH conditions, where films assembled at pH 3.0 presented the highest thickness
measurements among the analyzed samples [46].

3.1.2. UV-Vis

The UV-Vis technique was employed to quantify the free carboxylic groups in the
films using the Alcian Blue dye. The AB binds to the free carboxylic groups of hyaluronic
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acid, that is, those that do not participate in any interaction with the amino groups of
chitosan [61]. Therefore, the higher the absorbance value, the more dye was incorporated
by the film. AB absorbance measurements are shown in Figure 2 and are relative to both
sides of the films.
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Figure 2. Absorbance of the films for 3.5, 10.5, and 20.5 bilayers under the conditions of (a) pH 3.0 and (b) pH 5.0.

It is observed that the increase in the number of bilayers, regardless of pH, increases
the absorbance of the dye in the films, which is expected since a greater number of deposited
cycles promotes a greater adsorption of HA to multilayers. When comparing the films
according to the pH conditions, the influence of charge density on the polyelectrolytes is
again noted. At pH 3.0, the absorbance peaks are higher than at pH 5.0, which occurs for
two reasons. The first is the higher concentration of hyaluronic acid in films prepared at pH
3.0, due to the need of more molecules to compensate charges with chitosan. The second is
the fact that there is a greater number of free carboxylic groups to interact with the dye,
since the coiled conformation of the HA chains creates a spatial impediment, allowing only
a part of these groups to come into contact with the CHI molecules. In contrast, at pH 5.0,
the carboxylic groups of HA are committed to the electrostatic interaction responsible for
the formation of multilayers, since CHI is also highly charged and available. Nascimento
et al. (2018) observed a similar AB incorporation trend regarding the number of bilayers
and pH on HA/CHI films [68].

3.1.3. Contact Angle

The hydrophilic character of the films was evaluated through contact angle measure-
ments. With the aid of a goniometer coupled with software, values of the angles formed
between drops of water and the surface of the coverings were obtained over time, as shown
in Figure 3. The affinity for aqueous environments determines the permeation of the culture
medium in the samples so that more hydrophilic surfaces provide a greater area of contact
with the cellular environment. In this way, films with greater wettability tend to favor cell
contact and subsequent adhesion [69].
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Figure 3. Measurement of contact angle over time for films built under different pH conditions and
number of bilayers.

According to the results, there is no statistical difference in contact angle measurements
over time, which shows that there is no considerable spread of the drop. Thus, it can be
pointed out that the films offer good stability for the drop.

Moreover, a decrease in the contact angle was observed with the decrease of the pH
condition from 5.0 to 3.0 for films assembled with 10.5 and 20.5 bilayers. As discussed
before, due to the lower density of charges at pH 3.0, there is a higher amount of HA chains
in the films prepared in this condition. Hyaluronic acid is one of the most hydrophilic
molecules found in nature [37], which corroborates to the greater surface wettability found
in HA/CHI films assembled at pH 3,0, since they contain a higher amount of HA.

Regarding the films assembled with 3.5 bilayers, no significant changes were observed
in contact angle results with an increase in pH levels. The same effect was found for films
with 10.5 and 20.5 bilayers within the same pH condition. Therefore, we suggest that up
to 10.5 bilayers, the number of deposited layers is the leading factor for modulating the
hydrophilic character of the coverings, whereas for films built with over 10.5 bilayers, the
increase in pH levels then becomes the key factor for controlling this property.

3.1.4. Atomic Force Microscopy (AFM)

Through atomic force microscopy analysis, the mean square roughness of the nano-
metric films was determined, the values of which are shown in Table 1. Figure 4 shows the
AFM images of the coatings.

Table 1. Roughness values of nanometric coatings for different pH conditions and number of bilayers.

pH Condition Number of Bilayers Roughness (nm)

3.00
3.5 13 ± 3

10.5 44 ± 12
20.5 42 ± 6

5.00
3.5 8 ± 1

10.5 23 ± 4
20.5 21 ± 6
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Figure 4. AFM images for films assembled under the conditions of pH 3.0 and (a) 3.5 bilayers, (b) 10.5 bilayers, and
(c) 20.5 bilayers, respectively; and of pH 5.0 and (d) 3.5 bilayers, (e) 10.5 bilayers, and (f) 20.5 bilayers, respectively.

AFM results revealed that the increase in pH promoted the formation of more regular
films with smoother surfaces. This result corroborates with the discussion on the confor-
mation of the hyaluronic acid molecules within the studied pH range. The adsorption of a
more coiled-shaped HA at pH 3.0 results in a rougher surface for films assembled in this
pH condition.

On the other hand, the stiff conformation of both HA and CHI at pH 5.0 leads to a
smoother surface on films built in this condition. It is also important to emphasize that
the outermost layer of the films is composed of HA, which reinforces the role of charge
density and assumed conformation of this polyelectrolyte not only in the film topography,
but also in all surface properties. The increase in the number of bilayers, in turn, reveals
a kind of roughness saturation in the coatings, which have a growth profile based on the
construction of polymeric islands [70], which was also described in previous literature
reports [48,71].

3.1.5. Capacitance

Through atomic force microscopy analysis, the films were also characterized as to
their capacitance. Figure 5 shows the obtained AFM images, while Table 2 contains the
capacitance measurement values for some of the coatings produced in this project.

Table 2. Capacitance measurements of the nanometric coatings for different pH conditions and
number of bilayers.

pH Condition Number of Bilayers Capacitance (mV)

3.00
3.5 119 ± 23

10.5 122 ± 29
20.5 150 ± 10

5.00
3.5 155 ± 52

10.5 152 ± 47
20.5 146 ± 10
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Figure 5. Distribution of loads in coatings prepared under the conditions of pH 3.0 and (a) 3.5 bilayers, (b) 10.5 bilayers, 
and (c) 20.5 bilayers, respectively; and of pH 5.0 and (d) 3.5 bilayers, (e) 10.5 bilayers, and (f) 20.5 bilayers, respectively. 
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The capacitance results indicate that the films are electrically similar, though the films
prepared at pH 5.0 showed higher average capacitance and larger variability between
trials.. Again, this result is a consequence of the greater electrostatic character assumed by
the polyelectrolytes in this pH range. Moreover, previous work by our group has shown an
association between smoother surfaces and higher charge mobility, which is in accordance
with the results presented in this paper [4].

The surface charge of a substrate is known to have a significant influence on the cell
adhesion process of several strains [56]. However, this property of HA/CHI coatings
still has an exploratory character, with the aim to investigate the correlation between
charge mobility on the surface and the selectivity of films in the adhesion of circulating
tumor cells. Nevertheless, recent studies on HA/CHI films have pointed out to an inversely
proportional relation between charge mobility and the average number of PC3 cells adhered
to the films [72].

3.2. Cell Adhesion Assays
Selective Potential of the Multilayer Films

The images of the tumor cells adhered to the films are shown in Figure 6 for different
pH conditions and number of bilayers. For the 3.5 bilayers films, it was possible to verify
the cellular adhesion in a clear way, with visually similar numbers of adhered cells in
both pH conditions. These results corroborate the findings of previous works by Rocha
Neto et al. (2020), which revealed an increase in the number of captured PC3 cells on
HA/CHI films with a decrease in pH levels, suggesting pH as a key factor for modulating
cell adhesion [72]. As for the films with a higher number of bilayers, swelling of the
films was observed in several regions, which made quantitative analyses of cell adhesion
impossible. This event is evident in Figure 6d, where the upper part of the film reveals a
very different structure to the lower part.
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By adjusting experimental variables such as pH of the polyelectrolytic solutions and
number of bilayers, it was possible to promote changes in the physical and chemical
properties of HA/CHI multilayer films, changing the topographic profile, capacitance,
thickness, availability of free functional groups, and hydrophilicity. For 3.5 bilayers, the
films showed similar thicknesses across the entire pH range. Thus, according to the
adhesion images obtained, it is suggested that thinner films have a high selective potential
for prostate tumor cells.

However, it was not possible to verify the relationship between thicker films and the
number of cells adhered due to the swelling of films prepared with more than 10.5 bilayers.
One of the hypotheses raised for this issue is the dragging of the film during rinsing steps
to remove the nonadherent cells.

Another possibility that can be considered is a change on film structure due to pH
variations. The films were assembled at specific pH conditions, where the ionization of the
polyelectrolytes is known. However, the cell adhesion assays are performed in a culture
medium at pH 7.4. Thus, it is suggested that the change in pH condition during 1 h could
have altered the electrostatic forces that maintain the cohesion between layers for thicker
films. Kumorek et al. described the effects of medium pH on the disassembly of tannic acid
(TA) and chitosan films. It was suggested that under significantly different pH conditions
than those of film assembly, a change in the ionization profile of CHI and TA occurs, which
compromises the electrostatic interaction between the molecules and, thus, leads to the
disintegration of the multilayer films [73]. Moreover, recent investigations carried out by
our group on the use of chitosan molecules with different degrees of deacetylation pointed
to the control of CHI properties as a promising strategy to promote a higher stability
of HA/CHI films under pH levels close to physiological conditions [48]. Considering
that, in this study, films developed under the same pH conditions were exposed in the
same manner to the cell culture medium at physiological pH, we also suggest that the
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disintegration of the films can be aggravated by an increase in the number of bilayers,
therefore corroborating with the results observed for films of 10.5 and 20.5 bilayers in cell
adhesion assays.

The increase in the pH of the polyelectrolytic solutions promoted the formation of
films with smoother surfaces. As for the number of bilayers, roughness saturation was
observed from 10.5 bilayers on. However, the roughness values have an order of magnitude
of nanometers, while the cell size is in the order of micrometers. Thus, it is proposed that
the tumor cells are not sensitive to the differences in roughness expressed by the films.

The capacitance of the coatings varied from 0.090 V to 0.163 V. The assembly conditions
explored did not promote large electrical differences between the films, disfavoring any
comprehension of this property on the cell adhesion mechanism.

Regarding the hydrophilicity of nanometric films, it was found that the pH 3.0 condi-
tion led to more hydrophilic films. However, the contact angle tests were performed over
10 s, where the spread of water droplets on the surfaces of the coverings was monitored. In
this period, very similar values were observed in the angles obtained for the 3.5-layer films
in the studied pH range. In contrast, the cell adhesion tests lasted for 1 h, which is assumed
to be enough time for the culture medium to spread the same way in both 3.5-layer films,
regardless of the pH condition.

4. Conclusions

The HA/CHI coatings developed via LbL exhibited significant selective potential in
capturing the prostatic tumor line PC3, exploring the CD44-HA interaction. In addition to
the presence of HA to promote cell adhesion into the films, we suggest that film thickness
plays an important role in this mechanism. Thicker films tend to be unstable for applications
that require contact with physiological environments. Therefore, our findings suggest that
thinner films are more suitable to induce tumor cell capture. Moreover, it was found
that HA/CHI films with 3.5 bilayers at pH 3.0 provided the optimum condition for cell
adhesion in this study.

Since cell adhesion on substrates is a surface phenomenon, this study suggests that the
topography and availability of functional groups act as key factors for the development of
biomaterials suitable for this application. By understanding the PC3 lineage as a tumor cell
model, there is a potential application of HA/CHI coatings as platforms for the selective
capture of tumor lineages, as the CD44-HA interaction is susceptible to applications in
rapid diagnostic devices, cascades of cell signaling, and biosensor mechanisms.
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