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Abstract

This study investigates the development and characterization of bioactive films incorpo-
rating silver nanoparticles (AgNPs) into biocompatible polymers, namely alginate and
chitosan, fabricated using two methods, spin-coating and drop-casting, and aiming to
enhance their antimicrobial properties. Dynamic light scattering (DLS) and electrophoretic
mobility (EM) of the film precursor solutions revealed significant changes in the nanoparti-
cles’ size and Zeta potential (ZP), reflecting the influence of polymer coatings. Alginate
contributed to high electrostatic stability due to its negative charge, while chitosan facili-
tated specific interactions with negatively charged surfaces. Raman spectroscopy revealed
that spin-coating conditions did not successfully result in film formation, highlighting
the need for further optimization. Therefore, subsequent characterization studies were
conducted only for the films formed by drop-casting. Topographical and nanomechanical
assessments of these drop-cast films, using atomic force microscopy (AFM) and force spec-
troscopy, demonstrated that AgNPs reduced adhesion and elasticity in alginate films, while
increasing rigidity and adhesion in chitosan-based films. Antimicrobial tests confirmed the
efficacy of AgNPs in both precursor solutions and polymer films, with chitosan-based films
that retained structural integrity, which makes them suitable for prolonged applications,
while alginate films displayed rapid gelation upon hydration, potentially advantageous
in short-term applications. The findings underscore the potential of these biopolymer-
AgNP composites in creating antimicrobial materials for food packaging, wound dress-
ings, and other biomedical applications. However, challenges related to film deposition
methods, such as spin-coating, require further optimization to improve film formation
and reproducibility.

Keywords: AgNPs; drop-casting; green synthesis; antibacterial film; Raman spectroscopy;
atomic force microscopy

1. Introduction
In recent years, functional biomaterials have gained prominence across various fields,

including regenerative medicine, packaging, and biomedical devices, due to their ability to
confer specific properties while maintaining biocompatibility, such as antimicrobial activ-
ity [1], as well as the controlled release of bioactive compounds [2]. In this context, hybrid
polymeric films incorporating nanoparticles have emerged as promising platforms for the
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development of multifunctional materials to meet the growing demands of biomedical and
industrial applications.

The discussion surrounding the use of biopolymers as alternatives to synthetic plastics
has expanded significantly in recent decades, driven by increasing concerns about the
environmental impact of synthetic polymers [3]. Industries ranging from food packag-
ing to medical devices, as well as construction and automotive sectors, have recognized
biopolymers as sustainable alternatives to conventional plastics [4,5]. In parallel to the rise
in biopolymer utilization, nanotechnology has proven to be a crucial tool for modifying
and enhancing the functional properties of these materials, facilitating the development of
multifunctional systems. Among nanomaterials, silver nanoparticles (AgNPs) stand out
for their proven antimicrobial efficacy and their ability to interact with biomolecules due to
their high surface area [6]. When incorporated into various matrices, such as biopolymers,
AgNPs can exhibit improved colloidal stability and impart antimicrobial properties to the
resulting nanocomposite material [7].

Biopolymers such as alginate and chitosan are widely used due to their biocompatibil-
ity, biodegradability, and film-forming capabilities [8–10]. Alginate, an anionic biopolymer
derived from marine algae, is known for its favorable mechanical and chemical properties
that enable interactions with other materials [11]. Chitosan, a cationic polysaccharide de-
rived from chitin, possesses inherent antimicrobial properties [10]. These biopolymers can
be processed into films using different techniques, including drop-casting and spin-coating,
which can yield distinct morphological and functional characteristics depending on the
method employed [12].

The characterization of these hybrid systems, comprising biopolymers and nanoparti-
cles, is essential for understanding the relationship between their physicochemical proper-
ties and functional performance. Techniques such as dynamic light scattering (DLS) and
electrophoretic mobility (EM) are instrumental in assessing critical solution parameters,
including particle size, polydispersity index (PdI), and Zeta potential (ZP). These met-
rics provide insights into colloidal stability and uniformity, especially for characterizing
nanostructures in the early stages of development [13]. Moreover, Raman spectroscopy
and atomic force microscopy (AFM) are vital tools for analyzing the chemical structure
and morphology of films derived from these solutions [14]. Antimicrobial activity studies
further evaluate the efficacy of these materials against target microorganisms [15].

Despite the growing body of research on biopolymer-nanoparticle composites, critical
gaps persist in understanding how the choice of film fabrication method (e.g., drop-casting
vs. spin-coating) influences the structural, nanomechanical, and ultimately functional prop-
erties of alginate and chitosan films loaded with green-synthesized AgNPs. Furthermore, a
systematic comparison of how these two biopolymers—with their opposing charges—affect
the colloidal behavior of AgNPs in precursor solutions and subsequently modulate film
properties and antimicrobial performance remains underexplored. This study addresses
these gaps by employing a combined analytical approach (Raman spectroscopy, AFM, force
spectroscopy) to directly correlate solution-phase interactions with the physicochemical
and antimicrobial characteristics of the resulting films. We selected drop-casting and spin-
coating as model techniques because they represent fundamentally different deposition
mechanisms (evaporation-driven vs. centrifugal force-driven), allowing us to probe the
critical role of substrate adhesion and process dynamics in forming functional bioactive
layers from these specific biopolymer-AgNP systems.

In this study, hybrid colloidal suspension of AgNPs combined with alginate and
chitosan were developed and characterized by DLS and EM to determine particle size,
PdI, and ZP. Bioactive films were produced from these solutions and physicochemically
characterized using Raman spectroscopy and AFM. Additionally, antimicrobial activity
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studies of both the solutions and the films were conducted to correlate their physicochemical
properties with antimicrobial performance, thereby contributing to the development of
innovative bioactive materials.

2. Materials and Methods
2.1. Synthesis of Silver Nanoparticles (AgNPs)

Silver nanoparticles (AgNPs) were synthesized using a leaf extract from the native
Cerrado plant Caryocar brasiliense Camb., under authorization for access to genetic heritage
(CGEN no. 02001.007580/2014-95). The synthesis followed the method described by [16],
wherein 5 mL of the C. brasiliense extract was added to 495 mL of an aqueous silver nitrate
(AgNO3) solution at 1 mM concentration (Plat-Lab, Guarulhos, Brazil). The reaction was
carried out under dark conditions at 75 ◦C for 150 min. After synthesis, the AgNPs were
characterized by dynamic light scattering (DLS) to assess their size distribution and stored
at 4 ◦C until use.

2.2. Formation of the Polymeric Films
2.2.1. Preparation of Alginate and Chitosan Solutions

Alginate: To prepare a 2% alginate solution, 0.1 g of alginate was dissolved in 5 mL
of ultrapure water under magnetic stirring for 1 h. A similar solution was prepared using
5 mL of 1 mM AgNP suspension as the solvent.

Chitosan: A 2% chitosan solution in 0.1% acetic acid was prepared by dissolving
0.1 g of chitosan in 5 mL of 0.1% acetic acid (prepared with ultrapure water) and stirring
for 6 h. After 4 h, the acetic acid concentration was adjusted to 0.5% by adding 20 µL of
glacial acetic acid. A similar solution was prepared using 5 mL of 1 mM AgNP suspension
containing 0.1% acetic acid, which was also adjusted to 0.5% after 4 h.

2.2.2. Substrate Preparation

Circular 6 mm diameter discs of TetraPak laminated packaging were cut using a
puncher and treated sequentially: immersion in 0.1% Extran® neutral detergent (Merck
KGaA, Darmstadt, Germany) for 5 min, rinsing with ultrapure water for 30 s, immersion
in 70% ethanol for 3 min, drying at 80 ◦C for 5 min, and flattening with gentle manual
pressure using the inner surface of Parafilm® (Bemis Company Inc., Neenah, WI, USA).

2.2.3. Film Formation

Drop-Casting: A volume of 40 µL from different solutions was deposited on prepared
discs: (i) AgNP 1 mM suspension, (ii) 2% alginate in AgNP, (iii) 2% alginate, (iv) 2%
chitosan in AgNP, and (v) 2% chitosan. The films were placed in desiccators and kept
at room temperature until complete drying was achieved. They were then stored in
desiccators until the subsequent characterization analyses were conducted.

Spin-Coating: A volume of 20 µL of specific solutions was deposited on the discs,
rotated at 2000 rpm for 50 s using a homemade spin-coater [17]. The solutions tested were
2% alginate in AgNP, AgNP suspension, and 2% alginate and formed in a homemade
spin-coater. The films were stored in desiccators at room temperature until the subsequent
characterization analyses were performed.

2.3. Physicochemical and Mechanical Characterization
2.3.1. Dynamic Light Scattering (DLS) and Electrophoretic Mobility (EM)

To characterize the hydrodynamic diameter (HD), polydispersity index (PdI), and Zeta
potential (ZP), aliquots of each original formulation—pure alginate, alginate containing
AgNPs, pure chitosan, chitosan containing AgNPs, and AgNPs alone—were diluted solely
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to achieve the concentration range required for DLS measurements. For each sample, 50 µL
of the original suspension were diluted in 950 µL of ultrapure water, maintaining the
original polymer-to-AgNP ratio. Measurements were conducted using a ZetaSizer Nano ZS
(Malvern, Worcestershire, UK), the HD and PdI were evaluated by dynamic light scattering
(DLS), and ZP by electrophoretic mobility (EM). DLS analyses were performed at an angle
of 173◦ using a He-Ne laser (4 mW) at a wavelength of 633 nm. Three measurements were
taken of each sample at 25 ◦C in automatic run mode. The results are presented as the
arithmetic mean ± standard deviation of the mean.

2.3.2. Raman Spectroscopy

Drop-cast films were transferred to adhesive tapes on glass slides, and spin-coated
films were analyzed directly on cardboard substrates. Spectra were collected using an
Alpha 300 RA confocal Raman microscope (Alpha 300 RA, WITec, Ulm, Germany) pow-
ered with a TOPTICA diode laser module SYS XTRA 785 nm and 400 mW (TOPTICA
Photonics AG, Gräfelfing, Germany) at room temperature. All samples were analyzed
under the conditions of single-spectrum acquisition mode using a 100× objective lens,
785 nm filter, and a CCD camera at a temperature of −60 ◦C, with an integration time of
0.4 s, and a total of 100 accumulations. Three points of each sample were analyzed, and
the average was considered to generate the final spectrum. Data were processed using
Python libraries (Python 3.13.14, libraries: numpy 2.1.3, matplotlib 3.10.0, scipy 1.15.3) for
baseline correction, smoothing, and normalization. The baseline correction was applied to
the spectrum using a second-order polynomial fit, subtracting the background trend from
the original intensity. After the correction, the data were smoothed using a Savitzky-Golay
filter, which reduces noise while preserving signal features, with an 11-point window and
a third-order polynomial. The smoothed spectra were then normalized by dividing the
intensity by the maximum value, ensuring relative scale comparison between samples.
The spectra are plotted with a vertical offset for each sample to facilitate visualization.
The 4 (spin-coating) and 10 (drop-casting) largest peaks identified by the spicy find_peaks
function were marked in each spectrum.

2.3.3. Atomic Force Microscopy (AFM)

The films formed by drop casting were analyzed at room temperature with an SPM-
9600 atomic force microscope (Shimadzu Corporation, Kyoto, Japan) in dynamic mode,
equipped with a rectangular cantilever (spring constant of 0.15 N/m and resonance fre-
quency of approximately 24 kHz) integrated with a conical silicon tip. Scans (100 µm2,
512 × 512 resolution) were performed at 1 Hz, and data were processed with the same
manufacturer’s software (SPM Manager) for plane leveling and X-axis correction, and
alignment. Only two regions of each sample were analyzed. After processing, roughness
values were obtained, including arithmetic mean roughness (Ra), maximum height (Rz),
ten-point height of roughness profile (Rzjis), root-mean-square roughness (Rq), maximum
profile peak height (Rp), and maximum profile valley depth (Rv). Finally, all measure-
ments were analyzed by one-way ANOVA and Tukey’s test (p < 0.05) with Python libraries:
matplotlib, numpy, scipy.stats, statsmodels, and pandas.

2.3.4. Force Spectroscopy

Force spectroscopy measurements (force × distance curves) were conducted at ten
points using the contact mode of an SPM-9600 atomic force microscope, operated in an
atmospheric environment at room temperature. A V-shaped silicon nitride cantilever
integrated with pyramidal tips (model TR800PSA, batch 92251B), with a normal flexural
spring constant of 0.15 N/m and a curvature radius of approximately 20 nm (Asylum
Research—Oxford Instruments, Santa Barbara, CA, USA) was employed. Measurements
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were performed in the microscope’s online mode, but without full image scanning. The
obtained curves were analyzed using the Scanning Probe Image Processor—SPIP™ soft-
ware (version 5.1.11—Image Metrology), enabling data interpretation and calculation of
parameters such as Young’s modulus and the energy dissipated during the interaction
process. Finally, all data were analyzed by one-way ANOVA and Tukey’s test (p < 0.05)
with Python libraries: matplotlib, numpy, scipy.stats, statsmodels, and pandas.

2.4. Microbiological Assay

To evaluate the antimicrobial activity of the films against Escherichia coli (ATCC 8739),
a disk diffusion method was performed using Luria-Bertani (LB) agar. The medium was
prepared according to the manufacturer’s instructions, with agar added at 15 g/L, and
autoclaved at 121 ◦C for 15 min. The bacterial suspension was standardized at 108 CFU/mL
using a BioPhotometer (model 6131, Eppendorf, Hamburg, Germany), based on the McFar-
land scale (optical density at 600 nm = 0.5). The inoculum was diluted to 107 CFU/mL, and
then a 100 µL aliquot was spread onto the agar surface. The films produced by the drop-
casting technique, with a diameter of approximately 5 mm, were exposed to ultraviolet
(UV) light for 30 min to ensure sterility and were then placed onto the agar surface using
sterile tweezers. Additionally, the precursor solutions were tested by depositing 10 µL of
each solution onto 6-mm-diameter filter paper disks, which had also been UV-sterilized for
30 min. Control samples included water (negative control), an antibiotic solution containing
10,000 U of penicillin and 10 mg/mL of streptomycin (positive control), and the AgNP
stock suspension. The plates were incubated at 37 ◦C for 72 h, and the inhibition zone
diameter was measured at three intervals (24, 48, and 72 h) to evaluate the antimicrobial
efficacy of the films and solutions. All experiments were performed in triplicate. The
growth inhibition zones were measured using ImageJ software (version 1.53m, National
Institutes of Health, USA), and results were expressed as mean ± standard deviation.

2.5. Statistical Analysis

Statistical analyses were performed using one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test to assess significant differences between groups at a
significance level of p < 0.05. The analyses and visualizations were implemented in Python
(version 3.8.8) using the numpy, scipy.stats, and matplotlib libraries.

3. Results and Discussion
3.1. Film Formation: Drop-Casting and Spin-Coating Technique

Following the deposition of 40 µL of solution via drop-casting onto the cardboard
substrate, a semi-spherical droplet formation was observed. Notably, samples containing
AgNP displayed a slightly coppery hue (Figure 1).

Figure 1. Representative image captured immediately after deposition of 40 µL of each formulation
onto substrates. Samples include AgNP, biopolymers (alginate and chitosan), and their respective
combinations with AgNP. A control group without any deposition is also shown (Empty).

After 48 h, the deposited films were fully formed and completely dry, as shown in Figure 2.
These films appeared visually thin yet cohesive enough to be handled with tweezers. This
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outcome suggests that the drop-casting technique efficiently deposited the solutions onto
the cardboard surface, resulting in a continuous layer observable to the naked eye. The
ability to manipulate the films without damage indicates that the experimental conditions
supported the formation of films with sufficient thickness and mechanical integrity.

 

Figure 2. Film formed 48 h after drop-casting. (Left): film being gently lifted with tweezers,
demonstrating structural integrity. (Right): top view of the dried film on a white background,
highlighting its shape and uniformity.

In contrast, the spin-coating technique did not produce visually detectable films on the
cardboard discs (Figure 3). Even solutions with a coppery coloration—indicative of AgNP
presence—failed to yield visible deposits. This discrepancy suggests that the cardboard
substrate may exhibit surface characteristics, such as high repellency, that hinder material
adhesion. Alternatively, any formed film could have been too thin to be perceptible.

 

Figure 3. Surface appearance of different formulations after spin-coating. No visually detectable
differences were observed among AgNP, alginate, and alginate with AgNP groups.

Overall, drop-casting proved to be a superior method compared to spin-coating under
the tested conditions. The use of the selected substrate allowed the films to be easily
detached, facilitating their analysis and application. Based on these results, it can be
hypothesized that the low interaction between the polymer solution and the cardboard
surface contributed to the inefficiency in forming detectable films through spin-coating. The
substrate’s intrinsic characteristics likely resulted in insufficient adhesion of the polymer
material, especially in a technique like spin-coating, where centrifugal force tends to drive
the material outward, resulting in a very thin and potentially discontinuous layer. The
food-contact surfaces of Tetra Pak packaging, used as a substrate in this study, consist
of a thin aluminum layer coated with polyethylene [18]. This surface, engineered for
durability and food safety, is both hydrophobic and chemically inert [19]. These properties,
while beneficial for packaging purposes, likely posed challenges to adhesion during spin-
coating but facilitated the detachment of films formed via drop-casting. This highlights
the importance of tailoring film-forming techniques to the properties of both the deposited
material and the substrate.
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3.2. Characterization
3.2.1. Physicochemical Characteristics of Precursor Solutions

The results summarized in Table 1 and Figure 4 reveal distinct characteristics for
the samples analyzed via dynamic light scattering (DLS), including their average hydro-
dynamic size (HD), PdI, and ZP. AgNP displayed an average size of 183.07 ± 26.35 nm
and a PdI of 0.400 ± 0.108, suggesting relatively small, well-dispersed, and homogeneous
particles. Their negative ZP (−10.7 ± 1.9 mV) indicates a negatively charged surface, which
contributes to colloidal stability through electrostatic repulsion.

Table 1. Hydrodynamic diameter (HD) as Z-average, polydispersity index (PdI), and Zeta potential
(ZP) of samples, with values expressed as mean ± standard deviation (n = 3). Statistical analysis
was performed using one-way ANOVA followed by Tukey’s post hoc test (p < 0.05). Significant
differences are indicated by: (a) AgNP; (b) alginate; (c) alginate + AgNP; (d) chitosan; (*) all groups
differ significantly.

HD (Z-Average)
(d. nm) PdI ZP

(mV)

AgNP 183.07 ± 26.35 0.400 ± 0.108 −10.7 ± 1.9 *
Alginate with AgNP 976.03 ± 126.50 ab 0.855 ± 0.212 a −61.6 ± 2.3 *
Chitosan with AgNP 1434.67 ± 184.85 bd 0.798 ± 0.084 abd 65.1 ± 9.9 *
Alginate 1738.00 ± 297.10 ac 0.963 ± 0.064 a −41.9 ± 8.2 *
Chitosan 6778.67 ± 1989.11 abc 1.000 ± 0.000 ac 52.2 ± 8.5 *

The incorporation of alginate or chitosan into the AgNP suspension resulted in changes
in hydrodynamic size, polydispersity, and surface charge (Table 1; Figure 4). Because the
polymers were simply mixed with the nanoparticle dispersion, without any additional
chemical crosslinking or gelation steps, the observed modifications may be related to
physical interactions between the polymers and the AgNPs, such as electrostatic attraction,
polymer adsorption onto the nanoparticle surface, and polymer-mediated aggregation.
Previous studies using similar approaches—such as the addition of green-synthesized
AgNPs (derived from leaf extracts) into chitosan solutions—have reported an increase in
hydrodynamic size, particularly under acidic conditions (pH 3), as well as a notable shift in
ZP from negative to positive upon polymer–nanoparticle interaction [20].

Figure 4. Size distribution (hydrodynamic diameter) as number of nanoparticles. (a) Alginate samples
and (b) chitosan samples.

In this context, it is important to emphasize that the AgNPs used in this study were
biosynthesized using a plant extract, which provides a natural source of reducing and
stabilizing agents [16]. These biomolecules—typically polyphenols, flavonoids, proteins,
and other secondary metabolites—remain adsorbed on the nanoparticle surface as capping
agents, imparting distinctive physicochemical characteristics that differ substantially from
those of chemically synthesized AgNPs. Such biogenic surface coatings can influence

https://doi.org/10.3390/surfaces9010025

https://doi.org/10.3390/surfaces9010025


Surfaces 2026, 9, 25 8 of 18

colloidal stability, interfacial charge, and affinity toward oppositely charged polymers,
thereby modulating the extent of polymer adsorption and nanoparticle aggregation. Con-
sequently, the interaction mechanisms observed here between alginate or chitosan and
the green-synthesized AgNPs likely reflect not only electrostatic effects but also specific
interactions mediated by these plant-derived functional groups, which may contribute to
the unique behavior reported in our DLS and ZP analyses.

When alginate was solubilized in the AgNP suspension, the nanoparticles became
coated with the polymer, increasing their average size by approximately 792.96 nm. This
size increase suggests the formation of polymer layers around the nanoparticles or aggre-
gates formation polymer mediated, which is consistent with the observed rise in increased
PdI (approximately 0.455), reflecting greater heterogeneity in the sample. The ZP became
more highly negative (−61.6 ± 2.3 mV), indicating strong AgNP–alginate interactions, as
alginate carries anionic groups.

Conversely, the mixing of chitosan, a cationic polysaccharide, in the AgNP suspension
resulted in nanoparticle coating with this polymer. This process increased the average
size of the structures by approximately 1251.6 nm and the PdI by approximately 0.398,
indicating the formation of larger and more complex and heterogeneous structures. The
positive ZP (65.1 ± 9.9 mV) reflects a surface charge inversion, highlighting possible
interactions between the chitosan’s cationic groups and the nanoparticles.

The isolated polymer solutions exhibited distinct behaviors in terms of hydrodynamic
diameter, with alginate forming smaller structures than chitosan. Both polymers showed
PdI values close to 1.0, indicating a high degree of heterogeneity and suggesting extensive
aggregation of polymer chains in aqueous suspension. These intrinsic aggregation tenden-
cies likely influence the final physicochemical characteristics observed when the polymers
are mixed with AgNPs. Alginate’s ZP (−41.9 ± 8.3 mV) suggested moderate stability
due to its negative charge. Conversely, chitosan showed a positive ZP (52.2 ± 8.5 mV)
implying positively charged particles, though the high size variability may compromise
colloidal stability.

In summary, DLS and ZP analyses of the film precursor solutions revealed that alginate
and chitosan coatings directly influence the average particle size and ZP. Alginate conferred
high electrostatic stability due to its negative charge, whereas chitosan, with its positive
charge, changed the AgNP ZP to positive.

3.2.2. Chemical Analysis and Nanoparticle Incorporation in Films

Raman spectra of the spin-coated films showed no significant changes compared to
the cardboard substrate, indicating that the deposition did not result in detectable chemical
modifications or the formation of consistent layers on the substrate, as evidenced by the
same peaks for all samples at 1064, 1129, 1296, and 1445 cm−1 (Figure 5). This behavior
may be related to the repellent nature of the substrate or the thinness of the generated
film, factors that limit the spectroscopic interaction between the deposited material and the
Raman beam. Thus, the spin-coating technique, under the tested conditions, was clearly
ineffective for this type of surface modification.

The Raman spectra obtained from the analyzed drop-casted film samples are presented
in Figure 6. The spectrum of the double-sided tape is characterized by the absence of
significant peaks, indicating that this material has a chemically homogeneous composition
or lacks Raman features in the spectral range evaluated. This profile serves as a reference
for the other spectra, as the samples were deposited onto this substrate.
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Figure 5. Raman spectra obtained under the same conditions for the different samples produced by
spin-coating. The Y-axis is offset for the samples to facilitate visualization.

 

Figure 6. Raman spectra obtained under the same conditions for the different samples produced by
drop-casting. The Y-axis is offset for the samples to facilitate visualization.

The formed drop-casted films exhibited differentiated properties depending on the
polymers and the presence of nanoparticles. For alginate, the addition of AgNPs resulted
in films with lower surface roughness, suggesting that the nanoparticles intermingle with
the material, filling empty spaces. Raman spectroscopy corroborated the presence of
biopolymers and nanoparticles in the films, with characteristic spectral alterations indicat-
ing chemical interactions between nanoparticles and polymer functional groups. Peaks
attributed to alginate, such as those from carboxylates and hydroxyls, were observed in
specific regions, aligning with previous studies [21,22]. For chitosan, the observed peaks
correspond to the regions associated with C-C stretching, C-N-H bending, and amine
vibrations. These features are consistent with previously reported profiles for pure chitosan
in the literature [23,24]. Additionally, the presence of a distinct peak around 814 cm−1 exclu-
sively in the chitosan with AgNPs aligns with known spectral signatures of this AgNP [16].
The distinct peak at 584 cm−1, observed in the alginate films containing AgNPs, further
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supports the successful integration of these nanoparticles into the polymeric structure, as it
corresponds to a characteristic peak identified in the same previous study with this AgNP.

3.2.3. Surface Topography and Roughness of Films

Representative regions from each drop-casted film analyzed by AFM is highlighted in
Figure 7. AFM characterization revealed that the chitosan film solubilized in water was
more homogeneous and smooth, with gentle elevations and no distinct particles or spots.
The overall texture suggests a continuous layer of chitosan, with some prominent points
visible in both the topography and phase images, possibly due to polymer aggregation. In
contrast, the chitosan film formed from the solution containing AgNPs exhibited a surface
with more defined spots and elevated areas, likely corresponding to the presence of the
AgNPs. Additionally, distinct viscoelasticities were observed along the film in the phase
images. Regarding the alginate films, the AFM analysis confirmed the formation of a
homogeneous film with relatively high roughness, but no visually striking differences were
observed between the films of alginate solubilized in water or in AgNP suspensions.

 

Figure 7. Three-dimensional images of drop-casted films, obtained by atomic force microscopy (AFM)
in dynamic mode. (a) Chitosan, (b) chitosan with AgNPs, (c) alginate, and (d) alginate with AgNPs.

The topography of the films varied between the polymers, with the most relevant
distinctions observed in the presence or absence of AgNPs. The observed morphologies
were highly similar to those previously reported in the literature, suggesting that the
structural characteristics of the films align well with established studies on polymeric
matrices [25–28].

Quantitative parameters obtained from AFM characterization related to surface rough-
ness include Ra (average surface roughness), Rz (arithmetic average of the five highest
partial roughness values), Rzjis (a variation of the Rz parameter defined by the Japanese
Industrial Standards (JIS)), Rq (root mean square roughness), Rp (average of the heights of
the five highest peaks over an evaluation length), and Rv (average depth of the five deepest
valleys over an evaluation length). These parameters for each sample can be observed in
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Figure 8. The ANOVA results indicate significant differences between the groups for all
parameters (Ra, Rz, Rzjis, Rq, Rp, and Rv), with p-values consistently below 0.05, except
for the comparison between chitosan and chitosan with AgNP for Rzjis and Rp, where the
adjusted p-value was greater than 0.05. The Tukey’s HSD post-hoc test confirmed that the
inclusion of AgNP in alginate and chitosan formulations significantly affected the measure-
ments in most cases. These findings suggest that AgNP incorporation alters the surface
topography of the materials, with notable differences observed across various groups.

Figure 8. Nanoroughness results obtained by atomic force microscopy (AFM) operating in dynamic
mode. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test
(p < 0.05). Significant differences are indicated by: (a) alginate; (b) alginate with AgNP; (c) chitosan.

3.2.4. Nanomechanical and Adhesive Properties

Figure 9 and Table 2 summarize the results of the force spectroscopy analysis with
AFM, which measures different mechanical properties and interactions between the probe
and the sample are measured [29]. The parameters reported in nN, where applicable,
include the maximum load force, which represents the maximum loading force applied
during approach, the maximum pull force, which is the maximum retraction force, the snap-
in force, which is the sudden attraction force, and the detach force, which is the detachment
force that often shows values similar to the maximum pull force. Other parameters include
the Young’s modulus, which describes the stiffness of the surface, and the dissipated
energy. These data allow for the quantitative characterization of mechanical and adhesive
interactions, such as elasticity, adhesion, and energy dissipation during measurements [29].

Figure 9. Force spectroscopy results obtained by atomic force microscopy (AFM) operating in
dynamic mode. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post
hoc test (p < 0.05). Significant differences are indicated by: (a) alginate; (b) alginate with AgNPs;
(c) chitosan.
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Table 2. Nanomechanical characterization of the surface of the formed films. Significant differences
are indicated by: (a) alginate; (b) alginate with AgNP; (c) chitosan.

Young’s Modulus (MPa) Dissipated Energy (J)

Alginate 3.67 ± 0.72 7.11 × 10−15 ± 1.23 × 10−15

Alginate with AgNP 3.68 ± 0.54 7.63 × 10−15 ± 1.47 × 10−15

Chitosan 3.77 ± 0.82 7.59 × 10−15 ± 1.23 × 10−15

Chitosan with AgNP 3.85 ± 0.51 9.07 × 10−15 ± 2.97 × 10−15 abc

Statistical analysis revealed no significant differences (p > 0.05) in the Young’s modulus
(Pa) between the groups, suggesting that the materials (alginate, alginate with AgNP,
chitosan, and chitosan with AgNP) have similar mechanical properties regarding this
parameter. However, Dissipated Energy (J) shows significant differences between the
groups, and Tukey’s comparisons indicate that alginate is significantly different from
chitosan with AgNP, alginate with AgNP is significantly different from chitosan with AgNP,
and chitosan is significantly different from chitosan with AgNP. These results suggest that
the incorporation of AgNPs significantly affects the Dissipated Energy of the materials, but
does not significantly alter the Z-Young’s modulus

Force spectroscopy parameters reflect interactions between the AFM probe and the
sample surface, and are useful for assessing elasticity and adhesion [29]. Force spectroscopy
analysis provided additional insights into mechanical parameters. As shown in Figure 9,
the maximum pull force and detachment force of alginate were reduced in the presence
of nanoparticles, suggesting lower adhesion and elasticity, likely due to the interaction of
AgNPs with the polymer functional groups. For chitosan, the increase in these parameters
indicates greater rigidity and adhesion, possibly due to the integration of nanoparticles
into the polymer matrix.

3.3. Antimicrobial Efficacy of Solutions and Films

The alginate films, both with and without silver nanoparticles (AgNPs), exhibited
rapid water absorption and transitioned into a gel state shortly after being placed on the
agar plates (Figure 10). Alginate films gelled immediately and lost their shape upon contact
with the agar, a common behavior for non-cross-linked alginate, due to its inherent gelation
properties [30,31]. Despite this, alginate films containing AgNP still exhibited antimicro-
bial activity in the presence of AgNPs, consistent with previously reported findings [32].
Notably, the gel formed from the alginate solution with AgNPs exhibited antimicrobial
activity against E. coli at all evaluated time points (24, 48, and 72 h), whereas the alginate gel
without nanoparticles showed no significant antimicrobial effect. To ensure their usability
in applications where structural stability is vital, further optimization of the film formation
process would be necessary.

In contrast, the chitosan films retained their well-defined shape without noticeable
water uptake, which enabled the measurement of the inhibition zone by the disk diffu-
sion method (Table 3). Among them, only the film containing AgNPs exhibited clear
antimicrobial activity, evidenced by the presence of a small inhibition halo surrounding
the film, as shown in Figure 10. This structural stability is particularly advantageous for
applications such as food packaging or wound dressings, where maintaining film integrity
is essential. Moreover, the antimicrobial response observed in the chitosan–AgNP film is
consistent with previous findings regarding the synergistic antibacterial properties of silver
nanoparticles incorporated into chitosan matrices, further reinforcing the potential of this
composite system for biomedical and preservation-related applications [33].
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Figure 10. Antimicrobial activity and behavior of alginate and chitosan films, with and without
AgNP, against E. coli by disk diffusion method. The different analyses over time (24, 48, and 72 h)
are presented in columns, while the rows show the conditions tested: alginate films (on the right
dissolved in water and on the left with AgNPs), chitosan films (on the right dissolved in water and
on the left with AgNPs).

Table 3. Inhibition zone diameters (mm) obtained against E. coli by the disk diffusion method after
24, 48, and 72 h.

Inhibition Zone Diameters (mm)
24 h 48 h 72 h

Chitosan 6.33 ± 0.34 6.48 ± 0.37 6.99 ± 0.37
Chitosan with AgNP 7.78 ± 0.01 7.92 ± 0.15 8.46 ± 0.23

In the tests performed with the precursor solutions, the alginate solution with AgNPs
showed a small inhibition halo, indicating antimicrobial activity (Figure 11). For the
chitosan solution, the addition of AgNPs led to an increase in antimicrobial activity (Table 4).
The controls confirmed the effectiveness of the antibiotic used as the positive control
and showed that water did not interfere with bacterial growth (Table 4 and Figure 11).
Additionally, the control containing only AgNPs demonstrated significant antimicrobial
activity, attributing the observed effects primarily to silver (Table 4 and Figure 11). The
inhibition halos observed at first time (24 h) remained unchanged throughout the test
period. The same was true for treatments where it was not possible to visually detect a halo
with the naked eye.

Tests with precursor solutions highlighted the critical role of AgNPs in antimicrobial
activity, as inhibition halos were observed only in solutions containing nanoparticles [34].
Chitosan solution alone did not exhibit significant antimicrobial effects within the evaluated
timeframe, suggesting that its efficacy may depend on the presence of AgNPs. However, as
demonstrated in previous studies using the same chitosan concentration—and corroborated
here by the absence of microbial growth directly over chitosan films without nanoparticles—
chitosan can exhibit inherent antimicrobial properties under certain environmental and
structural conditions [35,36].
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Figure 11. Antimicrobial activity of the precursor solutions of alginate and chitosan films against
E. coli by the disk diffusion method. The different analyses over time (24, 48, and 72 h) are presented
in columns, while the rows display the tested conditions: alginate solutions (right in water and left
with silver nanoparticles), chitosan solutions (right in water and left with silver nanoparticles), and
finally, the controls.

Table 4. Inhibition zones (mm) for liquid precursor formulations (10 µL per disk) against E. coli,
measured by the disk diffusion method after 24, 48, and 72 h.

Inhibition Zone Diameters (mm)
24 h 48 h 72 h

Alginate 6.93 ± 0.11 7.14 ± 0.19 7.01 ± 0.02
Alginate with AgNP 6.91 ± 0.08 7.10 ± 0.16 6.98 ± 0.06
Chitosan 7.09 ± 0.39 7.05 ± 0.20 6.92 ± 0.10
Chitosan with AgNP 7.68 ± 0.88 7.71 ± 1.33 7.61 ± 1.29
Water 8.50 ± 0.91 8.63 ± 1.54 8.54 ± 1.52
AgNP 8.76 ± 0.53 9.25 ± 0.52 9.10 ± 0.61
Antibiotics 8.84 ± 0.72 9.25 ± 0.73 9.10 ± 0.86

Figure 12 shows the ANOVA results and reveals significant differences between
the groups (p < 0.0001). Tukey’s post hoc test showed that most pairwise comparisons
were statistically significant, with notable exceptions such as AgNP vs. alginate with
AgNP, alginate vs. chitosan, and alginate vs. water, which did not differ significantly
(p > 0.05). Significant differences were observed between the antibiotic and all other groups,
highlighting its distinct efficacy. Additionally, chitosan with AgNP differed significantly
from AgNP, alginate with AgNP, and water, emphasizing the impact of AgNP incorporation
on the material towards antimicrobial activity. These results suggest that the inclusion of
AgNP and the type of material substantially influence the resulting inhibition zone.
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Figure 12. Measurement of the inhibition zone diameters of the film precursor solutions after 24 h.
Significant differences are indicated by: (a) alginate; (b) alginate with AgNP; (c) chitosan; (d) chitosan
with AgNP; (e) AgNP and (*) antibiotics.

The differentiated antimicrobial activity observed between the films and their cor-
responding liquid precursors can be explained by the distinct volumes and dispersion
behaviors involved in each condition. For the drop-casted films, approximately 40 µL of
precursor solution were deposited onto the substrate, resulting in a confined solid layer
in which the active compounds remained locally concentrated at the interface with the
microbial suspension. In contrast, only 10 µL of each liquid precursor were added to the
assay well, and these solutions rapidly dispersed throughout the medium. This increased
diffusivity leads to a greater dilution of the active components, thereby decreasing their
effective local concentration and reducing antimicrobial efficacy. These differences high-
light the importance of considering the physical state and dispersion dynamics of the
formulations when interpreting antimicrobial performance.

4. Conclusions
This study provides new insights into the design of antimicrobial biopolymer films by

establishing clear structure-property-function relationships in alginate- and chitosan-AgNP
systems. Our findings reveal that the film fabrication outcome is critically dependent on
the deposition technique, where drop-casting proved fundamentally more effective than
spin-coating for forming coherent films on complex, food-grade packaging substrates—a
key practical consideration often overlooked in fundamental studies.

DLS analysis indicated relevant changes in hydrodynamic size and ZP of the AgNP
after interaction with the biopolymers, suggesting successful polymer coating and potential
structural or surface modifications that warrant further investigation. AFM topography
showed the formation of relatively homogeneous films, with observable distinctions be-
tween films derived from polymers dissolved in water versus those in AgNP suspensions,
a finding supported by Raman spectroscopy. Force spectroscopy demonstrated that the
addition of AgNP induced distinct nanomechanical alterations in the films, specifically
reducing adhesion and elasticity in alginate films while increasing rigidity and adhesion in
chitosan-based films. Finally, microbiological tests confirmed the significant antimicrobial
activity of both free AgNP and those successfully incorporated into biopolymer films
against E. coli.

In summary, this study underscores the potential of alginate and chitosan as versatile
platforms for developing AgNP-based antimicrobial materials. The choice of biopolymer
and fabrication method critically influences the final film’s properties. Notably, we demon-
strate that chitosan-based films retained structural integrity, making them suitable for
applications requiring durability, such as food packaging or wound dressings. Conversely,
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alginate films, while undergoing rapid gelation, demonstrated effective antimicrobial re-
lease, potentially advantageous for short-term or hydrating applications. More importantly,
our integrated characterization approach directly links the opposing electrostatic profiles of
the biopolymers in solution to distinct nanomechanical behaviors (reduced adhesion in al-
ginate vs. increased rigidity in chitosan upon AgNP addition) and functional performance
in the solid state. This understanding enables a more rational selection of biopolymers and
processing techniques for targeted applications. Future studies should focus on optimizing
film formation protocols, particularly for challenging substrates, and exploring long-term
stability and efficacy in specific application contexts.
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