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Abstract: This study reports the development and characterization of hydrogel films composed of alginate and hyaluronic acid, 
incorporating poly(ε-caprolactone-triol) (PCL-T) nanoparticles loaded with lidocaine (1%, 1.5% and 2%) for topical application. 
Nanoparticles were prepared via nanoprecipitation, demonstrating a high encapsulation efficiency (>99%) and thermoresponsive 
drug release behavior (37 ± 1°C and 43 ± 1°C). The average hydrodynamic diameters were 174 nm, 333 nm, and 920 nm, with 
polydispersity indices of 0.296, 0.351, and 0.172, respectively. The nanoemulsions were incorporated into a biopolymer matrix, 
resulting in flexible, transparent, and biocompatible films. FTIR analysis confirmed the incorporation of the nanoparticles, and 
mechanical testing revealed an elastic modulus comparable to that of human skin. Scanning electron microscopy revealed an 
increase in porosity with increasing lidocaine concentration. While the isolated nanoparticles showed thermoresponsive release, this 
effect was attenuated in the film matrix, potentially due to electrostatic interactions with the polyanionic alginate and hyaluronic 
acid. Biocompatibility was confirmed via HaCaT cell viability assays, with results indicating cell viability greater than 79%. Overall, 
the findings suggest that the developed films are promising candidates for sustained topical release of local anesthetics, with 
potential applications in wound dressings 
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1. Introduction 

Hydrogel films represent a class of structurally engineered materials composed of hydrophilic polymer networks, widely 
recognized for their ability to retain large amounts of water or fluids without dissolving, and for their versatile applications, including 
wound dressings and topical drug delivery systems [1,2]. Among the various types of hydrogel films, those responsive to external 
stimuli have attracted increasing attention in recent years [2,3]. These so-called smart hydrogel films regulate drug release through 
their polymer matrix, which necessitates an in-depth understanding of the physicochemical properties of the hydrogel [3], the drug, 
and the other formulation components [4]. Given their hydrophilic nature, incorporating hydrophobic drugs into hydrogel films 
often requires additional technological approaches, such as the use of micro- or nanoparticulate systems [5]. 

Nanotechnology involves the creation or manipulation of matter at the nanometer scale (10⁻⁹ metros), offering innovative 
solutions in the medical and pharmaceutical fields by increasing the efficacy and safety of drugs [6,7]. Nanostructured systems, 
such as nanospheres and nanocapsules, enhance the pharmacokinetic and pharmacodynamic profiles, thereby increasing the efficacy 
of existing drugs and enabling the reintroduction of previously discarded drugs due to adverse effects [6,8]. Obtaining 
nanoemulsions through the nanoprecipitation method is widely used because it results in a small particle size with a narrow 
polydispersity index [6,9–11], and especially useful for increasing the dissolution rate, apparent solubility, and permeation of 
lipophilic drugs through biological membranes [12]. 

Lidocaine [13], a local anesthetic with minimal water solubility and predominantly topical administration, is generally 
considered safe but may have toxic effects depending on the dose administered and the level of systemic absorption [14,15]. These 
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effects include, but are not limited to, central nervous system depression and respiratory failure, which can lead to death [14]. 
Strategies involving modified release systems have been explored to mitigate the risk of systemic overdose [16–18]. 

To the best of our knowledge, this is the first study to report the development of alginate and hyaluronic acid-based films 
incorporating polycaprolactone-triol nanoparticles (PCL-T) loaded with lidocaine, to promote sustained drug release. In this system, 
the lipophilic drug carrier, formed by PCL-T—a polymer widely recognized for its biocompatibility and biodegradability—is 
dispersed within the hydrogel matrix, conferring properties that favor its application in dressings for treating wounds with abundant 
exudate [19] and/or chronicles [20,21], with the potential to improve therapeutic efficacy and long-term local pain control. 

Alginate, an anionic polysaccharide extracted from brown algae, stands out for its high exudate absorption capacity and the 
formation of hydrophilic gels through ion exchange with divalent cations, such as calcium. These properties make the material 
especially effective in dressings for exuding wounds, while simultaneously providing a moist, healing-friendly environment. 
Furthermore, alginate has hemostatic properties and can be easily combined with bioactive or antimicrobial agents, also acting as a 
matrix for controlled topical release [22,23]. On the other hand, hyaluronic acid (HA), a glycosaminoglycan widely distributed in 
the extracellular matrix of human tissues, contributes significantly to tissue regeneration through its high-water retention capacity, 
viscoelasticity, and interaction with cellular receptors CD44, RHAMM, and ICAM-1, which allows it to regulate adhesion, motility, 
inflammation, and cell differentiation. These characteristics favor cell migration, proliferation, and differentiation, which are 
fundamental for the processes of angiogenesis and re-epithelialization. Furthermore, HA can be chemically modified to form 
crosslinked hydrogels with specific mechanical properties and responses to environmental stimuli, such as pH, redox, and 
temperature, making it a promising material for intelligent sustained-release drug delivery systems, including intra-articular 
applications [24,25]. 

In this scenario, PCL-T, a member of the biodegradable aliphatic polyester family, also stands out, offering additional 
advantages over other PCL variants [17]. PCL-T has a lower melting point (~30 °C), facilitating its topical application under 
physiological conditions. Furthermore, it exhibits greater wettability, a faster degradation rate, and the presence of three free 
hydroxyl groups in its side chain, characteristics that favor interaction with hydrogels and the incorporation of active agents. Like 
other PCL derivatives, PCL-T is biocompatible, biodegradable, and safely metabolized by the body, either through the citric acid 
cycle or renal excretion. These properties make PCL-T a versatile and promising component in the formulation of advanced 
dressings and topical drug delivery systems, especially when combined with natural biopolymers such as alginate and hyaluronic 
acid [26]. 

The engineering of multifunctional dressings based on these biopolymers therefore represents a promising strategy in 
regenerative medicine and the development of materials for controlled topical drug delivery. Drug release in these systems can occur 
by gradual diffusion through the matrix or by matrix degradation triggered by physical or chemical stimuli, such as changes in light, 
pH, ionic strength, or temperature [4,27]. 

In thermoresponsive delivery systems, drug release is initiated by temperature variations at the site of application [4,27,28]. 
The unique advantage of this approach lies in its alignment with the inflammatory process, characterized by redness, swelling, pain, 
and localized temperature elevation. To address these symptoms, this study aims to develop an alginate/hyaluronic acid hydrogel 
embedded with thermoresponsive nanoparticles encapsulating anhydrous lidocaine within polycaprolactone triol for topical 
application. 

2. Materials and Methods 

2.1 Materials 

Lidocaine (anhydrous form, molar mass 234.34 g/mol) was purchased from Active Pharmaceutica, sodium hyaluronate (molar 
mass 2,000 kDa) was obtained from Mapric, and poly(ε-caprolactone-triol) (PCL-T, molar mass 300 g/mol) was purchased from 
Sigma-Aldrich. Alginate was kindly provided by Danisco, with all reagents used in their original form. Acetone (99.5% purity), 
glycerol, calcium chloride, and Tween 80® were purchased from Labsynth. Aneuploid immortal keratinocyte (HaCat) cells were 
obtained from the Rio de Janeiro cell bank (Brazil). Dubellco modified Eagle's medium (DMEM), fetal bovine serum (FBS), and 
trypsin/EDTA solution were purchased from Sigma Aldrich (USA) and Cultilab (Brazil), respectively. 

2.2 Preparation of PCL-T-based nanoemulsions 

The PCL-T nanoemulsion containing lidocaine was prepared using the nanoprecipitation method, a technique based on the 
formation of nanoparticles from the addition of an organic phase to an aqueous phase under constant stirring, followed by the 
evaporation of the organic solvent [6,9,10]. Briefly, the organic phase, composed of PCL-T and different concentrations (1%, 1.5%, 
and 2%) of lidocaine dissolved in acetone, was slowly dripped into an aqueous phase composed of hyaluronic acid and Tween 80 at 
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room temperature and with constant stirring at 240 rpm [29]. After 20 min, the solution was placed in a round-bottom flask and 
transferred to a rotary evaporator to remove the acetone under reduced pressure and at a temperature of 40 °C. The sample coding and 
their respective compositions are described in Table 1. 

Table 1 - Coding and composition of phases for preparation of nanoemulsions. 

 Organic phase Aqueous phase 

Codification PCL-T 
(mg) Lidocaine (mg) Acetone (mL) Hyaluronatede sódio (mg) Tween 80® 

(mg) 
Water 
(mL) 

PCL-T:LID1% 200 200 10 30 30 20 
PCL-T:LID1,5% 200 300 10 30 30 20 
PCL-T:LID2% 200 400 10 30 30 20 

2.3 Characterization of PCL-T-based nanoemulsions 

The apparent diameter and zeta potential of the PCL-T: LID1%, PCL-T: LID1.5%, and PCL-T: LID2% nanoemulsions were 
determined by dynamic light scattering using a NanoBrook instrument (Brookhaven, USA). The scattered light intensity was acquired 
at a scattering angle of 90° with a counting time of 150 s [30]. 

To determine the encapsulation efficiency, 0.5 mL of PCL-T: LID1%, PCL-T: LID1.5%, and PCL-T: LID2% nanoemulsions 
were packaged in a filter (Amicon Ultra, cut-off 10,000 g/mol) and subsequently assembled in an Eppendorf. The filter-Eppendorf 
assembly was then placed in a centrifuge and subjected to centrifugation at 10,000 rpm. The fraction of unencapsulated (free) lidocaine 
present in the filtered sample was determined by UV-vis spectroscopy using a validated method (R2 = 0.996, Equation of the straight 
line: y = 2.028x – 0.0014). Briefly, to validate the method for UV-vis quantification of lidocaine, five preparations with different 
concentrations (0.1, 0.2, 0.3, 0.4, and 0.5 mg/mL) were prepared and the absorbance values determined using a UV-vis 
spectrophotometer (UV-M51, Bel Engineering) at a wavelength of 261 nm. 

For the chemical characterization of the components, nanoparticles and films were analyzed by Fourier transform infrared 
spectroscopy (FTIR). We analyzed the compositions using a spectrophotometer (Model IR PRESTIGE-2, PerkinElmer) with a reading 
range of 4000–450 cm−1 (resolution of 4 cm−1). 

In vitro, assays were conducted to evaluate the thermoresponsive release of lidocaine incorporated into PCL-T-based 
nanoemulsions. The experiment was performed in triplicate. Briefly, 2 mL of PCL-T: LID1%, PCL-T: LID1.5%, or PCL-T: LID2% 
samples were placed in reconstituted cellulose-based dialysis tubes (SPECTRA/POR, cut-off 3,500 Da), sealed, and placed in test tubes 
containing 10 mL of 0.3% Tween 80® solution to maintain the sink condition. The tests were conducted at two temperatures, 37 ± 1 
ºC and 43 ± 1 ºC, which simulate the temperature of healthy and inflamed skin, respectively [31]. At predetermined time intervals, 
aliquots of the solution were collected, and the quantification of released lidocaine was determined by UV-vis spectroscopy at a 
wavelength of 261 nm and using a validated method (as previously described). 

2.4 Preparation of alginate/hyaluronic acid film embedded with PCL-T-based nanoemulsion 

To obtain the films, solutions containing 5% (v/v) glycerol, 1.5% (w/v) alginate, and 0.5% (w/v) sodium hyaluronate (coded as 
ALG:AH) were prepared by dissolving them in purified water followed by heating to 50 °C under constant stirring. After complete 
dissolution, the solution was cooled to room temperature and subsequently diluted in the solution of the nanoemulsions PCL-T:LID1% 
(coded as ALG:AH@PCL-T:LID1%), PCL-T:LID1.5% (coded as ALG:AH@PCL-T:LID1.5%) and PCL-T:LID2% (coded as 
ALG:AH@PCL-T:LID2%) in a 1:1 ratio. 

The solutions were gently mixed, placed on a Petri dish, and dried in a fume hood at room temperature for 24 h. The crosslinking 
of the dried films was performed by exposing them for 1 min to a 1% (w/v) calcium chloride solution. 

2.5 Characterization of alginate/hyaluronic acid films embedded with PCL-T-based nanoemulsion 

Morphological analysis of the ALG:AH@PCL-T:LID1%, ALG:AH@PCL-T:LID1.5%, and ALG:AH@PCL-T:LID2% films 
was performed using a scanning electron microscope (JEOL JSM-6510) at an accelerating voltage of 10 kV. For this purpose, samples 
from the surface and fracture of the dried films were packed on aluminum stubs using a carbon tape and coated with a thin layer of 
gold. 

Contact angle analysis was performed using the sessile drop method. An OCA contact angle system from Dataphysics (GmbH 
instruments) was used for this purpose. A sample of the films was placed on top of a metal apparatus, and a drop of water was placed 
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on top of the film surface. The image of the meniscus formed by the water drop was captured by a camera, and the contact angle 
measurement was obtained with OCA and PCA software V.2.1.9. 

Mechanical analysis was performed on a Mettler Toledo dynamic mechanical analyzer (DMA 1). Stress-strain curves were 
obtained with a loading rate of 1 N/min up to 18 N at 30 °C. Samples were cut to approximately ~0.5 mm wide and ~2 mm long. 

In vitro assays were performed to evaluate the thermoresponsive release of lidocaine from ALG:AH@PCL-T:LID1%, 
ALG:AH@PCL-T:LID1.5%, and ALG:AH@PCL-T:LID2% films. 2.25 cm² samples of each film were placed in dialysis tubes 
containing 0.5 mL of 0.3% Tween 80® solution. The dialysis tubes were sealed and placed in test tubes containing 30 mL of 0.3% 
Tween 80® solution to maintain sink conditions. The tests were conducted at two temperatures, 37 ± 1 °C and 43 ± 1 °C, which simulate 
the temperature of healthy and inflamed skin, respectively [31]. At predetermined time intervals, aliquots of the solution were collected 
for quantification of the lidocaine released, by UV-Vis spectroscopy, using a wavelength of 261 nm and a previously validated method. 
The assay was performed in duplicate. The cytotoxicity evaluation of the films was conducted using the HaCaT cell line, composed of 
immortalized aneuploid human keratinocytes. The cells were cultured in polypropylene flasks containing DMEM medium 
supplemented with 10% fetal bovine serum (FBS) and maintained in a humidified incubator at 37 °C, with 5% CO₂. The films were 
sterilized under UV light (254 nm) for 30 min and then incubated in DMEM medium to obtain extractions at a concentration of 0.5 
mg/mL. Cell suspensions containing 3 × 104 cells/well were prepared by trypsinization (trypsin/EDTA solution) and seeded in 96-well 
culture plates and maintained under standard conditions. After incubation for 24 h, the confluent cell layer was exposed to the extracts. 
Negative control cells were maintained under standard conditions, and positive control cells were exposed to 1% hydrogen peroxide 
for 60 min. The exposure period was 24 h, and then the protein content was determined using the 0.4% sulforhodamine B method. 
Absorbance was measured in a spectrophotometer at a wavelength of 254 nm (Spectramax M3, USA) and cell morphology was 
observed under an inverted microscope (Olympus®). 

3. Results and Discussion 

The anesthetic lidocaine was incorporated into PCL-T-based nanoparticles by the nanoprecipitation method. Macroscopically, 
Fig. 1a, the emulsions obtained were homogeneous and had the appearance of an opalescent liquid with a light blue color due to the 
Tyndall effect [32]. 

 

Fig. 1. (a) Cuvettes containing samples of PCL-T:LID1%, PCL-T:LID1.5% and PCL-T:LID2% nanoemulsions. (b) Particle size dispersion 
curves in each of the preparations according to DLS analysis. 

The apparent diameters of the PCL-T:LID1%, PCL-T:LID1.5% and PCL-T:LID2% samples were predominantly 
approximately 174, 333 and 920 nm, respectively (Fig. 1b), evidencing a proportional increase with the increase in the concentration 
of lidocaine incorporated into the nanoparticles. The moderate solubility of lidocaine (logP = 2.56) and PCL-T (logP = 1.9) in water 
and their chemical characteristics, where lidocaine (Fig. 2c) is present as primary amide (RHNCOR'), tertiary amine (R2NR') and 
functional groups of the aliphatic and aromatic hydrocarbon chain, favoring multiple interactions, namely, hydrogen, dipole‒dipole 
and van der Waals bonds, with PCL-T (esters —RCOR', alcohols —OH and hydrocarbon chain). Furthermore, the moderate 
lipophilicity of lidocaine, superior to that of PCL-T, promotes two scenarios: (1) lidocaine preferentially within the PCL-T matrix 
and (2) lidocaine also on the surface of PCL-T [30]. 
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The calculated polydispersity indices were 0.296, 0.351 and 0.172 for the PCL-T:LID1%, PCL-T:LID1.5% and PCL-T:LID2% 
samples, respectively, while the specific zeta potential values were +29.27 mV, +38.89 mV and +49.5 mV, demonstrating that the 
prepared nanoparticles present relative homogeneity in size, with adequate colloidal stability [33,34], although the PCL-T:LID1.5% 
sample indicates greater heterogeneity [33]. 

The zeta potential reported for PCL and lidocaine nanoparticles, of −20.1 ± 0.8 mV, differed from that described by Campos 
et al. [17], and may have been influenced by the particle composition and dispersing medium, as well as by the pH and ionic strength 
of the solution. The PCL nanoparticles described by Barbault-Foucher et al. [9] presented a zeta potential of −41 ± 5 mV, which 
was slightly altered to approximately −43 ± 5 mV after hyaluronic acid adsorption, values significantly different from those observed 
in the nanoparticles developed in this study. Furthermore, the HA-coated PVA-PCL scaffold described by Fakhraei et al. [35] 
showed a negative zeta potential (approximately −15 mV), attributed to the ionizable carboxylic groups of HA. Therefore, the 
positive zeta potential values observed in this work can be attributed to the presence of lidocaine on the surface of the nanoparticles, 
since studies indicate that the amphiphilic nature of anesthetics such as lidocaine allows them to act as surfactants [34,36]. 

The encapsulation efficiency of lidocaine incorporated into PCL-T nanoparticles was estimated by the ultrafiltration-
centrifugation method, and if any lidocaine is found in the filtered liquid, this refers to the unencapsulated lidocaine fraction [30,37]. 
The encapsulation efficiency values were greater than 99% for all nanoemulsions prepared in this study. The high encapsulation 
efficiency of lidocaine is influenced by its low water solubility (3 mg/mL) and its hydrophobic nature (Log P = 2.56), which allows 
it to interact favorably with PCL-T (Log P = 1.9), the hydrophobic polymer used in encapsulation [13,17]. These properties make 
lidocaine a suitable candidate for encapsulation in polymeric systems, where it can be effectively entrapped in the polymer matrix. 
Similar encapsulation efficiency results to PCL-T (900 g/mol) based nanostructures were reported for ritonavir (Log P = 4.3) PCL-
T (900 g/mol) based nanostructures [38]. 

The FTIR spectra of pure PCL-T, lidocaine, and sodium hyaluronate and the lidocaine-loaded nanoparticles (PCL-T:LID1%, 
PCL-T:LID1.5%, and PCL-T:LID2%) are shown in Fig. 2a,b. FTIR studies were performed to indicate possible interactions and 
examine the compatibility between the inputs. 

 

Fig. 2. FTIR spectra of sodium hyaluronate (black line), lidocaine (red line), PCL-T (green line), PCL-T:LID1% (blue line), PCL-T:LID1.5% 
(magenta line), and PCL-T:LID2% (gray line) between wavenumbers of (a) 4000 and 400 cm-1 and (b) 2000 and 1000 cm-1. (c) Chemical 
structures of lidocaine, PCL-T, and sodium hyaluronate. 

Lidocaine, whose structure is shown in Fig. 2c, consists of a main chain that includes an amide group linked to a substituted 
phenyl ring and a tertiary amine group. The FTIR spectrum, shown in Fig. 2a, shows a characteristic band at 3248 cm-1 associated 
with the NH stretching of the primary amide group (R-NH-CO-R'). In Fig. 2a,b, the bands at 1663 cm-1 and 1495 cm-1 are associated 
with the vibration of the C=O and C=C groups, respectively [30,39,40]. In the region of 1600-1450 cm⁻¹, multiple bands of medium 
intensity indicate the C=C stretching of the aromatic ring, with emphasis on the band near 1580 cm⁻¹, reflecting the complexity of 
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the 2,6-dimethylphenyl structure. Between 1300-1000 cm⁻¹, the C-N stretching of the tertiary amine (RN(C₂H₅)₂) appears with 
medium intensity, confirming the presence of the diethylamino group. 

PCL-T, the structure in Fig. 2c, presents units connected by ester bonds, the presence of three terminal hydroxyl groups and 
extensive hydrocarbon chains. In the spectrum, Fig. 2a, the broad band observed in the region between 3000 and 3600 cm-1 ( 3370 
cm−1) was attributed to the hydroxyl group (OH). In Fig. 2a,b, typical absorption bands with strong intensity at 1732 cm−1 of the 
C=O group vibration can be observed [30,39]. 

Also in Fig. 2, the FTIR spectrum of sodium hyaluronate presents a broad absorption band in the region between 3000 and 
3600 cm-1 centered at 3300 cm-1 (Fig. 2a) associated with the stretching of the OH groups, present in the D-glucuronate and N-
acetyl-D-glucosamine rings. The amide I band, located near 1620 cm⁻¹, corresponds to the stretching of the C=O bond of the 
acetamido (N-acetyl) group present in N-acetyl-D-glucosamine. In turn, the amide II band, located at 1560 cm⁻¹, is associated with 
a combination of N-H deformation and C-N stretching of the acetamido group. This band was less intense than amide I, but essential 
to confirm the presence of the N-acetyl group. Its position and intensity can be influenced by the interaction with sodium ions, which 
stabilize the ionized structure of the carboxylate (-COO⁻), widely distributed along the polysaccharide chain [41]. 

The spectra obtained from the PCL-T:LID1%, PCL-T:LID1.5%, and PCL-T:LID2% samples showed that these are the sum 
of the spectra of sodium hyaluronate, PCL-T, and lidocaine. The spectral signal of the nanoparticles was presented in Fig. 2a,b, 
being PCL-T:LID1% (blue line), PCL-T:LID1.5% (magenta line), and PCL-T:LID2% (gray line). Fig. 2a shows the bands at 3370 
cm−1 and 3248 cm−1, referring to the hydroxyl groups present in the PCL-T and lidocaine molecules, respectively. 

In Fig. 2b, the peak at 1732 cm−1 (C=O) and the peaks at 1663 cm−1 and 1495 cm−1 in the spectra indicate stretching 
corresponding to PCL-T and lidocaine, respectively. For all spectra in Fig. 2b, stretching was observed in the region of 1620–1580 
cm−1, which is typical of carbonyl groups, indicating the presence of C=O bonds in the acetamido (N-acetyl of sodium hyaluronate) 
and C=C bonds in the aromatic ring (lidocaine) [16]. 

Fig. 3 shows the in vitro release profile of lidocaine from the PCL-T nanoparticle, an analysis that was conducted at 
temperatures of 37 ± 1 °C and 43 ± 1 °C, temperatures that simulate healthy and inflamed skin, respectively. 

 

Fig. 3. Percentage of lidocaine released in vitro from the nanoemulsions PCL-T:LID1%, PCL-T:LID1.5%, and PCL-T:LID2% at (a) 37 ± 1 
°C and (b) 43 ± 1 °C. The assays were performed in triplicate. 

The curves presented in Fig. 3 show the relationship between the drug load and the lidocaine release rate from the compositions 
PCL-T:LID1%, PCL-T:LID1.5% and PCL-T:LID2% in response to increasing time, at temperatures of (a) 37 ± 1 °C and (b) 43 ± 
1 °C. In 140 min and at a temperature of 37 °C (Fig. 3a), the percentages of lidocaine released were approximately 2.8%, 2.2% and 
1.8% for the compositions PCL-T:LID1%, PCL-T:LID1.5% and PCL-T:LID2%, respectively. On the other hand, at 43 °C, during 
the same time interval (Fig. 3b), the percentages of lidocaine released in vitro reached approximately 91.8% for PCL-T:LID1%, 
84.5% for PCL-T:LID1.5%, and 61.64% for PCL-T:LID2%. This difference in the percentage of lidocaine released at different 
temperatures is possibly related to the physical state of PCL-T at the two experimental temperatures (37 ± 1 °C and 43 ± 1 °C). 
Considering that PCL-T has a melting point of approximately 33 °C [39], while lidocaine has a melting point of approximately 69 
°C [16], the increase in temperature is expected to promote the disaggregation of the nanoparticulate structure of PCL-T, thus 
favoring a thermoresponsive release of lidocaine [42]. It can also be seen that there was a tendency for a reduction in the percentage 
of drug release with increasing concentration in the nanoparticle at both temperatures, this effect being particularly evident in the 
PCL-T:LID2% sample. 
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One explanation for this relationship considers the possibility of drug crystallization within nanoparticles, which occurs when 
its concentration exceeds the solubility in the matrix, resulting in slower or incomplete diffusion through polymeric materials [7]. 

The growing demand for functional materials applicable to tissue engineering and wound care has driven the development of 
polymeric systems that combine appropriate active and structural properties. Notable among these are natural biopolymers such as 
alginate (ALG) and hyaluronic acid (HA), widely used in the formulation of hydrogels for topical application. Their intrinsic 
characteristics of biocompatibility, biodegradability, and ability to form hydrated three-dimensional networks make them excellent 
matrices for the encapsulation and controlled release of therapeutic agents, in addition to promoting a moist environment conducive 
to healing. In the present study, these matrices were used as a base for incorporating PCL-T nanoparticles containing lidocaine, with 
the aim of developing a multifunctional system for wound application. The ALG:AH, ALG:AH@PCL-T:LID1%, ALG:AH@PCL-
T:LID1.5%, and ALG:AH@PCL-T:LID2% films showed homogeneity on a macroscopic scale, exhibited high transparency 
(Fig.4a), and demonstrated ease of manipulation. 

 

Fig. 4. (a) The ALG: AH, ALG:AH@PCL-T: LID1%, ALG:AH@PCL-T: LID1.5% and ALG:AH@PCL-T: LID2% films presented 
translucent visual appearance. (b) Stress-strain curves of the ALG: AH (black line), ALG:AH@PCL-T: LID1% (red line), ALG:AH@PCL-
T: LID1.5% (green line), and ALG:AH@PCL-T: LID2% (magenta line) films. 

In Fig. 4b, the elastic modulus values calculated from the stress-strain curves were 0.481 MPa, 0.369 MPa, 0.529 MPa, and 
1.79 MPa for ALG: AH, ALG:AH@PCL-T: LID1%, ALG:AH@PCL-T: LID1.5%, and ALG:AH@PCL-T: LID2%, respectively. 
Although the strain values obtained for the films do not exceed 11%, which corresponds to body orientations in the linear elastic 
deformation zone at low strains (up to 10-40%), the elastic moduli for the samples are close to or within the range reported for 
human skin, which varies from 0.50 to 1.95 MPa [43]. The ALG: AH film presented an elastic modulus of 0.33 MPa, while the 
films containing lidocaine presented the following values: 2.68 MPa for ALG:AH@PCL-T: LID1%, 1.93 MPa for ALG:AH@PCL-
T: LID1.5% and 1.77 MPa for ALG:AH@PCL-T: LID2%. 

Mechanical properties are similar to those of skin are desirable for topical application materials, as they allow the film to 
maintain its physical integrity during use without causing discomfort, especially in areas with low skin deformation [43,44]. 

Fig. 5 shows the surface and fracture images obtained by scanning electron microscopy for the ALG:AH, LG:AH@PCL-
T:LID1%, ALG:AH@PCL-T:LID1.5%, and ALG:AH@PCL-T:LID2% films at ×1000 magnification. 
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Fig. 5. SEM images of the surfaces (a–d) and fractures (e–h) of the films: (a, e) ALG:AH; (b, f) ALG:AH@PCL-T:LID1%; (c, g) 
ALG:AH@PCL-T:LID1.5%; (d, h) ALG:AH@PCL-T:LID2%. 

In Fig. 5, SEM images of the films reveal a porous structure. It can be observed that the addition of NPs to the films promotes 
an increase in porosity, both on the surface (Fig. 5a–d) and in the fractured walls (Fig. 5e–h), accompanying the increase in lidocaine 
concentration in the NPs. In the ALG:AH sample, Fig. 6a, no pores were observed on the surface of the film at ×1000 magnification. 
However, within the sample (Fig. 5e), pores and striations were observed. 

The samples containing nanoparticles (Fig. 5b–d, representing the surface, and Fig. 5f–h, representing the cross section) 
exhibited a porous morphology with the presence of interconnected pores, a characteristic indicative of a three-dimensional cross-
linked structure. This structural organization can be attributed to the interaction between the amine groups (pKa = 8.01) present in 
the lidocaine molecule and the hydrophilic carboxyl groups (–COOH/–COO⁻) of the polymeric chains of alginate (pKa ≈ 3.4-3.6) 
and sodium hyaluronate (pKa ≈ 2.5-4.0). These interactions can act as additional physical crosslinking points, favoring the formation 
of a more open and interconnected three-dimensional network. In addition, the presence of lidocaine molecules, particularly on the 
surface of PCL-T nanoparticles, may lead to microphase domains and discontinuities in the polymeric matrix, contributing to 
increased porosity. This mechanism is consistent with previous reports [18,44] describing the role of amine-containing drugs as 
modulators of the microstructure of polysaccharide hydrogels. This potential role of lidocaine as a cross-linking agent contributes 
to the formation and stabilization of the polymer network, favoring the development of a continuous porous matrix. Similar 
mechanisms were reported by Jing et al. [44], in studies using lidocaine-loaded carboxymethyl chitosan cross-linked in alginate 
hydrogels for local anesthetic delivery systems, as well as by Sanchez et al. [18], who described the formation of alginate- and 
hyaluronate-based ion-exchange films containing ciprofloxacin and lidocaine, with a porous structure and controlled-release profile 
for use in wound healing. These results reinforce the hypothesis that the presence of lidocaine can influence not only the bioactivity 
of the system but also its structural and functional properties. 

It is established that hydrophilic surface films enhance adhesion to skin through electrostatic interactions [13,16]. Contact 
angles below 90° indicate hydrophilic interactions between the material surface and the solution, while angles between 90° and 150° 
suggest hydrophobic interactions [13,45]. To investigate the chemical nature of the films, contact angle analyses were conducted, 
with results presented in Fig. 6. The same figure also displays FTIR spectra for ALG:AH@PCL-T:LID1%, ALG:AH@PCL-
T:LID1.5%, and ALG:AH@PCL-T:LID2% films. 
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Fig.  6. Calculated Contact Angles for Films (a) ALG:AH, (b) ALG:AH@PCL-T:LID1%, (c) ALG:AH@PCL-T:LID1.5%, and (d) 
ALG:AH@PCL-T:LID2%. (e) FTIR Spectra (4000–600 cm⁻¹) for ALG:AH (black line), ALG:AH@PCL-T:LID1% (red line), 
ALG:AH@PCL-T:LID1.5% (green line), and ALG:AH@PCL-T:LID2% (blue line). 

As expected, all contact angle values obtained were less than 90° (Fig. 6a-d), confirming that the films are hydrophilic in 
nature. However, it is observed that increasing the concentration of lidocaine incorporated into the PCL-T nanoparticles results in 
an increase in the contact angle, suggesting a tendency toward hydrophobicity. This increase may be due to the presence of lidocaine 
on the surface of the PCL-T nanoparticles, as discussed previously. 

In general, the spectra presented in Fig. 6e exhibit the typical absorption bands of polysaccharides, such as alginate and sodium 
hyaluronate, characterized by: a broad absorption band between 3000 and 3700 cm⁻¹, associated with the stretching of the OH 
groups; an intense absorption band centered at 1608 cm⁻¹, related to the stretching of the carbonyl groups present in both compounds; 
and a band at 1051 cm⁻¹, corresponding to the glycosidic bonds [46]. When comparing the spectra of ALG:AH@PCL-T:LID1%, 
ALG:AH@PCL-T:LID1.5% and ALG:AH@PCL-T:LID2% with ALG:AH, important differences are observed, including: an 
absorption band at 1495 cm⁻¹, attributed to the stretching of the C=C group of lidocaine [40], and another at 1733 cm⁻¹, resulting 
from the vibration of the C=O group present in PCL-T [30,39]. These differences confirm the incorporation of PCL-T-based 
nanoparticles containing lidocaine in the alginate and sodium hyaluronate films. 
 The lidocaine release profile from ALG:AH@PCL-T:LID1%, ALG:AH@PCL-T:LID1.5% and ALG:AH@PCL-T:LID2% 
films at 37 ± 1°C and 43 ± 1°C are shown in Fig. 7. 

 

Fig. 7. Percentage of lidocaine released from the films of ALG:AH@PCL-T:LID1%, ALG:AH@PCL-T:LID1.5%, and ALG:AH@PCL-
T:LID2% at the temperature of (a) 37 ± 1 °C and (b) 43 ± 1 °C. The assays were performed in triplicate. 
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As shown in Fig. 7, the amounts of lidocaine released in 220 min from the membranes were comparable at temperatures of 37 
± 1 °C (Fig. 7a) and 43 ± 1 °C (Fig. 7b). For example, at 37 °C and after 220 min, the amounts of lidocaine released were 
approximately 28.5% for PCL-T:LID1%, 25.2% for PCL-T:LID1.5%, and 16.9% for PCL-T:LID2%. When the temperature  
increased to 43 °C, a reduction in the release percentages was observed to 23.8%, 20.0%, and 15.3%, respectively. In comparison, 
this decrease corresponds to reductions of approximately 16.5%, 20.6%, and 9.5% in lidocaine release for the systems with 1.0%, 
1.5%, and 2.0% drug, respectively. These results indicate that increasing the temperature did not favor drug release, suggesting that 
the release process is not predominantly governed by thermally activated mechanisms, such as matrix degradation, but rather by a 
controlled diffusion mechanism. 

Thus, the low amount of lidocaine released from the membranes at both temperatures studied may be related to the presence 
of electrostatic interactions between the amine groups of lidocaine and the carboxylic groups present in the polymer chains of 
alginate and sodium hyaluronate. Such interactions can restrict the mobility of the drug in the matrix, hindering its diffusion into 
the receptor medium (0.3% Tween 80 solution). This behavior has been previously reported, demonstrating that the use of a neutral 
salt, such as sodium chloride, as a receptor medium can disrupt these electrostatic interactions and, consequently, significantly 
increase the lidocaine release rate [18]. 

Considering the low lidocaine release rate observed in the developed systems, it is essential to assess whether the amount of 
drug effectively available in the medium is sufficient to promote the desired biological effects, such as local anesthetic action, 
without inducing cellular toxicity. In this context, cytotoxicity assays are essential to investigate the safety of the systems against 
human cells. Below, we present the results of the acute toxicity evaluation (24 h) of films containing different concentrations of 
lidocaine, conducted according to the criteria established by ISO 10993-6:2016, which establishes that a sample is considered 
cytotoxic when cell viability is less than 70%. Fig. 8 presents the results obtained for the ALG:AH@PCL-T:LID1%, 
ALG:AH@PCL-T:LID1.5%, and ALG:AH@PCL-T:LID2% films, evaluated against the human keratinocyte cell line HaCat. 

 

Fig. 8. Cytotoxicity of films against HaCat cell line. 

As shown in Fig. 8, all films containing lidocaine – ALG:AH@PCL-T: LID1%, ALG:AH@PCL-T: LID1.5%, and 
ALG:AH@PCL-T: LID2% – showed cell viability greater than 70%, the limit established by ISO 10993-6:2016 for characterizing 
cytotoxicity. More precisely, the control film, composed only of ALG: AH, showed an average viability of approximately 88%, 
while the films containing lidocaine at concentrations of 1.5%, 1.0%, and 2.0% exhibited average viability values of ~85%, ~84%, 
and ~79%, respectively. These results indicate that all developed systems are biocompatible, demonstrating potential for biomedical 
applications, especially as matrices for topical delivery of local anesthetics. 

5. Conclusions 

This study reports on the successful development of innovative topical films based on alginate and hyaluronic acid, loaded 
with lidocaine-containing polycaprolactone-triol nanoparticles. The prepared nanoparticles, obtained via nanoprecipitation, 
demonstrated hydrodynamic diameters ranging from 174 to 920 nm, high encapsulation efficiency (>99%), and good colloidal 
stability. The final films were characterized by their flexibility, translucency, and mechanical properties comparable to human skin, 
with a porous morphology facilitated by intermolecular interactions between the drug and the matrix biopolymers. 
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While the isolated nanoparticles exhibited a thermoresponsive release profile, with enhanced release at an elevated temperature 
(43 °C) simulating inflamed skin, this effect was attenuated in the final film formulation. This suggests that electrostatic interactions 
between lidocaine and the polyanionic matrix limited drug diffusion. Nevertheless, the films demonstrated a sustained release 
profile, releasing approximately 28.5% of the encapsulated drug over 220 minutes under physiological conditions.  

HaCaT cell viability assays confirmed the biocompatibility of all developed formulations, with cell viability exceeding 79%. 
These results underscore the potential of the films for biomedical applications, particularly as intelligent dressings for prolonged 
pain relief and wound healing. Although in vivo therapeutic efficacy remains to be fully explored, this work establishes a robust 
foundation for future studies. Subsequent investigations will focus on evaluating the analgesic and healing properties of these films 
in animal models and exploring the potential for simultaneous release of multiple drugs to further expand their clinical utility. 
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