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Abstract 

A novel approach was designed to fabricate high-added value manufacts, starting from cost-effective 

materials and combining well-known processing techniques.  

Bi- and three-layered, functionally graded laminates were achieved by direct electrospinning onto dense 

substrates. The architecture of each multilayer comprises a dense layer formed by solvent casting, which 

is constituted by polylactic acid (PLA) and carvacrol, and one or two electrospun fibrous skin layers, 

consisting of PLA only. Processing-structure-properties relationships of such materials were investigated. 

As regards mechanical behavior, the amount of fibrous PLA layers determined an increase of stiffness  

from 20 to 35 MPa, adequately predicted by isostrain model, whereas the breaking properties proved to 

be governed by the dense layer, with values of tensile strength (6 MPa) and elongation at break (200%) 

almost ten-folded with respect to those of electrospun fibrous PLA.  

As concerns carvacrol release behavior, the presence of fibrous skin, especially in three-layered 

structures, proved to progressively reduce the burst delivery at early stage of immersion, while enhancing 

the depletion time, i.e. the release activity, of such devices from 288 to 795 hours. Furthermore, a 

correlation was found between the thickness of fibrous layers and release kinetics, thus suggesting that 

adjusting simple variables, such as electrospinning time, allows to control the ultimate properties of these 

devices. Moreover, this approach enables gathering the mechanical robustness of a dense film with the 

extremely large specific area of fibrous materials, thus showing promising potential for a broad range of 

application fields. 

Keywords: Electrospinning onto film; Solvent casting; functionally graded; Peppas model; Controlled 

drug release; Multilayer. 

1. Introduction 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



Polymer-based materials with well-orchestrated morphologies are an emerging class of materials that 

currently find application in many fields, including regenerative medicine, drug delivery, bioprocess 

intensification, electrochemistry, textiles, smart packaging, sensing, desalination, filtration processes  [1–

6]. However, high surface area, hierarchical structure, and ordered pores architecture are difficult to be 

simultaneously satisfied and managed using one polymer or one processing technique [2,7].  

Usually, graded structures, characterized by either discrete or uniform variation of a given property, are 

obtained by time consuming protocols or multi-component formulations, whose overall optimization and 

control are hard to manage [7]. 

Combining different processes may enable the possibility to optimize separately multiple variables for 

achieving modular properties, and/or to provide multiple processing options by gathering the strengths of 

each processing technique in the perspective of expanding applications. 

The basic idea is that the combined processing approach may improve the preparation of functional 

materials, starting from cost-effective materials and well-known processing techniques, opportunely 

combined each other. 

Herein, it is reported a simple strategy to prepare polymeric laminates with tunable morphology and 

functionality, by using two quite common and relatively inexpensive materials, such as a commercial 

poly(lactic acid) (PLA), extremely widespread in the scientific literature by virtue of its bioco mpatibility, 

renewability and biodegradability, and an essential oil, i.e. carvacrol (CRV), which recently stimulated a 

growing interest as a natural antimicrobial, antioxidant and antitumor agent [8,9]. More in detail, the aim 

is to demonstrate the possibility to achieve different types of graded structures constituted by a dense, 

layer of PLA containing carvacrol (used as a model molecule) and one or two fibrous skins made by PLA 

only, via the coupling of solvent casting and electrospinning methods. The effect of this surface treatment 

on mechanical and in vitro release properties of resulting materials, as well as the possibility to tune such 

target properties by modulating operating variables will be discussed and the strong processing -structure-

property relationship investigated is supposed to provide guidance for extending the combined processing 

approach to as many as possible application fields. In fact, these systems may hold tremendous potential 

in long-term topical treatment of infections located in interstitial/contact tissues, including buccal mucosa, 

vulvovaginal and gingival disorders  [10–14]. 
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2. Experimental part 

2.1 Materials and chemicals 

The raw materials used in this work were a sample of PLA 2002D (Mw 215 kDa; D-lactide content 4%), 

purchased from NatureWorks, a liquid sample of CRV (2-methyl-5-(1-methylethyl)-phenol, melting 

temperature=1 °C, density=0.977 g/L, purity ≥97%), supplied chloroform (CF), Acetone (Ac), and 

phosphate-saline buffer (PBS) were purchased from Sigma Aldrich. All the reactants were used as 

received.  

2.2 Preparation route 

Figure 1 provides the schematics of the combined processing approach adopted in this work. Thin films 

containing 86 wt.% PLA and 14 wt.% CRV were fabricated by solvent casting. More in detail, CRV 

(976.7 mg) was added dropwise to 60 mL of CF:Ac (2:1 by volume), thereafter 6 g of PLA were added to 

the solution and totally dissolved by stirring overnight. Thin films were achieved by pouring the solution 

onto rotary glass cylinders having ultra-smooth surface. This protocol allows fabricating films with 

extremely uniform thickness (30±1 μm) without irregularities nor pores. Among these, films having 

average thickness values as similar as possible to each other have been selected, cut into rectangular foils 

(120 mm x 78.5 mm), weighed and rolled-up onto an Al-coated rotary collector having diameter=25 mm, 

for the subsequent electrospinning operations, which were performed as follows. 

PLA (2 g) was dissolved in 20 mL of a CF/Ac (2:1 by volume) solvent mixture and homogenized in the 

same conditions as those used for fabricating thin films, thereafter such solution was fed to a glass syringe 

and electrospun, thereby being deposited onto one side or both the sides of films. The process was carried 

out at T=25 °C and 40% relative humidity in a conventional electrospinning unit (Linari Engineering-

Biomedical Division, Italy) equipped with a multi-needle spinneret, having 12 stainless steel needles (19-

gauge), parallel to each other, with an inter-needle distance equal to 50 mm. The following parameters 

were selected: flow rate=2 mL/h; tip-to-collector distance=15 cm; supplied high voltage=15 kV; mandrel 

rotating speed=5 rpm. Furthermore, by changing electrospinning time from 5 to 10 minutes it was 

possible to obtain three-layer samples with different morphological structures . The four samples prepared 

in the frame of this work were coded as follows: 

ML: a monolayer dense film prepared by solvent casting containing PLA+14% CRV 
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BL: a bilayer structure, constituted by a dense film containing PLA+14% CRV and a PLA fibrous 

membrane prepared by electrospinning for 5 mins. 

TL-5: a three-layer structure, constituted by an inner dense film containing PLA+14% CRV and two outer 

PLA-based fibrous membranes prepared by electrospinning for 5 mins. 

TL-10: a three-layer film constituted by an inner dense film containing PLA+14% CRV and two outer 

PLA fibrous membranes prepared by electrospinning for 10 mins. 

The pictorial representation of the different structures achieved can be observed in Figure 1. Basically, by 

coupling electrospinning with solvent casting, it was possible achieving bilayer and three-layer skin-core-

skin structures, being constituted by an identical dense core and one or two fibrous skins. 

 

Figure 1. Schematics of the process  

Table 1 reports the main properties of ML, BL, TL-5 and TL-10. All of the samples display the same 

nominal CRV content, since it is present only in the dense core, common for all the samples, while 

differing each other for the mass of fibrous layer(s) deposited, with ensuing different nominal CRV 

concentrations and fibers/film weight ratios, which have been esteemed, being known the formulation, by 

weighing the samples before and after the coating. 

Table 1. Main properties of ML, BL, TL-5, TL-10 
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Sample 
mass of dense 

layer (mg) 

Mass of fibrous 

layer(s) (mg) 

Nominal CRV 

content (mg) 

Nominal CRV 

concentration (wt.%) 

fibers/film 

weight ratio 

ML 340.2 0 47.6 14% 0 

BL 340.7 204 47.7 8.85% 0.58 

TL-5 340.1 369 47.6 6.71% 1.08 

TL-10 339.4 806 47.5 4.15% 2.37 

 

As control, electrospun membranes and dense cast films of neat PLA, respectively coded as ES-PLA and 

SC-PLA, were prepared in the same conditions. 

2.3 Characterization  

Scanning electron microscopy (SEM) analysis was carried out by using an ESEM FEI QUANTA 200 

(Thermo Fisher Scientific, USA) onto both surface and cross-section of each sample. An open source 

image processing software (Image J) equipped with a plug-in (Diameter J) was used to evaluate the 

features of fibrous layers, such as diameter size distribution and mean size of the fibers.  

Water contact angle (WCA) measurements were carried out at room temperature by using an FTA 1000 

(First Ten Ångstroms, UK) instrument. 4 μL of deionized water were dropped onto the surface of each 

sample by way of an automatic liquid drop dosing system. Images of the drop on the surface were 

acquired after 20 s.  

Tensile tests were performed to evaluate the mechanical properties of the samples , by using an Instron 

3365 (Instron, Norwood, MA, USA) universal testing machine, operating at a crosshead speed of 1 

mm/min until 3 minutes; thereafter, the crosshead speed was increased to 100 mm/min until specimen 

failure. Tensile tests were carried out onto prismatic-shaped specimens, obtained by die-cutting 

(Tecnofustelle, Italy). All the specimens had width=10 mm and length=90 mm (gauge length=30 mm), 

while differing each other for the thickness, which was measured prior to each experimental run . Volume 

fraction of fibrous layer(s) was esteemed by subtracting the thickness of dense layer (equal to 30 μm) 

from that of the entire sample.  

Elastic modulus (E) was calculated as initial slope of stress -strain curves, extrapolated at zero-strain, 

tensile strength (TS) and elongation at break were respectively evaluated as the maximum values of stress 

and strain for each curve. For each experimental run, at least 10 replicates were tested, and the data were 

provided as mean values with standard deviations. 
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FTIR/ATR tests were performed by a Perkin-Elmer FT-IR/NIR Spectrum 400 spectrophotometer, spectra 

were collected in the range 4000-400 cm
-1

. 

Release tests were carried out in PBS at 37 °C up to 550 h to assess the CRV release, calculated by 

monitoring the absorbance peak at 273 nm via a UV-vis Specord 252 spectrophotometer (Analytik Jena, 

Jena, Germany). Prior to release tests, a series of PBS solutions with known CRV concentrations was 

used to construct a calibration curve, which correlates the absorbance peak intensity to the concentration. 

In the concentration range investigated (i.e. until 20 mg/dL), the calibration curve was found to be a line, 

whose best fitting was performed by the method of least squares. The release of carvacrol from the 

devices was investigated by immersing a pre-weighed sample (a disk with 25 mm diameter) in 10 mL of 

PBS and thereby monitoring at predetermined time intervals the absorbance of CRV of the storage 

solutions. Note that, after each measurement, the samples were immersed in fresh PBS to maximize the 

diffusion driving force. The cumulative release of CRV was thereby calculated by sequentially adding the 

amount released after each step. 

2. Results and discussion 

Figure 2 provides SEM micrographs of the cross sections of the samples prepared in this work. Cross -

section of ML (panel A) displays a uniform thickness of about 30 μm with no aggregates, likely due to 

the good mutual affinity between PLA and CRV. BL sample morphology, reported in panel B, 

demonstrates the effectiveness of the combined processing herein proposed. In fact, it is clearly detectable 

the assembly of a fibrous layer onto the dense film. Moreover, the sample shows a uniform interface. 

Cross-section of TL-5, provided in Figure 2 C, displays a skin-core-skin structure, with a dense core 

sandwiched by two fibrous layers. TL-10 (Figure 2D) exhibits the same structure as TL-5 but in this latter 

case the thickness of outer fibrous layers drastically increased such that exceeding the hundreds of 

microns. Even in this case, a good and uniform interface was detected, with both fibrous layers perfectly 

adherent to the dense core. In order to get some information about mats architecture, SEM imaging was 

carried out even onto top side of each sample.  

In Figure 3 A-C there are respectively reported the top views of fibrous surfaces of BL, TL-5 and TL-10, 

together with their diameter size distributions (DSD). Furthermore, in top right of panel A the smooth 

surface of ML is provided for sake of comparison. Note that for three-layers, DSD was evaluated onto 

both sides, to make sure there were no discrepancies between top and bottom side th at may occur due to 

progressive changes upon increasing sample thickness in tip-to-collector distance and collector 
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conductivity, since PLA/CRV and PLA behave as electrical insulators. Notably, the architecture of 

fibrous mats was found to be extremely similar for all the samples, with a uniform and homogeneous 

coating of randomly oriented fibers. This approach ensures a high electrospinnability, since no beads or 

blobs phenomena were detected. Another relevant aspect is the uniformity of fibers, with all the samples 

presenting unimodal distributions, whose maxima were centered at 3 μm, and hence similar mean values, 

regardless of processing parameters. Furthermore, three-layer samples displayed the same features in both 

sides. Of course, due to the aforementioned presence of insulating layers, the mean diameter of fibers in 

the fibrous skins of bi- and three-layer devices was found to be slightly larger than that of ES-PLA (see 

Fig. S1-S2). 
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Figure 2. SEM micrographs of the cross-sections of ML (A), BL (B), TL-5 (C), TL-10 (D) 
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Figure 3. SEM micrographs reporting top views and diameter size distribution for BL (A), TL-5 (B) and 

TL-10 (C). Inset of panel A: surface view of reference ML. Note that in three-layer samples the diameter 

size distribution is provided for both the sides. Scale bar=80 µm. 

 

Figure 4. WCA of (from left to right) ML, BL, TL-5 and TL-10. 

In order to detect possible changes in surface wettability, WCA measurements were performed and shown 

in Figure 4. ML displays a hydrophilic character (WCA=57°), due to the presence of CRV. In fact, WCA 

of neat PLA processed in the same way (sc-PLA) is equal to 74° (Fig. S3). The fibrous coating led to 

higher WCA values, which were found in the range 112-113 degrees. This feature was however 
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predictable, since – beyond the absence of CRV in electrospun membranes – the intrinsic roughness of 

fibrous structures is known to enhance the hydrophobicity  [15]. 

 

Figure 5. Representative stress-strain curves of ML, BL, TL-5 and TL-10, together with that of an 

electrospun PLA membrane (ES-PLA), as reference plot. 

The representative stress-strain curves of ML, BL, TL-5 and TL-10 recorded during tensile tests are 

provided in Figure 5, together with that of an electrospun PLA membrane (ES-PLA) for sake of 

comparison. Basically, all the samples display a ductile behavior with a well-defined necking region and 

strain-hardening phenomena [16,17]. By analyzing the curves, it is possible to qualitatively assess that the 

stretchability tends to decrease upon increasing fibers/film ratio. In fact, being CRV contained in the inner 

dense layer only, this latter one is more ductile than neat sc-PLA (see Fig. S4), as expected, and even than 

fibrous mats. Therefore, stretchability decreases upon increasing the number of fibrous layers and their 

thickness (see again Table 1), with the effect of the less deformable ES-PLA mats becoming 

progressively more remarkable. Similarly, tensile strength values of fibrous membranes are typically 

much lower than those of dense films, because of obvious different density. A close -up of the low-strain 

region is provided in the inset of the same figure. ES-PLA displays the highest stiffness, while ML is the 

least rigid sample, due to the plasticizing effect of CRV. BL, TL-5 and TL-10 present elastic moduli 
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intermediate between those of ML and ES-PLA. In order to quantitatively assess the effect of combined 

processing onto the mechanical performance of such structures, the values of E, TS and EB derived from 

tensile tests have been reported in Table 2.  

Table 2. Main tensile properties of the single and multilayer structures prepared  

Sample E (MPa) TS (MPa) EB (% ) 

ML 19.1   3.0 7.54   1.1 260   35 

BL 23.7   3.2 5.95   0.5 225   40 

TL-5 27.2   4.1 5.84   1.2 185   20 

TL-10 34.8   4.8 6.01   1.2 17   25 

ES-PLA 49.3  4.7 0.8   0.2 24   4 

 

Even in this case, stiffness was found to enhance upon increasing the contribution of fibrous PLA, with 

the ensuing decrease of CRV overall concentration. Beyond the differences observed, it is of enormous 

interest to note that breaking properties of BL, TL-5 and TL-10 laminates are substantially governed by 

the film layer, with this aspect being crucial in the perspective to couple the extremely high specific 

surface of fibrous surfaces with the higher mechanical performance of dense films. 

Elastic modulus of laminates can be modeled by considering parallel slabs of material between platens 

that apply a load, assuming an isostrain condition, since each phase undergoes the same displacement. 

Under these hypotheses, each layer of the laminate gives a contribution to the composite stress that is 

proportional to the volume fraction of the phase and, therefore, the elastic modulus of the composite is 

given by the arithmetic mean of the moduli of each layer, weighted by the volume fractions.  The elastic 

moduli experimentally measured were plotted as a function of volume fraction (Φ V) of fibrous layer(s) 

and compared with those predicted by isostrain model. The results are provided in Figure 6. 
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Figure 6. Comparison between experimental and predicted values  of elastic modulus, plotted as a 

function of volume fraction (ΦV) of fibrous layer(s).  

Isostrain model allows predicting moduli of laminates with a high accuracy level, with this feature 

suggesting a good interlayer adhesion in the laminates, already env isaged by the uniform morphology of 

interfaces detected by SEM analysis (see again Figure 2). Elastic modulus of TL-10 was slightly lower 

than that predicted, however, even in this latter case, the interlayer adhesion was found to be quite strong.  

FTIR/ATR analysis was carried out with the purpose to detect the presence of CRV. FTIR spectra 

collected in the range 4000-400 cm
-1

 are shown in Figure 7A. In fact, although all the samples display the 

characteristic bands of PLA, such as those centered at  1750 cm
-1

 and 1150-1000 cm
-1

, respectively 

referring to C=O and C-O stretching, it is possible to recognize the eventual presence of CRV by 

monitoring the band centered at 814 cm
-1

, which is ascribed to CRV aromatic ring [9]. The magnification 

of this spectral region is provided in Figure 7B. Notably, the absorbance of such band was found to be 

more intense in ML, while decreasing for BL and TL-5, which displayed the same intensity value (note 

that for BL the analysis was performed onto fibrous layer, as indicated by the arrow in the pictorial 

representation inserted to the right of the panel). In TL-10, no characteristic peak of CRV could be 

detected. These data can be explained by considering two factors: firstly, ATR is a surface 
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characterization, whose depth penetration capability is reasonably lower than fibrous layer thickness of 

TL-10 [18]; secondly, although all the samples contain the same amount of CRV per unit of surface, 

being equal the middle layer, it is obvious that, upon increasing the volume of fibrous coating made by 

PLA only, CRV concentration tends to decrease, progressively going from 14% (ML) to about 4% (TL-

10).  

 

Figure 7. FTIR/ATR spectra (A) and close-up of the spectral range 850-775 cm
-1

 (B) collected for ML 

(black), BL (red), TL-5 (light blue) and TL-10 (blue). Note that measurements were performed onto the 

side indicated by the arrows. 

The ability of the samples in providing controlled release of CRV was investigated by monitoring UV 

absorption wavelength at 273 nm of CRV at various time intervals  [9]. 

Figure 8 provides the cumulative release of CRV expressed as M t/Mloaded ratio upon immersion time, with 

Mt and Mloaded indicating respectively the amount of CRV released at a given time t, and  the theoretical 

amount of CRV integrated into the devices, according to their formulation, reported in Table 1. 
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Figure 8. Release curves of ML, BL, TL-5 and TL-10 expressed as Mt/Mloaded as a function of time. Inset: 

close-up of the “burst” zone. 

ML displays the typical release behavior of thin films, characterized by a burst in the early portion of the 

curves, when the driving force is higher, and a subsequent plateau, associated to the progressive depletion 

of CRV after a certain time interval. It is worth noting that after 300 hours any release activity was no 

longer observed. 

Therefore, the maximum amount of CRV released was about only 50% of the theoretical loaded amount, 

i.e. the CRV initially added to the polymer solution used for solvent casting . This apparent discrepancy 

between loaded and released content is generally observed in polymeric systems containing essential oils, 

due to the volatilization of CRV during processing, and given the fact that a certain aliquot of CRV 

molecules remains entrapped within the structure [9,19,20]. When compared to ML, BL shows a 

substantially similar release behavior, being however characterized by a slightly lower burst release and a 

less pronounced leveling off at higher time intervals, since Mt/Mloaded is shown to monotonically increase, 

although slowly, for the entire time investigated, thus asymptotically tending to the saturation value 

achieved by ML. TL-5 and TL-10 exhibit a progressively reduction of burst release with ensuing 
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enhanced ability to retain a remarkably sustained release over the whole time investigated. Notably, none 

of them achieved any plateau until 550 hours.  

Aiming at a closer inspection of release mechanism, experimental data were fitted according to Peppas -

Korsmeyer model [21–24]: 

  

  

                                 

Where t is the release time, k is a kinetic constant related to the properties of the drug delivery system, 

and n is the diffusion exponent that is an indicator about the release mechanism.  

M∞ is the mass delivered at the depletion time, usually calculated as the value of cumulative mass 

released at saturation [21–24]. Within the experimental time investigated, ML and BL have been the only 

samples that displayed a plateau, with    being equal to about 50% with respect to the loaded amount of 

CRV, while depletion time of TL-5 and TL-10 reasonably exceeds 550 hours. Therefore, the value of 

Mt/Mloaded calculated at saturation for ML and BL was taken as reference M ∞ for all the samples and the 

curves were normalized consequently. 

 

Figure 9. Release kinetics fitted according to Peppas -Korsmeyer model, together with the expected 

depletion time.  
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Figure 9 provides log Mt/M∞ plotted as a function of log time for each sample. The release data were 

fitted by using Equation (1) until a satisfactory R
2
 value (>0.99) was reached [25].  

It is worth noting that Peppas -Korsmeyer model refers to the ideal condition of drug molecules 

homogeneously dispersed throughout the polymer matrix, and it  is applicable only in the early portion of 

each curve, that is for M t/M∞<0.6 [26]. However, by analysing the slope and the intercept of the fitted 

lines in the first interval, it is possible to calculate n and k, respectively. The physical meaning of n 

provides information about the release mechanism, as listed in Table 3.  

Table 3. Physical meaning of n exponent [24] 

Release exponent (n) * Drug transport mechanism 

n ≤ 0.5 

0.5 < n < 1.0 

n= 1.0 (**) 

n > 1.0 

Fickian diffusion (Case I) 

Anomalous transport 

Case II transport 

Super case II transport 

* for thin films, ** zero order release 

 

Table 4. Main information provided by power model law fitting in the burst interval 

Sample Burst interval (Peppas-Korsmeyer) 

 n  k R
2
 

ML 0.403 0.309 0.999 

BL 0.405 0.271 0.999 

TL-5 0.394 0.128 0.999 

TL-10 0.380 0.118 0.999 

 

As regards the burst interval, all the samples display a Fickian mechanism release with similar n values, 

while differing each other for the k values, which depend on the geometry of the samples  [21–24]. Indeed, 

all the specimens possess the same diameter and substantially the same dense layer but different overall 

thickness. The analysis of k variation highlights that it is possible to easily control the release behavior by 

tailoring the features of fibrous surface of such samples.  
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Furthermore, the analysis of fitted lines in the last time range allows predicting the  lifetime of each 

release device, with the expected depletion time being esteemed as the abscissa of the interception 

between the fitted line and the ordinate Log 
  

  
     

The predicted depletion times (tF, expected) of the devices are reported in the right panel of Figure 9. 

Lifetime of ML was found to be 288 hours, whereas those expected for BL, TL-5 and TL-10 proved to be 

equal to 444, 607 and 795 hours, respectively.  That is, 10 minutes (5 minutes for each side) or 20 

minutes (10 minutes per side) of electrospinning are enough to double or even almost triple the lifetime of 

the release device.  

A possible explanation of this interesting behavior could involve two phenomena:  

(i) surface wettability was deeply affected by fibrous coating, which made the surface turn into 

hydrophobic, thus hindering the solvent penetration, especially in the case of TL-10; 

(ii) PLA microfibers adhered to the thin film thus serving as a capping agent, thereby forcing 

the carvacrol molecules to follow a more tortuous and longer path to leave the s tructure.  

 

Figure 10. SEM micrographs of BL (A), TL-5 (B), TL-10 (D) after release tests. Inset of panel A points 

out the retention of uniform coverage of fibrous mats. 

Aiming to investigate the durability of interlayer adhesion, the morphology of laminates after release tests  

was assessed. SEM micrographs of the laminate samples that underwent release tests, provided in Figure 

10, put into evidence that the interlayer adhesion is retained after 550 h immersion, hence the outer layers 

are able to endow the materials with a durable hydrophobic layer which serves even as a capping agent, 

thus forcing CRV molecules to follow a longer path before being diffused out of the laminates. This 

feature is in fully agreement with the decrease of k values observed upon increasing the fibrous 
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component of the laminates. Moreover, the diffusion of CRV becomes progressively much more uniform 

upon increasing the contribution of fibrous layers . In fact, the fibrous layers, serving as a capping agent, 

are able to hinder the burst at the initial stage of release. Note that, in TL-10, the slope of Log 
  

  
 proved 

to be almost constant within the entire time interval investigated, going from 0.381 (within the interval 0-

56 hours) to 0.261 (56-550 hours), whereas ML was found unable to provide a sustained release above 24 

hours. 

Such prolonged release observed in this work was found to be much more remarkable than those reported 

in literature for three-layer systems during similar in vitro experiments [27,28]. Moreover, these results 

become even more relevant in the context of a volatile drug, such as CRV, which generally proves to be 

quickly delivered from either fibrous membranes (within 6-10 hours) [9] or dense film (288 hours) of 

PLA, but even when encapsulated in cyclodextrins [29] or complexed with graphene [9], no sustained 

release was observed after 100 hours. Indeed, long term release ability can be dramatically enhanced via 

the implementation of multi-step protocols, involving covalent immobilization routes, use and chemical 

modification of nanoparticles, drug encapsulation in engineered nanocarriers, thus leading to sustained 

release up to 40 days [30]. Of course, these latter methods, requiring time-consuming and high-cost 

operations, are preferable for durable implants and stents, whereas the technique proposed in this work, 

relying on a good compromise between cost-effectiveness/rapidity of manufacturing and long-time 

sustained release ability, might be useful for topical treating fungal and bacterial infections in external or 

interstitial tissues. 

3. Conclusions 

Electrospinning and solvent casting were coupled to achieve functionally graded laminates, comprising a 

thin film of polylactic acid, serving as a carvacrol reservoir, and one or two fibrous layers, herein used to 

modulate release kinetics of carvacrol. The presence of fibrous skin, especially in three-layer structures 

proved to progressively reduce the burst release at the early stage of immersion and to enhance the 

lifetime of release activity of such devices  up to 800 hours. Furthermore, a correlation was found between 

the thickness of fibrous layers and release kinetics, thus suggesting that adjusting simple variables, such 

as electrospinning time allows a control of final properties  and lifetime of these devices , which could be 

particularly promising for topical treatment of diseases and infections. 
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Moreover, this combined processing allows gathering the mechanical robustness  of a dense film with the 

extremely large specific area of fibrous materials, thus showing promising potential in expanding 

applications of such materials. In fact, this simple assembly may be used to prepare membranes endowed 

with a consistent core, whose properties can be designed separately on demand, that may provide higher 

mechanical resistance and thus a long-term activity/reusability, while overcoming some typical 

drawbacks of electrospun membranes .  
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Graphical abstract: 

Highlights 

 We designed a combined processing approach coupling electrospinning and film casting;  

 We achieved laminates comprising a dense PLA-carvacrol layer and fibrous PLA skins; 

 This approach allows devices with tunable properties by controlling the process; 

 Graded laminates gather high mechanical performance and tunable carvacrol release; 

 Combined processing approach can be easily extended to other processes and materials. 
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