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Abstract 

We present a fast, one step method to obtain PVA/graphene/chlorhexidine nanofibrous membranes, with 

a crosslinking gradient along their cross-section. Briefly, polymeric solutions were electrospun onto a 

heated plate, enabling the in situ crosslinking of PVA macromolecules. Of course, the crosslinking degree 

of such structures was found to decrease upon the distance from the plate during deposition. The 

outcomes reveal the crucial role of graphene, capable of promoting heat transfer throughout the entire 

structure, thus leading to 70-80% crosslinking degrees and preventing delamination issues. Such 

membranes were compared to untreated and oven thermally treated ones, and a robust relationship 

between processing, structure and properties was outlined, with a special focus on the release behaviour 

of such materials, which proved to be tuneable from instantaneous/burst to sustained release (up to 500 

hours) by adjusting formulation and preparation technique. 

 

Keywords: A. graphene; A. multifunctional composites; E. electrospinning; E. heat treatment. 

1 Introduction 

The development of drug delivery systems has been gaining increasing interest in the recent years, thanks 

to their ability to allow a sustained drug release at fixed rate for a definite time interval [1,2]. A drug 

delivery device able to release part of the drug at an initial therapeutic dose, followed by a slower and 

constant release could have many advantages including longer drug effectiveness, better balanced drug 

concentrations in the body and reduction of toxicity [3,4]. In order to obtain this kind of devices, the use 

of porous membranes represents a good strategy for a better control in drug release [3]. Electrospinning is 

a relatively facile method to fabricate polymeric nanofibrous and microfibrous membranes. Moreover, 

this technique, is increasingly used as an easy way to prepare several hybrid nanocomposites for wide use 

in filtration membranes, wound dressings, drug delivery systems and many others [5–25]. Electrospun 

fibers diameter depends on the rheological properties of the starting polymeric solution. In particular, an 

increase in solution viscosity allows obtaining fibers with larger diameter [26]. Moreover, post processing 

treatment, such as crosslinking, may induce an alteration of fibers diameter [27–35]. 
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Poly (vinyl alcohol) (PVA) is a synthetic polymer, easily obtained through the polymerization of vinyl 

acetate followed by hydrolysis of the acetate groups. It is widely used for different applications in various 

fields, from food to medicine [36]. In recent times, PVA has attracted much attention in biomedical 

applications owing to its unique properties such as water solubility, promising biodegradability and 

excellent biocompatibility [36]. Among all the potential applications in this field, controlled drug release 

is one of the most widely studied [30,37–43]. Moreover, during electrospinning, PVA can form 

nanofibrous mats with good mechanical, biological and chemical properties. In addition, since PVA has 

plenty of hydroxyl groups, its mechanical properties and anti-solubility in water can be improved by 

either thermal or chemical crosslinking. In fact, this latter can dramatically modify the hydrophilicity of 

the membranes and, consequently, their solubility. Therefore, PVA membranes can be modified in order 

to obtain desirable drug release profiles by varying crosslinking degree. In the scientific literature, there 

are reported many methods to improve PVA mechanical properties including freeze-drying, heat 

treatments, irradiation, and chemical crosslinking [28–35,37,39,44–49]. In particular, crosslinking agents 

such as citric acid [29–32], glutaraldehyde [5,37,46–48] and sulfosuccinic acid [28,33], are commonly 

used for this purpose. Despite chemical crosslinking allows to easily achieving an excellent membrane 

stability [34] and tuning crosslinking degree by simply varying the amount of crosslinking agent added 

[30,46,48], in some case disadvantages including cost increase and potential toxic effects have been 

reported [44,49–52]. Hence, developing and optimizing a simple, one step, low-cost, non-toxic and green 

route for PVA crosslinking it is an important challenge. 

Chlorhexidine (CHX) is an antibacterial agent active towards both gram-positive and gram-negative 

bacterial strains, as well as towards fungi in a dose-dependent manner, whose deactivation temperature is 

high enough to be melt-processed together with PVA and to be compatible with thermal crosslinking 

treatments.  

The incorporation of nanosized reinforcements into a matrix is one of the most successful strategies to 

enhance the performance of biopolymers [53–60]. Moreover, it was demonstrated that the presence of 

nanoparticles in the matrix could tune drug release of those devices [61–64]. Among these, graphene 

nanoplatelets (GNP), belonging to the family of nanocarbons, are commonly used as fillers in polymer-

based nanocomposites, aiming to enhance mechanical performance and to endow materials with electrical 

and thermal conductivity [65–67] and electromagnetic properties [68–70]. Therefore, the presence of 

GNP could enhance the effect of thermal crosslinking on the nanofibrous membranes, thus modifying 

drug release kinetics.   

In order to obtain more versatile drug release kinetics, the development of multilayered structures with 

longitudinally solubility gradient could be an effective strategy. In particular, the more soluble layers 
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could provide quick drug release (e.g. useful for pain alleviation or bacterial growth prevention) while the 

less soluble ones could be suitable for ensuring long-term drug delivery. However, in some cases, the 

realization of this type of membranes requires the use of complex apparatuses and laborious and time 

consuming procedures [15,71–75]. Moreover, separation at the interface of adjacent layers can occur 

when the obtainment of multilayered structure is achieved by sequential electrospinning of multiple 

biomaterials with different properties [76,77]. Therefore, the development of an effective method to 

obtain a gradient water-soluble device would be a significant achievement in drug release device 

development.    

Herein, we report a one step, green and facile route for improving the stability of PVA multi-layered 

membranes in aqueous environment, in order to obtain an efficient controlled released system. More in 

detail, a heated plate has been used as a collector of the electrospinning apparatus aiming to achieve 

progressive in situ crosslinking of PVA fibers. For sake of comparison, membranes were also prepared at 

25 °C, and eventually subjected to post-processing thermal treatment in a vacuum oven, for achieving 

bulk crosslinking. 

Ultimately, the aim of this work is to explore the possibility to tune the release of CHX, chosen as model 

compound, from PVA and PVA/GNP membranes by modifying their morpho-chemical features through 

different heat treatment techniques. 

2 Experimental section  

2.1 Materials and methods 

Poly-vinyl-alcohol (PVA, Mw 89000-98000 Da, 99+% hydrolyzed) and chlorhexidine (CHX) in the form 

of diacetate salt (chemical formula: C22H30Cl2N10· (C2H4O2)2, Tm=155 °C,  water solubility = 19 g/L at 20 

°C) were purchased from Sigma-Aldrich. Graphene nanoplatelets (GNP), trade name xGnP®, Grade C, 

were supplied by XG Sciences Inc., Lansing, MI, USA. Each particle consists in several sheets of 

graphene with an average thickness of approximately 10–20 nm, average width between 1 and 2 μm, and 

specific surface area of about 750 m2/g. All the components were used as received. Four different types of 

formulation and three different routes were adopted to prepare twelve samples, whose codename, 

composition and preparation technique are listed in Table 1. 

In all the cases, PVA (12 wt.%) was dissolved in deionized water at 95 °C under vigorous stirring for 4 h, 

whereas for preparing the (nano)composite mats, CHX and/or GNP were added to the polymeric solution 

respectively at 2 wt.% and 1 wt.% (relative to PVA).   

Each polymeric solution was then poured into a 10 ml plastic syringe equipped with a 16-G metal needle 

and electrospun onto a grounded collector wrapped in an aluminium foil, by using a conventional 
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electrospinning equipment (Linari Engineering-Biomedical Division, Italy). The following operating 

conditions were kept constant for all the samples: feed rate = 3 ml/h, voltage applied = 20 kV, needle-to-

collector distance=15 cm, electrospinning time= 2 hours. N-, O- and P-series membranes differ each other 

for some crucial parameters, as showed in Table 1. More in detail; N-series sample, taken as a reference, 

were obtained by electrospinning at T = 25 ± 3 °C; O-series samples were obtained from N-series ones 

via a post-processing thermal treatment, carried out in oven at 180 °C for 2 hours, with the purpose of 

attaining bulk crosslinking of fibrous mats; P-series sample, instead, were prepared by electrospinning the 

solutions onto a grounded collector heated at 180 °C, aiming to perform an in situ thermal treatment. 

Figure 1 provides a pictorial description of the three different routes adopted. 

2.2 Characterization 

Morphological analysis 

The morphology of the nanofibers was observed by using a scanning electron microscope (Phenom ProX, 

Phenom-World, The Netherlands) with optical magnification range of 20–135x, electron magnification 

range of 80–130000x, maximal digital zoom of 12x, acceleration voltages of 15 kV. The microscope is 

equipped with a temperature controlled (25°C) sample holder. The samples were positioned on an 

aluminium stub using an adhesive carbon tape. Fiber diameter size distribution was measured using 

Image J software, equipped with Diameter J plugin [78]. More details can be found in our previous report 

[79]. 

Rheological characterization 

Rheological properties of the polymeric solutions were analysed, using a rotational rheometer (ARES-

G2) equipped with a 25-mm parallel-plate geometry. All tests were performed at 25 °C, in frequency 

sweep mode in the range 1-100 rad/s, by imposing constant stress of 1 Pa. 

FT-IR/ATR analysis 

The chemical and structural characterization of the samples were assessed by FT-IR/ATR analysis, 

carried out by using a Perkin-Elmer FT-IR/NIR Spectrum 400 spectrophotometer. The spectra were 

recorded in the wavenumber range 4000–400 cm-1. 

Mechanical properties 

The mechanical behaviour of the membranes was investigated by tensile tests, carried out with a 

laboratory dynamometer (Instron model 3365, UK) equipped with a 1 kN load cell. The tests were 

performed on rectangular shaped specimens (10×90 mm) cut off from the membranes. The measurements 
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were performed by using a double crosshead speed: 1 mm min-1 for 2 min and 50 mm min-1 until fracture 

occurred. The grip distance was 20 mm, whereas the sample thickness was measured before each test. 

Seven specimens were tested for each sample and the outcomes of elastic modulus (E), tensile strength 

(TS), and elongation at break (EB), have been reported as average values ± standard deviations.  

CHX release tests 

A series of DI water solutions containing a known amount of CHX were analyzed by using UV/ vis 

spectrophotometer (model UVPC 2401, Shimadzu Italia s.r.l., Milan, Italy) in order to obtain a calibration 

line to correlate the absorbance band intensity of CHX and its concentration in DI water. The maximum 

absorbance band of CHX was detected at 230 nm. The release of the antiseptic from the membranes was 

investigated by immersing pre-weighed square specimens (10×10 mm2 0.01g ca.) in 10 mL of DI water 

at 37 °C. The absorbance band intensity of the storage solutions was measured at specific time intervals 

and converted to CHX released through the calibration line. All the samples were immersed in 10 ml of 

fresh DI water after each measurement. Each measurement was performed in triplicate. 

3 Results and discussion 

Incorporating drugs and nanofillers may lead to an alteration of viscosity of the neat polymer solution 

[65]. This feature was investigated by performing the rheological analysis of the prepared solutions.  

Figure 2 shows rheological analysis of neat PVA, PVA/CHX, PVA/GNP and PVA/CHX-GNP solutions 

used for electrospinning. For all the solutions it was generally observed a pseudo plastic behavior, with 

all curves tending to Newtonian behavior in the low frequencies region, while showing remarkable shear 

thinning at higher frequencies, despite some differences from each other. In detail, the highest viscosity 

was exhibited by PVA/GNP solution, which showed the highest non-Newtonian properties, while 

PVA/CHX solution displayed the lowest viscosity and the largest extent of Newtonian region. In 

conclusion, viscosity follows the ascendant order: PVA/CHX < PVA/CHX-GNP < PVA < PVA/GNP.  

It is known that rheological properties of starting polymeric solutions have a strong influence on the fibre 

diameter of resulting electrospun mats, which generally tends to increase upon increasing viscosity. 

Moreover, post processing treatments, such as crosslinking, may induce an alteration of fiber diameter 

[27–35]. Figure 3 shows cross-sectional SEM micrographs of non-treated, oven-treated and plate-treated 

PVA (a, a’, a”), PVA/CHX (b, b’, b”), PVA/GNP (c, c’, c”) and PVA/CHX-GNP (d, d’, d") mats to 

provide an overview of the effect of different techniques and formulations on the morphology of the mats, 

whereas a more detailed morphological analysis, including cross-sectional and surface SEM micrographs, 

together with fiber size distribution is reported in Figure S1, S2 and S3, respectively for N-series, O-

series and P-series mats (see Supporting Information). All N-series materials displayed a densely packed, 
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fibrous architecture, with approximately 50 µm thick cross-sections (Fig. 3 a-d). As regards surface 

morphology, each mat is constituted by randomly oriented continuous nanofibers with smooth surfaces 

and bead-free morphology (Figure S1 a’-d’), which display unimodal size distributions, whose maxima 

and mean values were found to differ each other. In detail, PVA_N fibers (Figure S1 a’) showed an 

average diameter of 413 nm, whereas adding CHX or GNP respectively resulted in 25% thinner (Figure 

S1 b’) or slightly thicker (6%) fibers (Figure S1 c’). Notably, in both cases the distributions proved to be 

narrower. Integrating both CHX and GNP (Figure S1 d’) gave rise to mats having practically the same 

mean diameter as neat PVA, likely because the two opposite effects of additives had counterbalanced 

each other. 

Noteworthy, the outcomes of morphological analysis are in full agreement with those of rheological 

characterization, thus pointing out that the variations detected in the average fiber diameters are governed 

by the solution viscosity [80]. 

With regard to oven-treated samples, such treatment clearly proved to affect the morphology of all 

membranes, when compared to the untreated ones. In detail, cross-sections of PVA_O (Figure 3 a’), 

PVA/CHX_O (Figure 3 b’) PVA/GNP_O (Figure 3 c’) and PVA/CHX-GNP_O (Figure 3 d’) show a 

slightly increased thickness. This effect can be reasonably ascribed to the deformation of fibers induced 

by shrinkage during cross-linking, which led to the formation of wavy fibers, with ensuing section 

thickening [31]. By contrast, the average diameter of PVA_O fibers (Figure S2 a’) and PVA/CHX_O 

(Figure S2 b’) proved to decrease by 30 and 20 nm, respectively, if compared with their N-series 

counterparts. Indeed, thermal crosslinking treatment could also promote the coalescence of fibers, with 

ensuing increasing of diameter [48]. This effect is easily recognizable in PVA/GNP_O (Figure S2 c’) in 

which the presence of GNP, due to its high thermal conductivity, likely leads to higher degree of 

crosslinking, thus enhancing the probability that two or more adjacent fibers coalesce.  Likewise, in 

PVA/CHX-GNP_O (Figure S2 d’) a plenty of coalesced fibers was observed. Hence, the presence of 

GNP generally leads to small reductions of fiber mean diameter. Moreover, morphological features 

proved to be unaltered along the entire cross-section of membranes, thus suggesting that oven treatment is 

capable of inducing a uniform bulk crosslinking.  

It should be noted that in the case of plate-treatment, it is reasonable to assume that a thermal gradient 

might have established, with temperatures gradually decreasing as the layer-by-layer deposition on the 

hot plate proceeds. Consequently, such treatment is supposed to induce the formation of a 

graded/hierarchical crosslinked structure, as depicted in Figure 4, driven by the thermal gradient between 

plate layer (PL) and syringe one (SL). Therefore, the morphological analysis was performed onto the 

surface of both PL and SL (see subpanels a’-d’ of Figure S3). 
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PVA_P (Figure 3 a’’) and PVA/CHX_P (Figure 3 b’’) membranes show an easily identifiable layered 

hierarchical structure. The layering of the membrane could be attributable to the different exposure 

temperatures of the various layers.  In fact, it is known in the scientific literature that different 

temperatures induce different crosslinking degrees [81]. This effect leads to a different reduction in 

nanofibrous membranes solubility. Therefore, it could be assumed that PL shows a different solubility 

from SL, with this feature being likely responsible for the detachment between fibrous layers and thus for 

the formation of an evident stratified structure, as a function of time and temperature.  As evidence of 

that, all the P-series mats are characterized by an increase in average diameter value in PL. In particular, 

PVA_P (Figure S3 a’) and PVA/CHX_P (Figure S3 b’) show a greater fibers’ deformation and a higher 

degree of coalescence of fibers if compared with their counterparts thermally treated in oven. Therefore, 

the in situ crosslinking, on the plate layer, reasonably leads to a more intense crosslinking than that 

attainable in oven at the same conditions of temperature and time. The surface exposed to the syringe 

(SL), instead, shows practically the same average diameter as N-series membranes.  

Since GNP thermal conductivity [65] facilitates heat conduction from PL to SL during the 

electrospinning process, it is possible to avoid (PVA/GNP_P, Figure 3 c’’) or at least reduce (PVA/CHX-

GNP_P, Figure 3 d’’) delamination issues. Furthermore, PVA/GNP_P (Figure S3 c’) showed average 

diameter values 25% higher than those of PVA/CHX-GNP_P in both sides (Figure S3 d’), reasonably 

because of the different viscosities of the two solutions. 

The structural analysis of the materials prepared was evaluated by ATR-FTIR spectroscopy, as shown in 

Figure 5. In detail, such analysis was performed with the aim of confirming the successful crosslinking of 

PVA and the effective integration of CHX and GNP. In PVA-N (Figure 5 a-a’), the modes centered at 

1000–1180 cm− 1, 2930 cm− 1, and 3000−3500 cm− 1 were assigned to the C–O, −CH2− and –OH groups 

respectively [48]. Ether formation via condensation of -OH moieties can be therefore easily assessed by 

monitoring eventual changes in the spectral regions 3000-3500 cm-1 and 1000-1180 cm-1 When compared 

to N samples, all the thermally treated membranes, displayed the depletion of the intensity of –OH signal, 

owing to dehydroxylation and oxidation reactions between PVA hydroxyl groups during the stabilization 

process, thus testifying the effective crosslinking of the fibers [44]. Noteworthy, oven treated samples 

showed the strongest reduction of -OH intensity, followed by those treated in situ (P-series), whose 

intensities proved to be intermediate between those of oven crosslinked and N ones. Meanwhile, the 

analysis of C–O region (1800-1000 cm-1) put into strong evidence that the contribution of peak centered 

at ca. 1150 cm-1, ascribed to C-O-C ether bonding, become more prominent as the crosslinking degree 

increases. Hence, this spectral region was normalized to the intensity of C-O peak at 1098 cm-1 (see right 

panels) and the intensity ratio between the signals at 1150 cm-1 and 1098 cm-1 could provide further 



 8 

evidence of the crosslinking events. Interestingly, PVA/GNP_N (Figure 5 c-c’) and PVA/CHX-GNP_N 

(Figure 5 d-d’) samples displayed a weak yet detectable peak at 1150 cm-1, unlike the other untreated 

samples, thus suggesting that the presence of graphene might have promoted crosslinking phenomena 

even in the absence of thermal treatments.  

Aiming to perform a quantitative analysis, crosslinking degree of the samples was calculated as the 

residual fraction after dissolution tests performed in deionized water at 37 °C for 5 hours. The outcomes, 

listed in Table 2, put into evidence some relevant aspects. First, among the N-series samples, those 

containing GNP displayed an unexpected crosslinking degree, as high as 25-30%, likely suggesting that 

such nanoparticles somehow acted as cross-linkers even in the absence of thermal treatments, in full 

agreement with what envisaged by spectroscopic analysis. Secondly, oven treatment effectively leads to 

fully crosslinked structures, as expected. The last consideration regards plate treatment, whose 

effectiveness proved to increase in the presence of GNP, reasonably due to their aforementioned high 

thermal conductivity. When compared to PVA_P and PVA/CHX_P, in fact, the materials containing a 

GNP amount as low as 1% resulted in crosslinking degrees 23% and 48% higher. These findings, in full 

agreement with all the other outcomes herein discussed, provide strong evidence about the robust 

formulation-processing-structure relationship of the systems investigated and points out the crucial role of 

GNP nanoparticles in promoting propagation of crosslinking pathways.  

Type of formulation and processing technique, giving rise to materials with different and peculiar 

crosslinking degrees and structures, are supposed to affect the ultimate properties of the membranes. 

Therefore, the mechanical behavior of materials was investigated by tensile tests and the values of elastic 

modulus (E), tensile strength (TS) and elongation at break (EB) of the systems investigated are reported 

in Table 3. It was generally observed that adding CHX increased the membranes ductility, with obvious 

detrimental effects on E and TS. Indeed, this aspect could be easily ascribed to the plasticizing effect of 

the drug already envisaged by rheological tests. PVA/GNP_N displayed an opposite trend, with GNP 

nanoparticles imparting enhanced stiffness at the expense of ductility.  Adding both GNP and CHX led to 

embrittlement of materials, thus being detrimental to breaking properties. 

Regarding thermally treated membranes, an opposite behavior is observed between oven and plate series 

samples. The former ones, relying on the bulk propagation of crosslinking reactions, showed an expected 

increase of E and TS at the expense of EB [44,81]. Such behavior proved to be even more remarkable in 

GNP containing membranes, with this occurrence being reasonably ascribed to mechanical robustness of 

graphene, along with the increase of crosslinking degree due to the high thermal conductivity of graphene 

nanoparticles as already mentioned. P-series membranes, instead, show lower E and TS values if 

compared with N and O ones. This apparently surprising decrease could be likely attributed to their 
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morphology. In fact, as evidenced by SEM analysis, plate crosslinking promotes the formation of 

delaminated structure. It is important to highlight, once again, that the presence of graphene nanoparticles 

enhances the propagation of crosslinking events throughout the samples during heat treatment, thus 

reducing delamination phenomena. Therefore, in situ crosslinked GNP containing membranes 

(PVA/GNP_P and PVA/CHX-GNP_P) displayed mechanical performance higher than other P-series 

materials. Beyond this, it can be easily noted that in the presence of graphene, plate treatment endows the 

membranes with almost doubled breaking properties, if compared to oven treatment. 

The release kinetics of CHX is shown in Figure 6 as the ratio 𝑀! 𝑀"⁄  where 𝑀! is the amount of drug 

released at time t, and 𝑀" is the theoretical amount of CHX incorporated in the membranes. 

PVA/CHX_N and PVA/CHX-GNP_N release of CHX is characterized by a single step in which 100% of 

the drug molecules embedded in the nanofibers is released. For all crosslinked systems, CHX release is 

characterized by at least three phases: a burst release at the early stage of immersion time, a second phase 

characterized by the progressive depletion of CHX with ensuing slower release rate, and a final 

plateauing observed after long term immersion. In detail, PVA/CHX_O and PVA/CHX-GNP_O release 

about 50% of CHX in the first 5 h and reach the plateau region after about 500 h. This testifies that, 

effectively, oven crosslinked membranes are able to significantly slow down the release of CHX 

compared to N systems. The presence of GNP in PVA/CHX-GNP_O, promoting a more effective heat 

transfer and, therefore, higher crosslinking extent, also results in a further mitigation of burst release.  

Plate crosslinked systems show a more remarkable burst delivery, with about 70% of CHX released in the 

first 5 hours. This phenomenon can be reasonably attributed to a lower crosslinking degree in SL. 

However, the presence of GNP in PVA/CHX-GNP_P slows down the release in the burst phase, if 

compared to PVA/CHX_P one. This effect, once again, can be explained by considering the higher and 

more uniform crosslinking extent of such materials, which exhibited crosslinked fibers even in SL.  

Such data were then fitted by using Peppas-Korsmeyer model, which enables the investigation of release 

kinetics through the following power law: 

 

𝑚!

𝑚"
= 𝑘𝑡# 

 

Where n and k indicate, respectively, the diffusion exponent and the rate constant. According to this 

model, logarithmic plots of the CHX fraction released as a function of time were constructed and results 

are reported in Figure 7. It is worth noting that such model is valid only in the first portion of the curves 

(see blue-colored area in the plots of Figure 7). The slope (n) of fitting lines in this region provides 
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information about the release mechanism. In fact, when n is approximately 0.5, the drug delivery is driven 

by diffusive phenomena, whereas n=1 indicates that release mechanism is governed by swelling. n values 

between 0.5 and 1 indicate an anomalous release, governed by swelling and diffusive phenomena. In 

some cases, the presence of fillers or other additives capable of strongly interacting with drug or 

providing tortuous paths for molecule delivery, may hinder diffusion, thus giving n<0.5. Such burst 

region can be divided into two sub-regions, with the former one characterized by faster kinetics, likely 

due to the molecules of CHX available in the fibers’ surface and thus readily delivered in aqueous 

medium, and the latter providing information about the actual capability of drug delivery device to 

establish a somehow controlled release. Noteworthy is the exceptional ability of crosslinked membranes, 

especially those containing graphene, in ensuring an almost Fickian release mechanism, unlike N ones, 

where CHX is immediately released because of the instantaneous dissolution of carrier. Indeed, 

logarithmic plots better allow evidencing the GNP role, which is of course more remarkable in plate 

systems than for oven ones, due to the improvement of heat transfer with positive repercussions on the 

propagation of crosslinking reactions throughout the entire membrane cross-section. In fact, oven-series 

materials, taking advantage of a bulk crosslinking, are quite able to provide controlled release, and the 

presence of GNP exerts a less remarkable effect. 

Figure 8 and Figure 9 shows SEM images of surfaces and cross-sections of PVA/CHX_O, PVA/CHX_P 

and PVA/CHX-GNP_O, PVA/CHX-GNP_P, respectively, after immersion in distilled water at 37 °C for 

0, 5 and 500 h. The images taken at 0 h, already shown previously in Figure 4 and Figure 5, are re-

proposed to better highlight the time-dependent evolution of membranes’ morphology during release. It 

can be noted that, depending on the type of treatment, remarkably different behaviour was observed. N-

series membranes experienced a fast shrinkage, turning into transparent gel-like materials as soon as they 

are immersed in water. 

Figure 8 a-f show SEM images of surfaces and sections of PVA/CHX_O after soaking in water for 0, 5 

and 500h.  After 5 hours in water, PVA/CHX_O show a quite stable structure, with a good retention of 

fiber morphology. After 500 h, although a slight alteration of the fibers is observed, the porosity of the 

membrane is still preserved. A different behaviour was observed for plate crosslinked membranes. 

PVA/CHX_P membrane (Figure 8 g-l), during the burst phase (5h), show a SL characterized by the 

coexistence of fibers and gels and a PL with negligible alterations of the fiber architecture, thus further 

confirming the higher extent of crosslinking attained in PL with respect to SL. After 500h, SL is totally 

transformed into a gel-like structure, while PL show a partial gel formation on the crosslinked fibers, 

likely attributable to the residual gel fraction of SL, once the remaining part came to complete dissolution. 
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This aspect seems to be confirmed by the dramatic thickness reduction observed in PVA/CHX_P after 

500 h (see cross-sectional SEM micrograph in Figure 8 l).  

PVA/CHX-GNP_O (Figure 9 a-f) maintains a stable structure with an almost unaltered morphology even 

after 500h of release in distilled water, owing to the aforementioned higher extent of crosslinked fibers.  

PVA/CHX-GNP_P (Figure 9 g-l), in the first 5h (i.e., burst stage), is characterized by a SL with a 

negligible gel formation (unlike the system containing only CHX in which a more intense gel formation 

is observed) and an unaltered PL. Notably, the thickness of the section (Figure 9 k) remains quite 

unaltered where it is possible to detect once again the poor gel formation of SL. After 500h, the SL is 

characterized by the coexistence of gel and fibers, while in PL the fibrous structure is preserved, in 

agreement with the analysis of cross-section (Figure 9 l) that shows a negligible reduction of thickness.  

Taken together, all these outcomes demonstrate that changing heat treatment process enables obtaining 

membranes with different, and tuneable, structures and properties. 

4 Conclusions 

A versatile, green and fast method to achieve PVA-based fibrous mats with graded crosslinking degree 

was presented and successfully applied to four types of formulation, comprising the eventual integration 

of graphene nanoplatelets (GNP) and/or chlorhexidine (CHX). Electrospinning polymeric aqueous 

solutions onto a heated plate allows constructing membranes whose crosslinking degree decreases along 

their cross-sections. It was elucidated the crucial role of GNP, capable of promoting the propagation of 

crosslinking events by virtue of its high thermal conductivity, thus preventing delamination issues in the 

graded membranes and increasing crosslinking degree, beyond the enhancement of mechanical 

performance. The results put into evidence that adjusting formulation enables tuning the crosslinking 

degree with ensuing differences in all the macroscopic properties, including mechanical robustness (up to 

+100% stiffness increments), and release behaviour. Graded membranes showed a multimodal drug 

delivery, with the scarcely crosslinked layers providing CHX release at the early stages of immersion, and 

highly crosslinked layers ensuring sustained release at constant rates after long-term immersion (up to 

500 hours).   
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Figures: 

 

Figure 1. Routes followed for the fabrication of untreated (top) and crosslinked membranes, achieved by 

post-processing thermal treatment in oven (middle) and in situ heating treatment during electrospinning 

(bottom). 
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Figure 2. Complex viscosity of the polymeric solutions. 
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Figure 3. Cross-sectional SEM micrographs of non-treated; oven-treated and plate treated PVA (a, a’, 

a’’); PVA/CHX (b, b’, b’’); PVA/GNP (c, c’, c’’); PVA/CHX-GNP (d, d’, d’’). 
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Figure 4. Scheme representing plate crosslinked membrane. 
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Figure 5. ATR-FTIR spectra of the fibrous membranes, together with close-up of spectral range: 1180-

1000 cm-1, normalized to the intensity of peak at 1084/1091 cm-1. 
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Figure 6. Release kinetics of CHX from membranes in deionized water at 37 °C expressed as 𝑚! 𝑚"⁄ . 

 

Figure 7. Power law model applied to the release data collected in the burst region (𝑚! 𝑚"⁄  <0.6), blue-
colored portion of the plot, together with the values of slopes (n) and intercepts (k) of fitting straight lines. 



 27 

 

Figure 8. SEM micrographs of section and surface of a-f) PVA/CHX_OVEN and g-l) 
PVA/CHX_PLATE membrane after soaking in water for 0, 5 and 500h. 
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Figure 9. Cross-sectional and surface of a-f) PVA/CHX-GNP_OVEN and g-l) PVA/CHX-GNP_PLATE 
membrane after soaking in water for 0, 5 and 500h. 
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Tables: 

Table 1. Codename, formulation and preparation route of the systems investigated. 

Codename Formulation Preparation route 
 PVA (wt.%) CHX (wt.%) GNP (wt.%) Processing Time (hours) 

PVA_N 100 - - 
Electrospinning 

at 25°C 2 PVA/CHX_ N 98 2 - 
PVA/GNP_ N 99 - 1 
PVA/CHX-GNP_ N 97 2 1 
PVA_ O 100 - - Electrospinning 

at 25 °C plus 
post-processing 

treatment in 
oven at 180 °C 

2+2 
PVA/CHX_O 98 2 - 
PVA/GNP_O 99 - 1 

PVA/CHX-GNP_O 97 2 1 

PVA_P 100 - - In situ thermal 
treatment  
(180 °C) 
during 

electrospinning 

2 
PVA/CHX_P 98 2 - 
PVA/GNP_P 99 - 1 

PVA/CHX-GNP_P 97 2 1 

 
 
Table 2. Crosslinking degree estimated by calculating insoluble fraction after 5 hours immersion in 
deionized water at 37 °C. 

Sample Crosslinking degree (%) 
PVA_N 0 ± 0 
PVA_O                       100 ± 0 
PVA_P                         65 ± 3 
PVA/CHX_N 0 ± 0 
PVA/CHX_O                       100 ± 0 
PVA/CHX_P                         46 ± 4 
PVA/GNP_N                         30 ± 2 
PVA/GNP_O                       100 ± 0 
PVA/GNP_P                         80 ± 5 
PVA/CHX-GNP_N                         25 ± 2 
PVA/CHX-GNP_O                       100 ± 0 
PVA/CHX-GNP_P                         68 ± 3 

 

Table 3. Elastic modulus (E), tensile strength (TS), and elongation at break (EB) of the electrospun 
membranes. 

Sample E (MPa) TS (MPa) EB (%) 
PVA_N   84 ± 1.2 5.17 ± 1.6 102 ± 4.4 
PVA_O 140 ± 1.9 6.03 ± 0.7   43 ± 3.6 
PVA_P   65 ± 1.2 5.05 ± 1.2   64 ± 8.5 
PVA/CHX_N   78 ± 4.4 3.36 ± 0.9 153 ± 15.2 
PVA/CHX_O 114 ± 1.9 5.67 ± 1.6   53 ± 7.2 
PVA/CHX_P   57 ± 1.3 3.04 ± 1.5   64 ± 2.1 
PVA/GNP_N 150 ± 6.1 5.17 ± 0.1   41 ± 1.7 
PVA/GNP_O 170 ± 2.9 2.31 ± 0.2   29 ± 5.7 
PVA/GNP_P 151 ± 3.7 3.77 ± 0.6   56 ± 6.9 
PVA/CHX-GNP_N 142 ± 1.5 2.76 ± 0.4   58 ± 1.6 
PVA/CHX-GNP_O 160 ± 1.9 2.03 ± 0.1   24 ± 4.3 
PVA/CHX-GNP_P 138 ± 0.2 2.64 ± 0.4   45 ± 0.4 

 


