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Abstract 

A new biodegradable semi-interpenetrated polymer network (semi-IPN) of two US Food 

and Drug Administration approved materials, poly(3-hydroxybutyrate-co-3-valerate) 

(PHBV) and calcium alginate (CA) was engineered to provide an alternative strategy to 

enhance the poor adhesion properties of CA. The synthesis procedure allows the 

additional incorporation of 10% w/w of graphene nanoplatelets (GNPs), which have no 

cytotoxic effect on human keratinocytes. This quantity of multilayer graphene provides 

superior antiviral activity to the novel semi-IPN against a surrogate virus of SARS-CoV-

2. Adding GNPs hardly affects the water absorption or electrical conductivity of the pure 

components of CA and PHBV. However, the semi-IPN’s electrical conductivity increases 

dramatically after adding GNP due to molecular rearrangements of the intertwined 

polymer chains that continuously distribute the GNP nanosheets, This new hydrophilic 

composite biomaterial film shows great promise for skin biomedical applications, 

especially those that require antiviral and/or biodegradable electroconductive materials. 
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1. Introduction 

Semi-interpenetrated polymer networks (semi-IPNs), consisting of a mixture of two 

polymers in which only one is crosslinked [1,2], are an advanced method of generating 

composite biomaterials with enhanced biomedical properties [3]. Biopolymers of natural 

origin such as alginate [4] or poly (3-hydroxybutirate-co-3-hydroxyvalerate) (PHBV) [5] 

can be used to make new biocompatible and biodegradable materials essential for a broad 

range of biomedical applications. The current SARS-CoV-2 pandemic has made 

scientists to focus their research activities on using materials with intrinsic antimicrobial 

properties, such as calcium alginate [6,7] and carbon-based nanomaterials (CBNs) [8], or 

hybrid biomaterials composed of CBNs in combination with biodegradable polymers 

such as alginate [4,9–12] or PHBV [13–15]. CBNs are highly promising materials, since 

they are capable of inactivating a broad range of microorganisms and can induce tissue 

regeneration [8,16]. Furthermore, they are characterised by a low risk of microbial 

resistance and when added to biomaterials they improve not only the antimicrobial 

properties but also other physical properties, such as mechanical performance, thermal 

properties, water diffusion, wettability and electrical conductivity [17–20].  

Alginate and PHBV are US Food and Drug Administration biomaterials of natural origin 

that can be obtained from different types of microorganisms [21–24]. Alginate can also 

be extracted from brown algae [25]. PHBV is a biocompatible material with little or no 

cytotoxicity [23] but due to its high cost it is currently promising only for biomedical 

applications [14,26]. Some of its drawbacks are its low water absorption due to its high 

hydrophobicity. It is also more brittle than other materials and has low biological activity 

and null antimicrobial activity [14]. PHBV’s physical and biological properties can be 

improved by adding CBNs [5,14]. PHBV has many potential biomedical applications, 

such as absorbable surgical sutures, drug delivery matrices and tissue engineering 

applications [14,27,28]. Combining PHBV with a significant percentage of graphene can 

produce composites with conductive properties for different applications in the 

biomedical field that require electrical stimulation [29].  

Alginates are biocompatible materials with a molecular structure composed of β-D-

mannuronic acid (M) and α-L-guluronic acid (G) blocks, which are linked by 1, 4- O-

glycosidic bonds [24,30]. The G blocks are those involved in the gelation process, the 

stability of the alginate structure and the mechanical properties [24,31], so that alginates 

with higher viscosity and lower flexibility are generated when the concentration of G 

blocks is high. Crosslinking with divalent cations,  such as Ca2+, Zn2+ or Mg+2, is essential 
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for the formation of hydrogels with the typical egg-box structure [32]. Alginate hydrogels 

can absorb large amounts of water without being dissolved [4], although their cell 

adhesion on alginate substrates has been reported to be very poor [5,33]. 

Graphene is a bidimensional material with very high electrical conductivity, excellent 

mechanical performance, good thermal stability and large specific area and is highly 

compatible with biological systems [34–38]. Multi-layer graphene (2–10 layers), also 

called graphene nanoplatelets (GNPs), has shown significant proliferative activity at non-

toxic concentrations in human keratinocytes [39]. GNPs have shown capacity to induce 

the expression of six genes related to wound healing, which make them promising 

nanomaterials for skin tissue engineering. 

In the present study we hypothesised that a new biomaterial composed of crosslinked 

alginate and PHBV in the form of semi-IPN would improve the cell adhesion of neat 

alginate. We also considered that incorporating graphene nanoplatelets into these semi-

interpenetrated systems would produce a hydrophilic composite biomaterial with 

enhanced physical, chemical and biological properties for potential biomedical 

applications. The physical, chemical and biological properties of these semi-IPNs were 

studied in terms of water absorption at body temperature (37ºC), functional groups, 

thermal behaviour and degradation, electrical conductivity, opacity, cytotoxicity, antiviral 

activity and cell adhesion. 

 

2. Materials and methods 

2.1. Materials 

Poly (3-hydroxybutirate-co-3-hydroxyvalerate) (Sigma-Aldrich, Saint Louis, USA) 

revealed a previously a hydroxylvalerate copolymer mole ratio of 15.23% by nuclear 

magnetic resonance [5]. Sodium alginate (SA, Sigma-Alrich, Saint Louis, USA) was 

previously characterized [40] as follows: Number average molecular mass (Mn) 60.5 ± 

5.8 kDa, average molecular mass (Mw) 107.9 ± 2.7 kDa, and polydispersity (Mw/Mn) 

1.79 ± 0.13; distribution of Guluronic (G) and Mannuronic (M) as FG = 0.436, FM = 

0.564, FGG = 0.251, FGGG = 0.202. Calcium chloride (anhydrous, granular ≤ 7.0 𝑚𝑚, 

≥ 93.0 %) and graphene nanoplatelets with a surface area of 500 𝑚2/𝑔 were purchased 

from Sigma-Aldrich (Saint Louis, USA). The graphene nanoplatelets were previously 

characterized [39] as follows: Raman ID/IG value of 0.11; Dynamic light scattering (DLS) 

particle sizes of 625.8 nm and 2042 nm in water and in Dulbecco’s modified Eagle 

medium (DMEM), respectively; Zeta potential from -38.6 mV to 2.69 mV according to 



4 
 

the pH, ranging from 12 to 3, respectively. Dimethyl sulfoxide (DMSO) was provided by 

Fisher Bioreagents (Waltham, Massachusetts, USA) and chloroform (99,9 %, anhydrous 

max. 0,003% 𝐻2𝑂, with molecular sieves, stabilised with 150 ppm of amylene) was 

supplied by Scharlau (Barcelona, Spain). 

 

2.2. Film preparation  

PHBV was mixed with sodium alginate in several weight ratios (100/0, 50/50, 30/70, 

10/90, 0/100 PHBV/SA) to produce films by solvent casting [2]. PHBV was dissolved in 

50 mL of chloroform at a concentration of 2% w/w (1 g of PHBV dissolved in 50 mL of 

chloroform) at room temperature (25±0.5ºC) under continuous stirring for 60 min in a gas 

extraction hood. SA was also dissolved in distilled water at a concentration of 2% w/v (1 

g of SA dissolved in 50 mL of distilled water) at 25±0.5ºC under constant stirring for 30 

min. After complete dissolution of the pure SA and PHBV polymers in their respective 

suitable solvents (chloroform and distilled water, respectively), they were placed in a 

glass Petri dish under a gas extraction hood at 25±0.5ºC for at least 24 h to avoid sample 

cracking from fast drying, after which they were placed in a vacuum oven at 37ºC for 48 

h to constant weight. The pure PHBV films (100/0 PHBV sample) and pure SA (0/100 

PHBV/SA) were obtained after total evaporation of the solvents. The 50/50, 30/70, 10/90 

PHBV/SA compositions were achieved by mixing the required volume of the 2% w/v 

alginate/distilled water mixture with the required volume of a 2% w/v 

PHBV/chloroform/DMSO mixture (with a chloroform/DMSO ratio of 60/40 v/v, 15 mL 

of chloroform and 10 mL of DMSO) under magnetic stirring for 1 hour at 25±0.5ºC and 

subsequently a total mixture volume of 50 mL were placed in Petri dishes. The 

PHBV/chloroform/DMSO mixture was prepared with a first step of dissolving 1 g of 

PHBV in 15 mL of chloroform under stirring for 1 hour under a gas extraction hood at 

25±0.5ºC until complete dissolution. The second step consisted of adding 10 mL of 

DMSO to the previous PHBV/chloroform solution and subjecting the mixture to 

continuous stirring for 20 min. The optimal chloroform/DMSO ratio of 60/40 v/v was 

determined experimentally to obtain a homogeneous mixture of both polymers (PHBV 

and SA) with different chemical behaviours (hydrophobic/hydrophilic, respectively). The 

final PHBV/SA 50/50, 30/70, 10/90 films were obtained after solvent evaporation under 

a gas extraction hood at 25±0.5ºC for at least 24 h to avoid sample cracking from fast 

drying, followed by placing them in a vacuum oven at 37ºC for 48 h to constant weight. 

After analysing all the blend films, PHBV/SA 10/90 films were selected for being the 
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most homogeneous (Figure 1) and this composition had the advantage of containing a 

low percentage of PHBV, the most expensive polymer. 

 

Figure 1. Films of poly (3-hydroxybutirate-co-3-hydroxyvalerate)/sodium alginate (PHBV/SA) blends. 

 

SA pure films and PHBV/SA 10/90 blend films were crosslinked by immersing the films 

in a 2% w/v calcium chloride aqueous solution (10 g of CaCl2 dissolved in 500 mL of 

distilled water) for 2 h to produce films indissoluble in water [11,12]. After crosslinking 

SA chains, the films were washed three times with distilled water and dried at 25±0.5ºC 

under a gas extraction hood for 24 h to avoid film cracking from rapid drying, and then 

in a vacuum oven at 37ºC to constant weight for about 48 h. PHBV films, alginate (both 

pure and crosslinked), and PHBV/alginate 10/90 (with and without crosslinking) were 

also prepared by adding1, 5 and 10 % w/w of GNPs (% with respect to the polymer mass) 

following the same protocol but dispersing the corresponding mass of GNPs in the 

respective solvents (distilled water, chloroform or the 60/40 chloroform/DMSO mixture) 

by sonication for 30 min before adding sodium alginate or PHBV or 10/90 PHBV/alginate 

mixture to the same beaker. After measuring the electrical conductivity (see Section 

2.5.6.) of the PHBV/CA 10/90 films with 1, 5 and 10% w/w of GNPs, the 10% film was 

selected as the only one that showed a very high increase of electrical conductivity. Table 

1 shows the notation used for the new material films developed, as well as the films used 

as control for the physical and chemical characterization and biological performance of 

the materials.  
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Table 1. Notation used for the new material films developed and control films. 

Identification Material description 

SA Sodium alginate (without crosslinking) 

SA 10G Sodium alginate with 10% w/w of GNPs 

CA Sodium alginate crosslinked with divalent cations of 

calcium (calcium alginate) 

CA 10G Calcium alginate with 10% w/w of GNPs 

PHBV  Poly(3-hidroxybutyrate-co-3-valerate)   

PHBV 10G Poly(3-hidroxybutyrate-co-3-valerate) with 10% w/w of 

GNPs 

PHBV/SA 10/90 Mixture of 10% w/w PHBV and 90% w/w of SA  

PHBV/SA 10/90 10G Mixture of 10% w/w PHBV and 90% w/w of SA with 

10% w/w of GNPs 

PHBV/CA 10/90 Semi-IPN of 10% w/w PHBV and 90% w/w CA  

PHBV/CA 10/90 10G Semi-IPN of 10% w/w PHBV and 90% w/w CA with 10% 

w/w of GNPs  

 

2.3. Purification and sterilisation 

After synthesis, the films were cut in the form of 10 mm diameter discs and purified three 

times by washing in 100 mL of a 50/50 distilled water/absolute ethanol (VWR 

CHEMICALS, Pennsylvania, United States) mixture under constant stirring for 1 hour at 

room temperature, after which each sample was washed again 3 times in distilled water 

for 10 min in the same stirring conditions.  Finally, the samples were dried in an oven at 

37ºC for 2 days. Samples used for biological characterisation were then sterilised by a 

12.0 W UV-C ultraviolet radiation (UV) lamp under a laminar flow hood for 2h (1h for 

each material disc face). 

 

2.4. Biological characterisation  

2.4.1. Cytotoxicity and cell adhesion 

Human keratinocyte HaCaT cells were provided by La Fe Research Institute and Hospital, 

Valencia, Spain. The cells were cultured at 37 °C in DMEM containing 10% fetal bovine 

serum (FBS), 100 units/mL penicillin and 100 mg/mL streptomycin in a 5% 

CO2 incubator. The films’ cytotoxicity was assessed according to the ISO 10993-5:2009 
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standard on the biological evaluation of medical devices.  3 cm2/mL sterilised film discs 

(n = 6) were placed in a 12-well plate with 1 mL per well of DMEM without FBS and 

incubated in a humidified CO2/air (5/95%) atmosphere at 37 °C for 72 h. The film extracts 

were then collected and passed through a filter (0.20 µm) to be later used in the 

cytotoxicity tests. 96-well plates were used to culture the cells at a density of 5 × 

105 cells/well. After 24 h of cell incubation, the medium present in each well was replaced 

with 100 µL of the film extracts. 100 µL of the medium used to produce the film extracts 

was used as positive control, and 100 µL of a toxic zinc chloride solution as negative 

control [41]. 5 mg/mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) was used to incubate the cells in each well for 4 h and the formazan crystals were 

dissolved in 100 µL of DMSO at room temperature. A microplate reader (Varioskan, 

Thermo Fisher, USA) was used to measure the absorbance readings at 550 nm. 

The cell adhesion study was performed by Fluorescence Microscopy [42] in a Motic 

BA410 ELITE Series microscope provided with a Complete EPI-Fluorescence Kit Motic 

on the HaCaT human keratinocyte cell line. Sterilised films were hydrated with 0.5 mL 

DMEM without FBS in a 24 multi-well plate (1 disc/well) for 30 min.  

A preliminary test was performed to determine the optimal cell concentration on three 

circular glass coverslip controls, after which 8.5x105 cells/well were seeded onto the 

different film surfaces. Cells were also seeded onto round glass coverslips (control 

surfaces). After 24h, 48 and 72 h of incubation, each well was rinsed with PBS and fixed 

with PFA (4%), Triton X-100 (0,1%) in PBS and FBS (10%) in PBS. The cells were 

stained with DAPI (Sigma-Aldrich, USA) for 5 min, respectively. To preserve 

fluorescence, the film samples were protected with Fluoromount mounting medium 

(Sigma-Aldrich, USA). The quantitative analysis was performed by cell counting of the 

DAPI nuclei of 10 random fields with an area of 90000 2 to represent the entire film 

surface per group. These results were normalised to the total counted area in three 

independent experiments. The total number of DAPI-marked cells counted on the film 

surfaces was expressed as percentage with respect to the number of DAPI-marked cells 

counted on the surface of the glass coverslips (considered 100%). 

 

2.4.2. Antiviral test 

The enveloped bacteriophage phi 6 (DSM 21518), which infects Pseudomonas psyringae 

(DSM 21482), both purchased from the Leibniz Institute DSMZ-German Collection of 

Microorganisms and Cell Cultures GmbH (Braunschweig, Germany), was used as 
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surrogate for the enveloped SARS-CoV-2 for biosafety reasons [43–47]. Bacterial culture 

was first performed in solid tryptic soy agar (TSA, Liofilchem) and then in liquid tryptic 

soy broth (TSB, Liofilchem) at 120 r.p.m. and at 25°C in a refrigerated incubator. 

Bacteriophage phi 6 propagation was performed according to the specifications provided 

by the Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures 

GmbH. Thus, 50 μL of bacteriophage suspension was added in TSB to each film disc at 

a titer of about 1 × 106 plaque-forming units per mL (PFU/mL) to be incubated for 24 h. 

Falcon tubes were prepared containing individual film discs with 10 mL of TSB sonicated 

for 5 min (at 25 °C), followed by 1-min of vortexing. Serial dilutions were performed 

subsequently from each falcon tube for bacteriophage titration. 100 μL of bacteriophage 

dilution was mixed with 100 μL of the host strain at an optical density (OD) of 0.5 at 600 

nm. The double-layer assay was used to study the infective capacity of the bacteriophage 

[48]. 4 mL of top agar (composed of TSB and 0.75% bacteriological agar) from Scharlau 

(Ferrosa, Barcelona, Spain), 1 mM CaCl2 and the infectious suspension 

(bacteriophage/bacteria) were mixed and poured onto TSA plates to be placed in a 

refrigerated incubator at 25 °C for 24h. The antiviral capacity of the material films was 

determined at 24 h of viral contact, calculating the bacteriophage titers in log(PFU/mL) 

for comparative analysis with respect to the control: 50 μL of bacteriophage suspension 

was mixed with the bacteria without having been  in contact with any material film disc. 

To avoid false results, it was checked that the sonication/vortexing processes had no effect 

on the infectious capacity of the bacteriophage and that the residual amounts of material 

films did not interfere with the titration procedure. Antiviral tests were performed in 

triplicate on two different days (n = 6) to provide reproducible results. 

 

2.4.3. Double-stranded RNA extraction and quantification  

Bacteriophage phi 6 RNA extraction and quantification were performed before and after 

being in contact with the material films to ensure that the viral particles did not remain 

adhered to the material films in the antiviral tests, which would have provided false 

antiviral results. These quantitative assays are important to make sure that the 

bacteriophages inactivate after being in contact with the material films. 50 μL of 1 × 106 

PFU/mL bacteriophage concentration was placed on the material film discs and left to 

incubate at 25 °C for 24 h. 50 μL of the same bacteriophage dispersion was left to incubate 

at 25 °C for 24 h without having been in contact with the films (control). Subsequently, 

10 mL of TSB were mixed with the samples to sonicate for 5 min and vortex for 45 s. 
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RNA extraction was carried out immediately after vortexing, following the Canadian 

Norgen Biotek Corp’s RNA extraction protocol [49]. A transparent mixture was produced 

by viral particle-lysing followed by RNA purification via binding to the purification 

column, washing the purification column and elution of the RNA for storage at −70 °C to 

prevent degradation. The amount of RNA in ng/μL was quantified in triplicate using a 

nanodrop spectrophotometer (Thermo Scientific, USA).  

 

2.5. Physical and chemical characterisation  

2.5.1. Morphology 

The addition of GNPs to the sample films produced a marked change of transparency. 

The opacity (O) of the sample films was calculated by Eq.(1) [40,50]: 

 𝑂 =
𝐴𝑏𝑠600

𝑥
                        (1) 

 

where Abs600 refers to the absorbance measured at a wavelength of 600 nm and x is the 

film thickness of the polymer mixture in mm.  

An empty spectrophotometry cuvette, without any sample, was used as reference. The 

sample films were cut into a 4 mm x 50 mm rectangle and placed in a spectrophotometry 

cuvette to measure the absorbance in a spectrophotometer at a wavelength of 600 nm. 

Four replicates (n=4) of each sample film were measured to ensure reproducibility. 

The morphology of the sample films was studied by High-Resolution Field-emission 

Scanning Electron Microscopy (HR-FESEM) (GeminiSEM 500, Zeiss-Oxford 

Instruments) with an accelerating voltage of 1.5 kV. The cross-section was observed by 

cryogenic fracture with liquid nitrogen. 

 

2.5.2. Water sorption 

The water absorption capacity of the material films was studied at physiological 

temperature (37°C). Sample films were cut into discs of equal diameter (10 mm) in dry 

state. After measuring their weight, they were placed in stoppered plastic vials filled with 

distilled water in a thermostatic bath at 37°C and weighed at different time intervals (24, 

48 and 120 h) after removing the residual water on the surface of the material by filter 

paper. The equilibrium water content (weq) of each material film, defined according to 

equation (2) [51] was then determined. 

𝑤𝑒𝑞 =  
(𝑚𝑡−𝑚0)

𝑚0
            (2) 
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where mo is the mass of the material film disc in the dry state and mt is the mass of the 

material film disc swollen in distilled water for a specific time. 

Six replicates (n=6) of each material were analysed under the same conditions to ensure 

the reproducibility of the method. The water absorption experiment is based mainly on 

the fact that the absorbed water content increases until reaching equilibrium, after which 

no further appreciable amount of water is absorbed.  

 

2.5.3. Fourier transformed infrared spectroscopy 

Functional groups were identified by Fourier transformed infrared spectroscopy (FTIR) 

on a Bruker Optics FTIR Alpha II at room temperature. FTIR spectra were collected in 

transmittance mode from 4000 to 300 cm-1 after 24 scans at a resolution of 2 cm-1. 

 

2.5.4. Thermogravimetric analysis 

Measurements were performed by Thermogravimetric analysis (TGA) on a Mettler 

Toledo TGA 2 (small furnace system). Vacuum-dried samples (5–10 mg weight) were 

placed on the balance and the temperature raised from 25 to 700 ºC at a rate of 10 ºC/min. 

The mass of the sample was monitored as a function of temperature. 

 

2.5.5. Differential scanning calorimetry 

Differential scanning calorimetry (DSC) analysis was carried out on a PerkinElmer DSC 

8000 under a flowing nitrogen atmosphere. The samples (5 to 10 mg) were vacuum-dried 

until constant weight to remove moisture and subjected to a cooling scan down to -15 ºC, 

followed by a heating scan up to 250 ºC at a rate of 20 ºC/min.   

 

2.5.6. Electrical conductivity 

The electrical conductivity of the sample films was studied by a T2001A3-EU four-point 

probe machine (Ossila Limited, Sheffield, UK) using the following expression (4): 

𝜎 =
1

𝑅𝑠·𝑙
     (4) 

where Rs is the sheet resistance of a square sample (20 x20 mm) and l is the sample 

thickness (≈100 µm). The measurements were performed in triplicate to ensure 

reproducibility. 

 

2.6. Statistical analysis 
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All the statistical results and graphs were generated by ANOVA after Tukey's multiple 

post-hoc, applying GraphPad Prism 6 software. p < 0.05 were considered statistically 

significant.  

 

4. Results and discussion 

4.1. Synthesis  

SA, a hydrophilic polymer, was mixed with the hydrophobic polymer PHBV in several 

ratios (10/90, 30/70 and 50/50 mixtures). The optimal PHBV/SA ratio was determined to 

be 10/90, which produced the most homogeneous mixture (Figure 1). This composition 

is also the most economical, since the microbial polymer PHBV is much more expensive 

than sodium alginate. The SA chains in the mixture were subsequently crosslinked with 

Ca ions to form a semi-IPN (PHBV/CA 10/90 sample), preventing the dissolution of the 

sample in aqueous environments. The properties of pure SA or PHBV were improved in 

the PHBV/CA 10/90 semi-IPN. The schematic representation of the synthesis process 

and the structure of the biodegradable polymeric films are shown in Figure 2a. 

 

 

Figure 2. Schematic representation of the synthesis process (a) and the macroscopic morphology of the 

novel biodegradable semi-interpenetrated polymer network (semi-IPN) of poly(3-hydroxybutyrate-co-3-

valerate) and crosslinked alginate (with calcium chloride) without (b) and with (c) conductive antimicrobial 

graphene nanoplatelets; 10G: 10% graphene nanoplatelets. The opacity of each film calculated by Eq. (1) 

is shown under each sample. 
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The physical appearance of the films of calcium alginate, PHBV and the semi-IPN of 

PHBV/CA with the optimal composition (10/90 w/w) with and without 10% of GNPs are 

shown in Figures 2b and 2c, respectively.  

As expected, the addition of 10% of GNPs clearly increases the opacity of the films (see 

opacity values determined by Eq. (1) in Figures 2b and 2c). Graphene is a promising 

transparent conductor [52], however, the transparency of graphene materials decreases 

dramatically when the number of graphene layers is increased [53]. The opacity of the 

composites produced with these materials thus increases as a function of their graphene 

nanoplatelet content [54]. Similar increases in opacity have been reported with other CA 

composites containing even lower amounts of CNMs, such as graphene oxide (GO) 

[40,59] or carbon nanofibers (CNFs) [4]. The addition of CNFs or GO to PHBV also 

produces dark composite materials [15,60]. 

As far as we know, previous reports in the literature have not shown the development of 

biomaterial films based on PHBV and SA or CA. The latest related developments in this 

field consist of the production of alginic acid treated flax fibres/PHBV green composites 

in compost medium [55], microencapsulation of rifampicin in materials in alginate and in 

PHBV [56] and the enhancement of PHBV with Fingolimod by applying modified 

alginate [57]. The crosslinking of SA with divalent cations improves the tensile strength 

of SA [58], and gives this polymer the ability to absorb large amounts of water without 

being dissolved. The addition of carbon nanomaterials (CNMs) improves the mechanical 

properties of calcium alginate [4,59].  

 

4.2 Characterization 

4.2.1 Biological characterization 

4.2.1.1. Cytotoxicity and cell adhesion 

The MTT test was performed to study cytotoxicity using extracts of the prepared films in 

human HaCaT keratinocyte cells (Figure 3a).  
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Figure 3. Cell viability and quantitative cell adhesion: (a) cell viability in percentage of human keratinocyte 

HaCaT cells studied in the material film extracts according to ISO 10993-5:2009.; CONTROL +: the 

medium used to obtain the film extracts; CONTROL - : toxic zinc chloride solution. Data expressed as 

mean ± SD.  *** p < 0,001; ns: not significant.;  (b) Quantitative analysis of cells on the surface of the films 

of CA, PHBV and semi-IPN PHBV/CA with and without 10% w/w of GNPs after 24, 48 and 72h h of 

incubation time.  Cell count of the DAPI nuclei of 10 random fields with an area of 90000 2 to represent 

the entire film surface per group. Cell number expressed as percentage with respect to the total number of 

cells adhered to a glass cover slip (control) counted. Analysis performed with human keratinocyte HaCaT 

cells. CA: Calcium alginate, PHBV: Poly (3-hydroxybutirate-co-3-hydroxyvalerate); 10G: 10% graphene 

nanoplatelets. Data expressed as mean ± SD.  *** p < 0,001; * p < 0,05; ns: not significant. 

 

 

Figure 3a clearly shows that none of the material films are cytotoxic and that the cell 

viability in some material films is even higher than the positive control. The semi-IPN 

network of PHBV/CA 10/90 thus showed good biocompatibility and null cytotoxicity, in 

good agreement with the literature, since PHBV and CA are fully biocompatible materials 

[11,14].  The addition of a large amount of conductive GNPs (10% w/w) to the CA, PHBV 

and semi-IPN PHBV/CA does not produce any toxic effect in human keratinocytes.  

After determining the null cytotoxicity of the material films, a cell adhesion study was 

performed on the surface. Qualitative and quantitative analyses were carried out to 

determine the cell adhesion properties based on the DAPI-marked cells counted on the 

biomaterial film surfaces.  The results of the qualitative analysis of cell adhesion after 

culture for 24, 48 and 72 h are shown in Figure 4. The quantitative analysis performed by 

cell counting the DAPI nuclei of 10 random fields with an area of 90000 2 to represent 

the entire film surface per group is shown in Figure 3b. 
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Figure 4. Qualitative analysis of DAPI-marked cells counted on the biomaterial film surfaces of CA, PHBV 

and semi-IPN PHBV/CA with and without 10% w/w of GNPs after 24, 48 and 72h h of incubation time.  

Analysis performed with human keratinocyte HaCaT cells. Glass cover slip used as control. CA: Calcium 

alginate, PHBV: Poly (3-hydroxybutirate-co-3-hydroxyvalerate); 10G: 10% graphene nanoplatelets. 

 

Figure 4 shows how the number of cells adhering to CA decreases dramatically with 

respect to control, since calcium alginate is a biomaterial with very low cell adhesion 

properties as has already been reported in the literature [33], although PHBV has even 

better cell adhesion properties than CA [60]. In good agreement with the previous results, 

it can be seen in Figure 4 that more HaCaT cells adhered to the PHBV substrates than to 

CA after 24, 48 or 72 h. In addition, the small amount of PHBV incorporated into the CA 

polymer network improves CA cell adhesion (for example, the number of cells adhering 

to PHBV/CA 10/90 increases with respect to those adhering to CA after 24, 48 and 72 h), 

which shows it to be an alternative method of increasing cell adhesion in this hydrophilic 

biopolymer. However, adding GNPs hardly affects cell adhesion. In this regard, previous 

studies have shown that adding CNMs to CA[9] did not improve cell adhesion, in 

agreement with the present study. On the other hand, Rivera-Briso et al. showed that 

adding a much lower amount (1% w/w) of CNMs to PHBV did enhance cell adhesion 

[60]. However, increasing the amount of CNMs (10 times higher than the present study) 

added to PHBV can significantly increase the chances of having large aggregates of 

carbon nanoparticles, which could worsen the cell adhesion properties. The presence of 

non-adherent CA in the semi-IPN of PHBV/CA 10/90 10G could also worsen the cell 

adhesion properties and somehow explain these results.  

GNPs have shown to be promising nanomaterials capable of up-regulating specific genes 

involved with many important features required in biomedical fields such as wound 

healing and skin tissue engineering[39].  
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4.2.1.2. Antiviral activity 

The phi 6 bacteriophage, a double-stranded RNA virus with a non-linear fragmented 

length of 13.5 kb belonging to the Baltimore Group III [61], was used as viral model for 

SARS-CoV-2 for biosafety reasons [44,46,62]. This bacteriophage is also used as biosafe 

viral model of other enveloped viruses such as Ebola and Influenza. The results of the 

antiviral tests are shown in Figure 5. Cross-linked alginate shows 100% of antiviral 

activity against bacteriophage phi 6, as no plaque forming units (PFU) appear on the 

plaque when compared to the control sample formed by bacteriophages that had not been 

previously in contact with any material. Neat PHBV shows no antiviral activity, similar 

to control. However, when CA is combined with PHBV in the semi-IPN, a more than 1 

log reduction of PFU/mL takes place. When 10% GNPs are added to CA, PHBV or 

PHBV/CA 10/90 films, there is 100% of antiviral activity.  

These results are in agreement with previous findings obtained using calcium alginate 

against another enveloped virus such as SARS-CoV-2 Delta variant [6,7]. The antiviral 

mechanism of calcium alginate is not yet clear, but it can be attributed to the charged 

polymer network that can bind to viral envelopes, inactivating its replication. As far as 

we know, the null antiviral activity of PHBV has been demonstrated here for the first 

time. We also provide a successful method of producing composite PHBV materials with 

antiviral properties. CBNs are well-known to possess broad spectrum antimicrobial 

properties[8,16], however, their antimicrobial activity after incorporation into polymer 

matrices depends on the amount of CBNs added [12,63]. Polymers can act like plastic 

bags covering antimicrobial nanomaterials, thus reducing their antimicrobial potential.   
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Figure 5. Antiviral results: a) Loss of viability of bacteriophage phi 6 calculated from the double-layer 

essay, where the images refer to the titration of the phage for the control, PHBV, CA and semi-IPN 

PHBV/CA with and without the addition of 10% GNPs at 24 h of viral contact, and b) Reduction of the 

infection titers of the samples. Data expressed as mean ± SD.  *** p < 0,05; ns: not significant. CA: Calcium 

alginate, PHBV: Poly (3-hydroxybutirate-co-3-hydroxyvalerate); 10G: 10% graphene nanoplatelets.  

 

In order to ensure that the antiviral results are correct and no viral particles remain in the 

material films during the antiviral tests, viral RNA was extracted and measured. This 
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experiment was performed before and after the viral particles had been in contact with 

the material surfaces to be compared for 24 h. Figure 6a shows that the samples have a 

dsRNA concentration similar to that of the positive control, and that in all cases the CA 

and semi-IPN PHBV/CA 10/90 samples with and without 10% graphene have lower 

values than the PHBV sample.  

 

Figure 6. RNA concentration analysis and water sorption properties: (a) viral presence before (CONTROL 

+) and after the antiviral assay by extraction, purification, and quantification of phage phi 6 dsRNA to 

ensure no viral adhesion to the material films during the antiviral tests. ANOVA after Tukey's multiple 

post-hoc applying GraphPad Prism 6 software with a significance of at least p < 0.05. The results of the 

statistical analysis showed no statistical differences between the samples.; (b) water sorption at body 

temperature (37ºC ± 0,5ºC) at 24, 48 and 120 h of water immersion times. The amount of absorbed water 

is expressed as (mt-m0)/m0 for each material film, where mt is the mass of the sample film at time t and m0 

is the initial mass of the dry sample film. Data were expressed as mean ± SD.  *** p < 0,05; ns: not 

significant. CA: Calcium alginate, PHBV: Poly (3-hydroxybutirate-co-3-hydroxyvalerate), 10G: 10% 

graphene nanoplatelets. ANOVA after Tukey's multiple post-hoc. Data expressed as mean ± SD.  *** p < 

0,001; ** p < 0,01; ns: not significant. 

 

The potent antiviral activity of CA and GNPs in the PHBV/CA 10/90 10G semi-IPN can 

be attributed to their compacted negative charges produced during the solvent casting 

process. The negatively charged CA polymer chains [7] and GNP nanosheets [8] may 

therefore bind to viral envelopes, inactivating membrane receptors. The amount of GNPs 

(10% w/w) was determined experimentally to provide the semi-IPN films with significant 

conductive properties. In agreement with these results, adding another type of CNMs to 

CA, particularly CNFs, enhanced CA antiviral activity [10].  

 

4.2.2 Physical characterisation techniques. 

4.2.2.1 Morphology. 

The cryogenic fractures of the films observed by HR-FESEM are shown in Figure 7. 
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Figure 7. Material morphology: HR-FESEM observation after cryogenic fracture of the calcium alginate 

(CA), PHBV and semi-IPN PHBV/CA 10/90 sample films with and without 10% of GNPs (10 G) at x10000 

and a magnified area at x20000. Yellow and red arrows indicate the GNPs present in the nanocomposites 

and microdomains of PHBV in the semi-IPN of the PHVA/CA 10/90 with and without 10% of GNPs, 

respectively. 
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The GNPs can be appreciated in the CA and PHBV composites (see yellow arrows for 

CA 10G and PHBV 10G in Figure 7). The semi-IPN structure of PHBV/CA 10/90 clearly 

shows a biphasic structure by HR-FESEM, with PHBV microdomains in a darker tone 

than CA. However, these heterogeneous structure changes dramatically when 10% of 

GNPs is added.  

In the semi-IPN of PHBV/CA, a clear phase separation can be seen with microdomains 

of darker PHBV (see red arrows for PHBV/CA 10/90 in Figure 7). The semi-IPN with 

10% of GNPs (PHBV/CA 10G) shows some alignment of the GNP nanosheets (see 

yellow arrows in Figure 7). However, the HR-FESEM micrographs of the CA 10G and 

PHBV 10G composite films show irregular morphologies with aggregates of GNPs. This 

might explain why the incorporation of this large amount of aggregated GNPs (10% w/w) 

did not improve cell adhesion (Figure 3b and 4).   

4.2.2.2 Water sorption. 

Water sorption experiments performed at 37ºC show the equilibrium water content 

determined by Eq. (2) at different time intervals: 24, 48 and 120 h (Figure 6b). 

While CA is a highly hydrophilic material, PHBV is highly hydrophobic, so that the 

former presents much higher equilibrium water sorption values than the latter. The semi-

IPN PHBV/CA 10/90 presents an intermediate value with statistically significant 

differences between the three materials. The water sorption equilibrium is seen to be 

reached after 24 h because the water sorption values at 24, 48 and 72 h are similar for 

each sample film. The addition of 10% GNPs slightly increased the water sorption of the 

neat CA hydrogels. This slight increase in water sorption at 37ºC can be attributed to the 

fact that GNPs are hydrophobic [64] but produce graphitic nanochannels in the CA 

polymer network that make water molecule penetration easier [65]. However, no 

significant statistical effect was found on water sorption after adding GNPs to the PHBV 

or PHBV/CA 10/90 films.  
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4.2.2.3. Fourier transform-infrared spectroscopy 

Figure 8 shows the FTIR spectra of the samples. PHBV, SA and CA with and without 

GNP have been included as reference in Figure 8a.   

Figure 8. Fourier transform infrared spectroscopy (FTIR) spectra in the region 4000-300 cm-1. a) Neat 

PHBV, SA and calcium alginate (CA), and samples with 10% of graphene nanoplatelets (10 G). b) 

PHBV/SA 10/90 blend, semi-IPN PHBV/CA 10/90, and nanocomposites with GNPs (10G). GNPs 

concentration: 10% w/w.  

 

The neat PHBV spectrum shows a band at 1719 cm-1 related to the C=O stretch of the 

ester group present in the molecular chain of the highly ordered crystalline structure. The 

peaks between 800 and 1050 cm-1 are characteristic of the -C–O–C- stretching vibration 

[2,66,67] (Figure 8a). Regarding neat SA, the wide band between 3700 and 3000 cm-1 is 

associated with O-H stretching and the peaks at 2919 cm-1 and 1417 cm-1are related to C–

H stretch sp3 and C-OH stretch, respectively [68,69]. Crosslinking SA with CaCl2 

replaces sodium with calcium ions, a reaction that produces a change in ion density, 

diameter and weight, affecting the applied stretch forces to the C=O carboxylic salt 

functional groups [70], so that a slight shift can be seen from 1614 cm-1 in neat SA to 

1606 cm-1 in CA (Fig. 10a) [68].  

The spectrum of the PHBV/SA blend, depicted in Figure 8b, shows the characteristic 

peaks related to both PHBV and SA, confirming their presence in the blend. Likewise, 

the semi-IPN PHBV/CA obtained after crosslinking the SA chains with Ca+2 ions also 

shows the slight shift corresponding to the stretch in the C=O carboxylic salt functional 

groups (from 1613 to 1606 cm-1).  
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As pristine graphene does not show any significant peaks related to functional groups 

[71,72], incorporating graphene is not seen in the FTIR spectra.   

 

4.2.2.4. Thermal degradation analysis 

Thermal degradation was analysed by TGA. Figure 9 shows the thermogravimetry results 

from 25 to 700 ºC. The decomposition temperatures at 50% weight loss (Td-50%), which 

are representative of the thermal decomposition behaviour of this system, were 

subsequently calculated from the TGA profiles (Table 3).  

 Figure 9. Thermogravimetry results. (a) Neat SA and PHBV and crosslinked CA with and without 10% 

of graphene nanoplatelets (10 G). (b) PHBV/SA 10/90 blend, semi-IPN PHBV/CA 10/90 and 

nanocomposites with GNPs (10G). GNPs concentration: 10% w/w. Neat SA, CA and PHBV have also 

been included in b) as reference samples. 

 

Neat PHBV (Figure 9a) shows a single degradation stage, which begins at 225 ºC. Td-50% 

is 278 ºC, and at 300 ºC the polymer is almost completely degraded  due to hydrolysis 

and chain scission [2,73,74]. SA shows an initial weight loss related to moisture removal, 

i.e. free and bound water molecules, at temperatures lower than 225 ºC. The interval 

between 225 and 275 ºC corresponds to the maximal thermal decomposition, followed by 

a second process in the 275-500 ºC range. These degradation stages are related to the SA 

matrix degradation, followed by the formation of metal carbonates at higher temperature 

[70,75]. The degradation continues above 500 ºC. SA crosslinking increases thermal 

stability (Td-50% increases from 250 ºC for neat SA to 344 ºC for crosslinked CA). 

PHBV/SA blend and semi-IPN PHBV/CA thermal degradation profiles are depicted in 

Figure 9b. Neat SA and PHBV have also been included to facilitate understanding the 
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results. As can be observed, the degradation profile follows SA behaviour, the main 

component of the blend. The presence of 10% of the hydrophobic PHBV reduces the 

amount of water molecules bounded to the SA chains, leading to lower weight loss than 

SA during the first degradation process below 225 ºC, both in the blend and semi-IPN. 

The crosslinking of the SA chains in the mixture, forming the semi-IPN, increases thermal 

stability. The 50% weight loss decomposition temperature, Td-50%, increases from 253 ºC 

for the PHBV/SA blend to 282 ºC in the semi-IPN PHBV/CA.  

 

Table 3. 50% weight loss decomposition temperature for the different samples.  

 

 

 

 

 

 

 

 

Adding 10% of GNPs affects the degradation profile of PHBV, SA and CA, increasing 

their thermal stability. After adding GNPs, Td-50% of PHBV 10G rises ca. 7 ºC compared 

to neat PHBV, whilst in SA 10G and CA 10G samples the increase is much higher (Table 

3).  

The thermal degradation profile of the PHBV/SA 10/90 blend and PHBV/CA 10/90 semi-

IPN with and without GPNs is similar to SA/CA, which is consistent with 90% of alginate 

in the total polymeric mass (Figure 9b). As expected, SA crosslinking increases thermal 

stability in the semi-IPN compared to the PHBV/SA 10/90 blend [20]. The incorporation 

of 10% GNPs affects the degradation profile in the PHBV/SA 10/90 blend and PHBV/CA 

10/90 semi-IPN, increasing thermal stability (Td-50% increases from 253 to 275 ºC in the 

blend and from 282 to 299 ºC in the semi-IPN). This noticeable rise can be attributed to 

obstacles to the diffusion of volatile decomposition products within the polymeric matrix 

(particularly, a jammed network of char layers) [72,76,77]. It has also been reported that 

decomposition of graphene nanocomposites is slower due to restricted mobility of the 

Sample 
Td-50% 

(ºC) 

PHBV 278 

PHBV 10G 285 

SA 250 

SA 10G 344 

CA 362 

CA 10G 423 

PHBV/SA 10/90  253 

PHBV/SA 10/90 10G 275 

PHBV/CA 10/90  282 

PHBV/CA 10/90 10G 299 
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chains of the polymer matrix around the graphene nanoparticles [76]. It can therefore be 

concluded that thermal stability increases after adding both Ca2+ ions and GNPs. 

4.2.2.5. Thermal behaviour (DSC)  

The normalized heat flow of SA and crosslinked SA (CA) with and without GNPs is 

depicted in Figure 10a.  

 

Figure 10. Differential scanning calorimetry (DSC) thermograms at a rate of 20 °C/min Normalized heat 

flow on heating. (a) Neat SA and crosslinked SA (CA) with and without GNPs (10 G). (b) Neat PHBV with 

and without GNPs (10 G). (c) PHBV/SA 10/90 blend, PHBV/CA 10/90 semi-IPN and nanocomposites with 

GNPs (10G). GNPs concentration: 10%.  
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The endotherm peak at temperatures above 120 ºC is related to release of water tightly 

bonded through polar interactions with carboxylate groups (although the samples were 

vacuum-dried at 60 ºC) [78,79]. As expected, the intensity of this peak after crosslinking 

SA decreases, indicating the presence of bonds between Ca ions and carboxylate groups, 

which can no longer link to water molecules. In agreement with the TGA results, the 

beginning of the SA thermal degradation can be seen at 225º C. As adding GNPs (10%) 

increases hydrophobicity, the presence of water molecules bonded to the SA chains, 

particularly in the CA sample, is significantly reduced. Figure 10b shows the heating scan 

of neat PHBV with and without GNPs. A small cold crystallisation process between 30 

and 60 ºC can be seen in the PHBV thermogram, followed by melting (120 and 150 ºC) 

[2,80]. After graphene addition, there is no cold crystallisation process and only the peaks 

(of larger size) related to the melting process can be observed. The enthalpy of fusion 

increases from 26 J/g (PHBV) to 43 J/g (PHBV 10G), which indicates that GNPs act as 

nucleating agents for PHBV, increasing its crystallinity.  

The PHBV/SA blend heating scan with and without GNPs is depicted in Figure 10c. The 

thermograms are similar to those of neat SA with and without GNPs. No melting process 

related to PHBV can be seen, although the amount of PHBV in the blend/semi IPN is low 

(10%), which could prevent its visualisation. The peak associated with water bonded with 

SA chains can be seen in the blend with and without GNPs in the same temperature range 

as neat components (> 125 ºC). The semi-IPN PHBV/CA thermogram shows a significant 

reduction in this process, which is further reduced after the addition of GNPs. The CA 

network hinders water molecules linked to the hydrophilic chains after the formation of 

the semi-IPN. Furthermore, due to the compact structure induced by crosslinking, the 

water molecules that remain strongly bound to the CA chains, also with PHBV chains 

entangled in the CA network, need more energy to be released, shifting the process 

towards a higher temperature (up to 210 ºC). Adding GNPs increases the hydrophobic 

behaviour of the PHBV/CA 10/90 nanocomposite, reducing the peak related to the release 

of bound water, which is also an indicator of good graphene dispersion within the sample. 

The thermal degradation of the composites starts from 225 ºC, in agreement with the TGA 

results (Figure 8).  
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4.2.2.6. Electrical conductivity 

The surface electrical conductivity is reported in Table 2 for the sample films: neat PHBV, 

crosslinked SA and the semi-IPN PHBV/SA 10/90, with and without 10% GNPs. Neat 

CA and PHBV polymers have low conductivity values, although PHBV conductivity is 

slightly higher. The semi-IPN PHBV/CA shows a slight increase in surface conductivity 

consistent with the proportion of both components (10/90 ratio).  

Table 2. Surface electric conductivity of neat PHBV, crosslinked SA and PHBV/SA 10/90 with and without 

10% GNPs. 

Sample σ(mS/m) 

CA 1.4±0.9 

CA 10G 1.2±0.1 

PHBV 6.2±1.8 

PHBV 10G 6.8±1.1 

PHBV/CA 10/90 2.6±1.5 

PHBV/CA 10/90 10G 274.9±7.7 

 

The addition of graphene to both PHBV and crosslinked SA hardly affects CA and PHBV 

film conductivity, with values in the range between 1 and 7 mS/m, which are quite low 

considering that the samples contain 10% GNPs. However, adding GNPs to the 

PHBV/CA semi-IPN (PHBV/CA 10/90 10G sample) had a dramatic effect on electrical 

behaviour. Conductivity increased more than 40-fold (compared to PHBV 10G), reaching 

an average value ca. 275 mS/m.  

The electrical conductivity of nanomaterials with conductive fillers is known to depend 

on filler type, shape, size and filler dispersion and distribution in the composite [81,82]. 

The processing method (e.g. melt blending or solution casting) also influences the final 

conductivity of the nanocomposite as well as the specific solvents used in the solution 

cast method and the drying rate used to evaporate the solvent [83,84]. The lower values 

of surface conductivity found for neat PHBV and CA nanocomposites after the addition 

of 10% of GNP suggest a non-homogeneous distribution of the nanofiller in the polymer 

matrix, in agreement with the presence of GNP aggregates, as shown in the HR-FESEM 

images (Figure 7). The PHBV/CA 10G nanocomposite was obtained by mixing three 

solvents (chloroform, DMSO and water), which can strongly influence viscosity and 
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nanoparticle dispersion. The casting solvent has been identified as a key parameter that 

influences the morphology and electrical properties of nanocomposites with conductive 

carbon nanoparticles [83,85,86]. The high value of surface conductivity obtained in the 

PHBV/CA 10/90 10G nanocomposite suggests that this specific combination of solvents 

facilitates the alignment of the GNPs within the complex polymer matrix formed by CA 

and PHBV, inducing the formation of effective electrical pathways and significantly 

increasing conductivity (Figure 11). HR-FESEM images (Figure 7) show well-distributed 

GNPs in the PHBV/CA 10/90 10G nanocomposite, consistent with increased conductive 

properties. CA 10G and PHBV 10G samples show the presence of multiple aggregates, 

which could explain the lower conductivity values. Further studies will be needed to 

analyse the role of this solvent mixture in the dispersion of the GNPs within the 

PHBV/CA matrix.  

 

 

Figure 11. Representative scheme of poly (3-hydroxybutirate-co-3-hydroxyvalerate) (PHBV:), calcium 

alginate (CA), semi-IPN PHBV/CA (PHBV/CA 10/90) with and without 10% w/w graphene nanoplatelets 

(10 G). The conductive structure of the PHBV/CA 10/90 10G sample can be clearly seen by the continuity 

of the GNP sheets represented as a black trapezoid. The solid circle (●) represents the crosslinked points 

produced by divalent calcium cations. The blue ellipses represent the microdomains of PHBV present in 

the semi-IPNs PHBV/CA 10/90 and PHBV/CA 10/90 10G. Created with Biorender by Ángel Serrano-

Aroca. 
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All these results confirm the novelty of these new advanced materials and show their great 

promise in the biomedical field. 

 

5. Conclusions 

A new biomaterial film based on PHBV and CA with potent antiviral activity, enhanced 

cell adhesion capacity and conductive properties was developed, containing 10% w/w of 

GNPs in the form of semi-IPN. This new composite biomaterial showed enhanced 

physical and biological properties with respect to its neat components, CA and PHBV. 

Water sorption experiments at the physiological temperature (37ºC), FTIR analysis, 

thermal behaviour and degradation and electrical conductivity showed physical and 

chemical properties with great potential in the biomedical field, especially for antiviral 

technologies, electroactive sensors or regenerative medicine applications where electro-

stimulation is required. This new biomaterial has also shown no cytotoxicity in human 

keratinocyte cells and improved biological properties, including cell adhesion (an 

essential issue for skin tissue engineering), and a strong antiviral activity with the 

incorporation of 10% GNPs against a viral model of enveloped viruses such as SARS-

CoV-2.  
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