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A B S T R A C T   

Red grape pomace was used as a source for poly(3-hydroxybutyrate) (PHB) production, which was then subject 
to a range of purification processes. The different PHB biopolymers were characterized for chemical structure, 
crystallinity, thermal properties, colour, release of compounds into different food simulants and antioxidant 
inhibition, and comparisons were made with a commercially available PHB. An increase in purification steps did 
not have a significant effect on the high thermal stability of the extracted biopolymer, but it decreased the degree 
of crystallinity and the presence of amino acids and aromatic compounds. With additional purification, the PHB 
powders also whitened and the number of components released from the biopolymer into food simulants 
decreased. The released compounds presented antioxidant inhibition, which has not been previously reported in 
the literature or with commercially available polyhydroxyalkanoates. This is of great interest for food packaging 
and biomedical industries where the addition of antioxidant additives to improve PHB functional properties may 
not be necessary and could be avoided.   

1. Introduction 

The interest to use renewable and biodegradable polymers, such as 
collagen and chitin, extracted from fishery by-products, and soy protein 
and polyesters obtained from agriculture by-products, has grown in the 
last decades. This is due to the urgent need to replace petroleum-derived 
synthetic plastics, which are non-renewable and non-biodegradable, and 
have resulted in significant waste accumulation (mainly single-use food 
packaging wastes), and to gain an economic advantage in production 
costs from the use of inexpensive industrial by-products [1–5]. 

On this matter, 40,323 ha were used for wine production in 2021 in 
Aotearoa New Zealand, with Marlborough the largest wine-producing 
region (around 70 % of the total producing area). Vine prunings, 
grape stalks and marc are waste-streams generated in the production of 
wine [6,7]. It is estimated that grape marc accounts for 20 % of the total 
weight of the fruit of the grape, which represents a challenging waste 
disposal problem for the wine industry. 

Grape marc, also named grape pomace, is a solid by-product 

composed mainly of polysaccharides (30 %), as well as other com-
pounds such as acid pectic substances, lignin, and proteins, in lesser 
percentages [8]. It also contains considerable quantities of phenolics, 
flavonoids and anthocyanins with high antioxidant potential. Further-
more, it has been shown that the sugars present in the marc can be used 
as carbon sources for the industrial production of poly-
hydroxyalkanoates (PHAs) [9,10]. 

PHAs represent a class of biopolymers, microbiologically produced 
polyesters, that are renewable and completely biodegradable to CO2, 
water and biomass. PHAs are an interesting solution to tackle the issues 
caused by synthetic polymers. When isolated from microbial biomass, 
PHAs have shown similar physical properties as synthetic polymers. For 
example, polyhydroxybutyrate (PHB), a member of the PHA family, 
closely resembles common synthetic polymers such as polyethylene (PE) 
and polypropylene (PP) [11,12]. PHAs are also biocompatible materials, 
making these polymers suitable for biomedical applications. For 
example, PHB exhibits low toxicity as in vivo it degrades to D-3-hy-
droxybutyric acid, which is a normal human blood constituent. These 
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characteristics make PHAs promising candidates as a substitute for 
conventional synthetic polymers in a broad range of applications in 
different sectors. These include biodegradable (single-use) food pack-
aging and biomaterials (sutures, patches, scaffolds for tissue regenera-
tion, controlled drug-release devices), among others [11,13]. 

In this study, red grape pomace was used as a source of PHB pro-
duction. Moreover, unlike other research works, the obtained PHB was 
purified under different purification processes before characterization 
for structure, crystallinity, thermal properties, and colour, with com-
parisons made to literature values and to a commercially available PHB. 
Furthermore, the effect of PHB purification processes on the release of 
bioactive compounds into various food simulants and their antioxidant 
activity were also analysed. These latter characterizations do not appear 
to have been previously reported in the literature or for commercially 
available PHAs [14]. 

2. Materials and methods 

2.1. Materials 

Red grape pomace was obtained from a vineyard in Marlborough. 
CTec2 enzyme was manufactured by Novazyme (Denmark), while 
Cupriavidus necator H 1 G+3 bacteria (DSM 454) was obtained from the 
DSMZ (Germany). The poly(3-hydroxybutyrate) (PHB) used for com-
parisons was supplied by Biomer (Schwalbach, Germany). Chemicals, 
(NH4)2SO4, Na2HPO4⋅2H2O, KH2PO4, MgSO4⋅7H2O, Tris-HCl, EDTA, 
SDS and 2,2-diphenyl-1-picryl hydrazyl (DPPH), were purchased from 
Sigma-Aldrich. Ethanol and methanol were obtained from ECP Lab-
Chem, and chloroform and the yeast extract were purchased from 
Applichem. 

2.2. Biomass, microbial strain preparation and PHB biosynthesis/ 
production 

Red grape pomace (150 g) was mixed with reverse osmosis (RO) 
water (300 mL) and heated at 50 ◦C. Then, 15 g of CTec2 enzyme was 
added and the mixture was blended for 4 min. The blend was centrifuged 
(10,000 g, 30 min), before the supernatant was decanted and subject to 
pasteurization (at 70 ◦C for 2 h). The final concentration of the pomace 
(named saccharified grape pomace) contained 17 g/L (25.5 g/100 g 
pomace) and 7.2 g/L (10.8 g/100 g pomace) of glucose and fructose, 
respectively. 

Cupriavidus necator H 1 G+3 bacteria strain was used in this work. 
The bacteria growth was carried out using the saccharified grape 
pomace and the following recipe named YEM [15]: 1.0 g (NH4)2SO4, 4.5 
g Na2HPO4⋅2H2O, 1.5 g KH2PO4, 0.2 g MgSO4⋅7H2O, 1.0 g yeast extract, 
and 1 mL trace elements in 1 L RO water. The Cupriavidus necator culture 
was first grown at 30 ◦C and 200 rpm for 24 h, and the grape pomace was 
inoculated with the culture in YEM at 30 ◦C and 200 rpm for 48 h. 
Glucose and fructose were not detected in the final culture, and 
approximately 20 g of cell pellet was recovered from the 1 L culture. 

2.3. PHB extraction and purification 

The cell pellets were resuspended in Tris-HCl EDTA (TE) 5 % SDS (w/ 
v) buffer, passed 3 times through ice-cooled on HPH at maximum 
pressure (10 min/L), and washed 3 times in 20 % ethanol by centrifu-
gation (8000g, 20 min, 10 ◦C). Approximately 4 g of dried material was 
recovered from the 20 g cell pellets. 

A powder of 66 % PHB mixed with cell materials was obtained 
(named PHB66, molecular weight (Mw) 1.2 × 106 g/mol, dispersity (D) 
= 2.8). The PHB66 was then washed with ethanol (EtOH) to remove the 
soluble cells materials, and a powder was obtained with 85 % PHB 
(named PHB85, Mw 1.1 × 106 g/mol, D = 2.6). Some of this powder was 
dissolved in chloroform (CHCl3), precipitated in methanol and filtered 
to obtain a film like PHB (named PHB95, 95 % PHB, Mw 3.8 × 105 g/ 

mol, D = 2.9). The 3 different PHBs were analysed and compared with a 
commercially available PHB (named PHBcom, 98.5 % PHB, Mw 3–6 ×
105 g/mol). 

2.4. PHB characterization 

2.4.1. Nuclear magnetic resonance (1H NMR) spectroscopy 
1H NMR spectroscopy was used to determine the chemical structure 

and purity of the extracted polymer samples. 5 mg of a PHB were dis-
solved in 0.6 mL CDCl3. The spectra were recorded on a Bruker Avance 
III 400 MHz instrument. 

2.4.2. Fourier transform infrared (FTIR) spectroscopy 
FTIR spectra of the PHBs were obtained using a Bruker Vertex 70 

FTIR spectrometer with Platinum Diamond Micro-ATR accessory 
(Bruker Optics, New Zealand). The samples were placed directly onto 
the ATR crystal and spectra were collected in transmittance mode. Each 
spectrum was a result of the average of 32 scans performed at 4 cm− 1 

resolution, and the measurements were recorded between 4000 and 450 
cm− 1 at room temperature. 

2.4.3. X-ray diffraction (XRD) analysis 
X-ray diffraction studies of the PHBs were performed using a 

diffraction unit (Empyrean, Malvern Panalytical, Cleveland, New Zea-
land) operating at 45 kV and 40 mA. The radiation was generated from a 
Cu-Kα (λ = 1.5418 Å) source. The diffraction data of the samples were 
collected from 2θ values from 10◦ to 35◦, where θ is the incidence angle 
of the X-ray beam on the sample. 

The crystallinity index (CrI) of the PHB samples was calculated 
following the formula suggested by Wei and co-workers [16]: 

CrI (%) =
I17

ITotal
× 100  

where I17 is the intensity of the peak close to 2θ = 17◦ and ITotal is the 
total intensity of all crystalline peaks of the PHB. It has been reported in 
the literature that CrI is useful to make general comparisons between the 
samples; however, it is not an absolute value for determining the crys-
tallinity of PHB [17]. 

2.4.4. Thermogravimetric analysis (TGA) 
Thermo-gravimetric measurements were performed using a TA In-

struments system (Q5000, Alphatec Systems Limited, Auckland, NZ). 
PHB samples (3.2 ± 0.4 mg) were tested from 25 ◦C up to 600 ◦C at a 
heating rate of 10 ◦C/min under a nitrogen atmosphere (25 mL/min) to 
avoid thermo-oxidative reactions. 

2.4.5. Differential scanning calorimetry (DSC) 
DSC measurements were performed using a TA Instruments system 

(Q1000, Alphatec Systems Limited, Auckland, NZ) equipped with an 
electric intercooler as a refrigeration unit. Samples (3.1 ± 0.4 mg) were 
hermetically encapsulated in aluminium pans to prevent mass loss 
during heating from 25 to 200 ◦C at a rate of 10 ◦C/min, cooling to − 50 
◦C at a rate of 5 ◦C/min, and heating to 200 ◦C at a rate of 10 ◦C/min 
under inert atmosphere conditions (30 mL/min N2). The crystallinity of 
PHB was estimated from the enthalpy of fusion (melting enthalpy). For 
this determination, the enthalpy of fusion of a 100 % crystalline (theo-
retical) sample was assumed to be 146.6J/g [18,19]. 

2.4.6. Colour of the PHB samples 
Sample colour was determined using a CR-300 Minolta colourimeter 

(Konica Minolta, Japan) previously calibrated on a white standard 
calibration plate. Samples were placed onto the surface of a white plastic 
tray (L* 91.28, a*1.4 and b* − 3.31) and then, L*, a* and b* colour 
parameters were measured using the CIELAB colour scale: L* = 0 (black) 
to L* = 100 (white), − a* (greenness) to +a* (redness), and –b* 
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(blueness) to + b* (yellowness). The CIELAB colour system was con-
verted into RGB units to display the approximate colour of the samples. 
Data were subjected to a one-way analysis of variance (ANOVA) through 
an SPSS computer program (SPSS Statistic 25.0). Post hoc multiple 
comparisons were determined by Tukey's test with the level of signifi-
cance set at P < 0.05. The minimum number of replications for each 
sample was 9. 

2.4.7. Release of compounds from PHB samples 
The migration of components depends on the food matrix, which can 

be simulated using different food simulants. The selection of the food 
simulants was carried out by analysing the migration of compounds 
from PHB66 in 3 different food simulants: Milli-Q water (MQW) for 
hydrophilic foods, and 50 % v/v ethanol (50EtOH) and 95EtOH for 
lipophilic foods [20]. Hence, 5 mL of a food simulant was added to 5 mg 
of PHB66 (1 mg/mL) and the solution was left under stirring (250 rpm) 
for 24 h at 25 ◦C. The solution was then centrifuged at 1000 rpm for 5 
min and the supernatant liquid was analysed within quartz cuvettes at a 
NanoPhotometer (NP80, IMPLEN, Europe), recording wavelengths from 
200 to 800 nm. Three samples (n = 3) were analysed for each compo-
sition. The release of antioxidant compounds from the other PHB sam-
ples (PHB85, PHB95 and PHBcom) was carried out in MQW (due to the 
hydrophilic character of the aromatic impurities) following the same 
procedure explained above. 

2.4.8. Antioxidant activity (DPPH assay) 
The DPPH test is used for the assessment of the free radical scav-

enging potential of a molecule and is considered one of the standard 
methods for the assessment of antioxidant activity [21]. In this study, 
the DPPH radical scavenging activity was measured in the liquid (1 mg 

PHB/1 mL MQW) samples (n = 3) obtained in Section 2.4.7, according 
to the procedure carried out in a previous work [22]. The inhibition 
values were determined by the absorbance decrease at 517 nm as 
follows: 

Inhibition (%) =
Ac − As

Ac
× 100  

where Ac is the absorbance of the MQW and AS is the absorbance of the 
MQW in which the PHB samples were immersed. 

3. Results and discussion 

3.1. 1H NMR 

The chemical structure of Cupriavidus necator H 1 G+3 produced PHB 
was analysed by 1H NMR (Fig. 1). Three signals, characteristic of the 
PHB polymer, were observed at around δ = 1.25, 2.50, and 5.25 ppm, 
which correspond to the methyl groups (-CH3), methylene groups 
(-CH2), and methane groups (-CH) of PHB, respectively. Similarly, Tra-
kunjae and colleagues [23] produced PHB using a Rhodococcus pyr-
idinivorans strain BSRT1–1, and the 1H NMR spectrum showed 3 
different signals at δ = 1.29, 2.50, and 5.27 ppm, which represent the 
methyl, methylene, and methane groups, respectively. In a study con-
ducted by Narayanan and co-workers [24] on a Bacillus cereus produced 
PHB, 3 signals at δ = 2.37, 2.55 and 3.39 ppm were found and related to 
-CH3, -CH2, and -CH groups, respectively. The 1H NMR results of the 
extracts were identical to those for the PHB standard and so, it was 
concluded that the PHA synthesized by strain Cupriavidus necator H 1 
G+3 was indeed PHB [25,26]. The peaks around δ = 0 ppm, δ = 1.56 

Fig. 1. 1H NMR spectra of extracted (PHB66) and successively purified (PHB85 and PHB95) PHB samples. A commercial PHB (PHBcom) was used for comparison.  
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ppm and δ = 7.26 ppm represent tetramethylsilane ((CH3)4Si), water 
(H2O), and the solvent (CD3Cl), respectively. Unlike PHB85 and PHB95, 
in PHB66, additional signals were seen around δ = 7.00 ppm and δ =
6.50 ppm, which can be related to aromatic impurities such as gallic acid 
(a phenolic acid, δ ~ 7.1 ppm) and tyrosine (an aromatic amino acid, δ 
~ 6.7 ppm), found in by-products of the winemaking process (grape 
pomace extracts) [27] as well as in dry red wines [28]. 

3.2. Fourier transform infrared (FTIR) spectroscopy 

The functional groups of the Cupriavidus necator H 1 G+3 produced 
PHB were analysed by FTIR (Fig. 2). The characteristic bands at 2975 
and 2935 cm− 1 were related to the presence of -CH3 (methyl) and -CH2 
(methylene) groups, respectively. The band at 1722 cm− 1 was associated 
with the C––O (ester carbonyl) group, while the fingerprint region at 
800–1500 cm− 1 included stretching vibrations of C-CH, C-CH3, C–O, 
and C–C bonds [1,5]. The FTIR spectra of the extracted and purified 
PHB samples matched closely the commercial PHB, confirming that the 
synthesized PHA was PHB [29]. However, some differences were 

observed depending on the PHB purification level. PHB66 samples 
showed a small band at ~3300 cm− 1, which corresponds to O–H 
stretching (moisture/water), and two bands at 1643 and 1563 cm− 1 that 
might indicate the presence of amino acids [30] and phenolic com-
pounds [31], consistent with the 1H NMR results. The presence of these 
bands decreased in the PHB85 sample, while they were not visible in the 
further purified PHB95 sample. These FTIR results, along with 1H NMR 
outcomes, showed that the degree of purity of the extracted PHBs 
increased as follows: PHB95 > PHB85 > PHB66. This matched the pu-
rification processes undertaken with each sample (PHB66 (none), 
PHB85 (washing with EtOH), PHB95 (dissolution in CHCl3, precipita-
tion in methanol and filtration)). 

3.3. XRD 

The crystalline structure of the extracted and purified PHB samples 
was studied by XRD (Fig. 3). Distinctive peaks for PHB were observed at 
2θ values of 13.21◦ and 16.64◦, attributed to (020) and (110) planes, 
which indicated the crystalline structure of the biopolymer; at 2θ =
19.66◦ and 21.79◦, attributed to (101) and (111) planes, which indi-
cated the presence of orthorhombic crystals; and low-intensity peaks at 
2θ = 25.18◦ and 27.77◦, attributed to the (121) and (040) planes, which 
indicated the partial crystalline nature of PHB [17,32,33]. These XRD 
patterns of the samples agreed with the pattern of the PHBcom (2θ =
13.29◦, 16.68◦, 19.87◦, 21.75◦, 25.24◦ and 27.90◦) used for comparison. 
The intensity, and so the crystallinity index of the peaks (Table 1), 
differed as a function of the PHB purification process, especially for the 
purest PHB (PHB95), which showed the lowest crystalline index value 
(close to 21 %). Similar values were found by Matínez-Herrera and 
colleagues [17] on PHB extracted from Bacillus cereus 4 N, where the CrI 
values of extracted biopolymers were around 22 % compared to a 
commercial PHB (near 29 %). The crystallinities of PHB obtained in this 
study were also lower than the PHBcom (~27 %). A lower crystallinity 
in polymers is linked to less brittle properties [32,34], so it increases the 
range of applications of the PHB-based material. 

3.4. TGA 

The PHB degradation pattern of extracted and purified samples 
showed a single-stage decomposition, marked by a sharp decrease in the 
curve between ~280 ◦C (onset) and ~ 340 ◦C (offset), which indicated 
that PHB degradation occurred rapidly (Fig. 4). The dominant mecha-
nism of PHB thermal degradation has been considered to be C––O and 
C–O bonds scission by β-elimination in ester moieties, which leads to 
oligomeric acids and finally crotonic acid with a decrease in the mo-
lecular weight [35]. Nevertheless, there were suggestions that other 
reactions besides the scission occur during PHB degradation, [36]. Un-
like the other PHB samples, the PHB95 sample presented a second 
degradation step at ~440 ◦C (total mass loss of around 95 %). This result 
may be related to the purification processes of PHB95 (dissolution in 
CHCl3, precipitation in methanol and filtration), which could induce 
changes in the polymer chain reorganization. In fact, these changes led 

Fig. 2. FTIR spectra of extracted (PHB66) and successively purified (PHB85 
and PHB95) PHB samples. A commercial PHB (PHBcom) was used 
for comparison. 

Fig. 3. XRD patterns of extracted (PHB66) and successively purified (PHB85 
and PHB95) PHB samples. A commercial PHB (PHBcom) was used for com-
parison (the Y axes do not have the same scale in each sample). 

Table 1 
2θ and intensity values of all crystalline peaks of extracted and purified PHB 
samples and their crystallinity index (CrI) values. A commercial PHB (PHBcom) 
was used for comparison.  

PHBcom PHB66 PHB85 PHB95 

2θ (◦) Intensity (a.u.) 2θ (◦)  Intensity (a.u.)  

13.29  10,139  13.21  4,510  5,316  966 
16.68  8,932  16.64  4,466  5,399  702 
19.87  3,388  19.66  2,427  2,566  565 
21.75  5,151  21.79  3,247  3,941  557 
25.24  4,099  25.18  2,477  3,031  386 
27.90  939  27.77  1,140  1,091  211 
CrI (%)  27.36  CrI (%)  24.45  25.30  20.73  
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to obtain PHB95 samples as films, while PHB66 and PHB 85 samples 
were obtained as powder. 

The main parameters resulting from TGA and derivative curves 
(DTG) are summarized in Table 2. The onset temperature (Tonset) and its 
mass loss varied by ~20 ◦C and ~ 40 %, respectively, while the 
maximum thermal decomposition (Tmax) of the biopolymer (known as 

the inflexion point in the TGA curve or the peak at the DTG curve) and its 
mass loss were observed at ~314 ◦C and ~ 66 % for PHBcom, ~ 292 ◦C 
and ~ 50 % for PHB66, ~ 286 ◦C and ~ 60 % for PH85, and ~ 297 ◦C 
and ~ 42 % for PHB95. These Tmax values indicated that the produced 
biopolymer had high thermal stability [33]. Similar results were ob-
tained by Pradhan and colleagues [11] on PHB from P. hysterophorus and 
E. crassipes. Regarding the residual mass at 600 ◦C, the remaining 
inorganic fraction decreased as the purification of PHB increased. The 
variations in Tonset, Tmax, mass losses, and the remaining residual ma-
terial could be related to differences in the purification processes (and 
so, the purity of the PHBs), morphology (crystallinity), and Mw of the 
samples, as reported in the literature [11,17,37]. 

3.5. DSC 

The melting and crystallization behaviours of PHBs samples were 
investigated using DSC (Fig. 5). The values for the main thermal events, 
such as the melting (Tm), crystallization (Tc), and glass transition (Tg) 
temperatures, Tm and Tc enthalpies, and the crystallinity degree (Xc) 
calculated from Tm, are reported in Table 3. The extracted and purified 
PHBs showed Tm and Tc values of around 170 and 95 ◦C, respectively, 
which closely matched with the Tm and Tc of the PHBcom. It is worth 
mentioning that, unlike the PHBcom, in the extracted and purified PHB 
samples, the peak related to Tm showed one or two crystalline melting 
peaks with different intensities before (heating cycle 1) and after 
(heating cycle 2) crystallization (cooling) occurred. This profile was 

Fig. 4. a) TGA and b) TGA derivative (Deriv.) thermograms of extracted (PHB66) and successively purified (PHB85 and PHB95) PHB samples. A commercial PHB 
(PHBcom) was used for comparison. 

Table 2 
Onset temperature (Tonset) and its mass loss at stage 1 (S1) and stage 2 (S2); 
maximum thermal decomposition (Tmax) and its mass loss; and residual mass at 
600 ◦C of extracted (PHB66) and successively purified (PHB85 and PHB95) PHB 
samples while thermal degradation. A commercial PHB (PHBcom) was used for 
comparison.  

Sample Tonset 

(◦C) 
Mass 
loss (%) 
at Tonset 

Tmax 

(◦C) 
Mass loss 
(%) at Tmax 

Residual mass 
(%) at 600 ◦C 

PHBcom 302 96 314 66  2.16 
PHB66 283 75 292 50  7.83 
PHB85 279 83 286 60  5.68 
PHB95 

(S1/S2) 
287/ 
425 

59/34 297/ 
440 

42/82  0  

Fig. 5. DSC thermograms of extracted (PHB66) and successively purified 
(PHB85 and PHB95) PHB samples. A commercial PHB (PHBcom) was used as 
for comparison. 

Table 3 
The values of melting (Tm), crystallization (Tc), and glass transition (Tg) tem-
peratures, Tm and Tc enthalpies, and the crystallinity degree (Xc) obtained using 
DSC analysis for extracted (PHB66) and successively purified (PHB85 and 
PHB95) PHB samples. A commercial PHB (PHBcom) was used for comparisona.  

Sample Heating Cooling 

Tg 
(◦C) 

Tm1/Tm2 

(◦C) 
ΔH1/ΔH2 

(J/g) 
Xc1/Xc2 

(%) 
Tc 

(◦C) 
ΔH 
(J/ 
g) 

PHBcom  2.3 174.9/ 
172.0 

75.8/74.9 51.7/51.1  97.8  84.0 

PHB66  − 3.1 175.0/ 
166.7 

46.5/ 
48.18 

31.7/32.9  91.5  56.3 

PHB85  4.81 174.9/ 
164.5 

64.5/68.1 44.0/46.5  102.4  78.2 

PHB95  4.93 175.4/ 
167.2 

46.4/46.7 31.7/31.9  98.5  49.3  

a 1 and 2 mean the number of the heating cycle. 
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linked in the literature to the presence of different crystal sizes [38]. As 
for Tg, the lowest values were found in PHB66, which could be related to 
the presence of impurities, such as the aromatic compounds found via 1H 
NMR and FTIR results. The impurities might have eased the mobility of 
polymer chains in the amorphous region of the PHB, and thus reduced 
the Tg of the sample. However, as the purification processes were un-
dertaken, the Tg values of the PHB85 and PHB95 samples increased to 
values close to 5 ◦C. These values were 2.3 ◦C higher than those of the 
PHBcom used for comparison. Nevertheless, the thermal behaviour of 
the extracted and purified biopolymers was consistent with the pattern 
presented by PHBcom. In addition, similar Tm, Tc and Tg values can be 
found in the literature [11,32,39]. Regarding the crystallinity of the 

biopolymers, the presence of Tm and Tc can be linked to the XRD results, 
which suggested that the PHBs had a crystalline structure. The crystal-
linity values obtained by DSC (Xc) showed the same trend as those of 
XRD (CrI), where the lowest crystallinity was observed in the most pu-
rified PHB sample (PHB95). 

3.6. Colour 

The effect of the purification processes on the colour of the PHBs was 
analysed using a colourimeter and the results are displayed in Table 4. 
The removal of impurities notably whitened the samples from a dark 
grey-coloured product (not purified PHB66) to a light grey-coloured 
sample (PHB95) as more purification steps were undertaken. This was 
mainly seen by the increase in the L* colour parameter value, as well as 
by the changes in a* and b* values. A whitening effect of the purification 
process was also observed by de Souza Reis and co-workers [40] for the 
purification of a PHA with 1-butanol. The purification processes in this 
study, however, did not provide the samples with the same whiteness as 
the commercial PHB sample (PHBcom). 

3.7. Release of compounds and antioxidant activity 

The migration of components from the PHB66 sample into 3 different 
food simulants (MQW, 50EtOH and 95EtOH) is shown in Fig. 6a. The 
release increased as the hydrophilic character of the food simulants 

Table 4 
Colour parameters (L*, a*, and b*) of extracted (PHB66) and purified (PHB85 
and PHB95) PHB samples. A commercial PHB (PHBcom) was used for 
comparison.  

Sample L* a* b* Colour (RGB) 

PHBcom 101.3 ± 0.9a − 0.1 ± 0.0a 0.6 ± 0.1a 

PHB66 47.3 ± 1.1b 2.2 ± 0.1b 0.9 ± 0.1a 

PHB85 74.4 ± 2.0c 2.9 ± 0.1c 3.2 ± 0.1b 

PHB95 87.2 ± 0.5d 1.7 ± 0.1d 1.6 ± 0.2c 

Two means followed by the same letter in the same column are not significantly 
(P > 0.05) different through Tukey's multiple range test. 

Fig. 6. a) Release of compounds from PHB66 into different food simulants: Milli-Q water (MQW), 50 % v/v ethanol (50EtOH) and 95EtOH; b) release of compounds 
from extracted (PHB66) and successively purified (PHB85 and PHB95) PHB samples into MQW; and c) antioxidant activity (inhibition, %) of compounds released 
from the PHB samples into MQW. A commercial PHB (PHBcom) was used for comparison. Two means followed by the same letter are not significantly (P > 0.05) 
different through Tukey's multiple range test. 
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increased (MQW > 50EtOH > 95EtOH). This result means that the ar-
omatic impurities in the extracted samples (PHB66) were mainly hy-
drophilic rather than lipophilic substances, which mainly absorbed UV 
light in the 200 to 350 nm range. It is well known that phenolic com-
pounds in the grape marc, such as gallic acid, catechin and quercetin, 
present wavelengths of a maximum absorbance around 274 nm, 280 nm, 
and 375 nm respectively [41–43]. Further, the presence of peptide 
bonds, as well as chromophores such as tyrosine and phenylalanine 
(common aromatic amino acids found in proteins), can be found be-
tween 200 and 300 nm [44]. Therefore, along with the 1H NMR and 
FTIR results, the release data also confirmed the presence of aromatic 
impurities in the extracted PHB66 sample. 

Considering that MQW was able to extract more components from 
the PHB66 sample than the lipophilic food simulants, MQW was used to 
conduct release and antioxidant studies with all of the PHB samples 
(Fig. 6 b and c). As can be seen, the released components decreased as 
the purification of PHB samples increased, and the PHB95 and PHBcom 
showed no release.This was related to the purification processes con-
ducted on PHB66 to obtain a more pure biopolymer after EtOH washing 
(PHB85) and a less coloured PHB after immersion of PHB85 in CHCl3 
(PHB95). Therefore, purification processes removed impurities from the 
extracted PHB sample (PHB66) and, as a result, the PHB biopolymer 
reduced (PHB85) or lost (PHB95) its antioxidant activity (Fig. 6c). These 
results indicated that the released compounds presented antioxidant 
activity, as shown by the inhibition values in Fig. 6c (PHB66 > PHB85 >
PHB95 = PHBcom). Therefore, the release compounds were antioxidant 
compounds that could migrate from the PHB sample into a hydrophilic 
environment (MQW), a desirable property for materials intended to be 
used in food packaging applications, especially in active packaging, as 
well as in biomedical applications where biomaterials with antioxidant 
properties are needed. 

4. Conclusions 

The PHA synthesized by strain Cupriavidus necator H 1 G+3 was 
confirmed to be PHB as seen via 1H NMR and FTIR results. These out-
comes also showed the presence of amino acids and aromatic com-
pounds found in by-products from winemaking processes (grape pomace 
extracts). The presence of those compounds decreased with PHB puri-
fication steps. Consequently, the colour of PHB samples became whiter/ 
clearer and amount of released components from the biopolymer into 
food simulants decreased. Furthermore, these released compounds 
presented antioxidant activity, a desirable property for materials 
intended to be used in food packaging and biomedical applications, 
which could help avoid the further use of (synthetic) antioxidant addi-
tives. Regarding the crystallinity observed by XRD and DSC analyses, a 
reduction was observed with further purification steps. Since the lower 
crystallinity of the polymers is linked to less brittle properties, this 
reduction would increase the range of applications of the PHB-based 
material. Additionally, the PHBs produced in this study had high ther-
mal stability regardless of their purification level. Although further 
studies are needed for specific applications, taking the abovementioned 
results into consideration, PHB85 samples could be a potential alter-
native to reduce the use of synthetic polymers since with this interme-
diate purification process, the production process is shorter and the 
crystallinity is reduced, while the antioxidant activity is maintained. 
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