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Abstract
PHB (Polyhydroxybutyrate) is a non-toxic and biodegradable microbial biopolymer with  
thermoplastic-like properties with growing relevance for biomedical applications. However, PHB is 
inherently brittle, and requires a plasticizer to enhance mechanical performance. In the present study, 
a fully natural biopolymer with anti-quorum sensing and bactericidal properties was synthesized 
and evaluated for its physico-mechanical properties and biocompatibility. PHB films were fabricated 
with Coconut oil (CO) as plasticizer resulting in substantial improvement in flexibility, with elongation 
at break increasing from 1.713% in pure PHB films to over 8% in the CO plasticized blend. To confer 
bioactive property, Thyme essential oil (TEO) was incorporated, which also improved wettability, 
protein adsorption, and resulted in average surface roughness of 338.215 nm. This blend showed 
enhanced biocompatibility with L929 fibroblasts. In vitro TEO release studies revealed initial burst 
release followed by sustained release over 48 hours indicating an early and prolonged antimicrobial 
activity. The TEO blend showed effective bactericidal and anti-quorum activity with Chromobacterium 
violaceum confirming preservation of bioactivity during blend fabrication. The sustainable, antimicrobial 
biopolymer formulated in this work presents a promising candidate for development of eco-friendly 
biomedical products such as sutures, wound dressings and scaffolds. 
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INTRODUCTION

	 There is an increasing global concern 
over accumulation of plastic waste and the 
environmental problems that it causes. Plastic 
is a versatile material with a wide range of 
applications including packaging, electronics,  
etc. Of these, major contributors of pollution 
are single-use plastics, the use of which has 
increased exponentially in the past couple of 
decades,1 including in healthcare industry in form 
of gloves, masks, bandages etc.2 As a result, it is 
vital to adopt biodegradable plastics which can 
naturally and rapidly degrade in the environment, 
particularly for single-use applications PHB is a 
Polyhydroxyalkanoate produced by many bacteria 
in response to nutrient limiting conditions. It is 
a biopolymer known for its desirable plastic-like 
properties, including hydrophobicity, thermal 
stability, and biodegradability.3 Additionally, PHB 
is also non-toxic, biocompatible and degrades 
into non-toxic by-products. Owing to these 
features PHB based composites are being explored 
extensively in tissue engineering, such as scaffolds 
for bone and cartilage, PHB based nano fibre 
mats as wound dressings, absorbable sutures 
etc.4,5 However, PHB inherently produces a brittle 
polymer, often requiring additional plasticizers to 
improve its flexibility and strength.6 
	 In this study a blend of PHB with coconut 
oil as the plasticizer (PHB-CO) was prepared. As 
PHB is a fully biodegradable polymer produced by 
microorganisms, its combination with coconut oil 
results in a completely natural polymer. Physical 
and mechanical characterization of the novel 
blend was done, using PHB-PEG blend as standard 
for comparative analysis. The characterization 
validated the improved quality of the PHB-CO 
blend in terms of mechanical elasticity, wettability, 
thermal degradation, protein adsorption. 
Further, thyme essential oil (TEO), known for its 
antimicrobial properties such as quorum sensing 
inhibition and bactericidal effects, was combined 
with the PHB-CO blend to create a unique 
antimicrobial blend and assess its practicability as 
a carrier matrix for bioactive agents. The bioactive 
agent got effectively incorporated into the matrix, 
was able to diffuse out of the bioplastic matrix, and 
also retained the bioactive properties as evidenced 

by its activity against quorum sensing indicator 
Chromobacterium violaceum. The blends were 
found to be biocompatible with L929 fibroblasts 
without showing any cytotoxicity. To the best of 
our knowledge, this study is one of the first reports 
which demonstrates the use of coconut oil as a 
natural plasticizer for PHB in combination with 
thyme essential oil. The polymer demonstrated 
enhanced physico-mechanical performance, while 
conferring dual antibacterial properties as well 
as in vitro biocompatibility. The comprehensive 
characterization of this blend confirms that 
the composite blend of PHB-coconut oil-thyme 
essential oil is a promising material to develop 
antimicrobial commodities for biomedical use.

METHODS AND MATERIALS 

Preparation of PHB blends
	 PHB was extracted from Bacil lus 
megatarium Ti3 (GenBank: HF968632) by Sodium 
hypochlorite extraction.7 PHB and composite films 
were prepared using the solvent-casting method. 
2% PHB was dissolved in chloroform at 60-65 °C 
for 15 minutes.8 Neat films were prepared by 
pouring the dissolved PHB on a clean glass plate 
and kept for film formation inside a chloroform-
saturated chamber overnight. For the blends, PHB 
was dissolved as stated above, and plasticizers like 
polar PEG 300 (Polyethylene glycol) and coconut 
oil were added. PEG blend prepared in 80:20 ratio 
of the polymers (PHB:plasticizer) was used as a 
control for comparison. Coconut oil blends were 
prepared in the ratios of 90:10, 85:15, 70:30, 65:35 
w/w. 
	 For the preparation of TEO blend, 85:15 
(PHB:Coconut oil) were incorporated with 50 µL 
TEO for anti-quorum and antibacterial studies. The 
thyme essential oil was procured from Veda oils, 
a standard company supplying essential oils.

Characterization of coconut oil blends
FTIR of PHB neat and blended films
	 The incorporation of coconut oil and TEO 
within the polymer blend was confirmed with 
FTIR performed with Bruker Alpha II FTIR-ATR 
spectrometer. The films were stored in air tight 
containers at room temperature. The FTIR spectra 
were recorded in the range of 4000 to 500 cm-1.9
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Mechanical properties
	 Thickness of the films was measured with 
help of digital micrometer screw gauge. Elongation 
at break, Youngs modulus, and tensile strength 
were examined as per ASTM D882 guidelines, 
using Dac’s System Inc. Universal testing machine 
with 5kN load cell at room temperature. The 
measurements were taken for 90 × 20 mm film 
samples at a strain rate of 0.5 mm/min.10 

Water contact angle determination
	 The water contact angle was determined 
by the sessile drop method. Drop images were 
captured using traveling microscope at room 
temperature (27-28 °C) and ambient humidity 
51%. The plastic films were placed on the stage, 
and a drop of distilled water (5 µL) was placed on 
top of the film and imaged within 10-20 seconds 
using the traveling microscope. The contact 
angle was measured with the help of the ImageJ 
software using the drop_analysis.zip plugin.11 

AFM of PHB neat and blended films
	 Atomic force microscopy was performed 
with Nanosurf easy Scan 2 (Nanosurf AF, 
Switzerland) device at room temperature (25-27 
°C) in air. The system was equipped with silicon 
cantilevers with an aluminum backing, and was 
operated in the dynamic tapping mode to minimize 
deformation of the polymers. 50 x 50 µm2 area 
was scanned with a 70 µm head at 512 x 512-pixel 
resolution and 1Hz scan rate. The films were 
prepared by solvent casting as described earlier 
and measured directly without any modifications. 
Quantitative parameters determined were the 
average roughness (Sa) and the root mean square 
roughness (Sq).12

In vitro release studies of TEO from the polymer 
matrix
	 To evaluate release of TEO from the 
films, protocol was adapted from Maleki et al.13 
The TEO blend was cut into 1 cm x 1 cm squares. 
Phosphate buffered saline (PBS, pH 7.4) was 
used as release medium to mimic physiological 
condition, 5% ethanol was added to boost 
essential oil solubility. The samples were added 
to 50 ml of release medium and incubated at 37 
°C at 100 rpm. At specific time intervals of 1, 2, 3, 
4, 5, 6, 24, 48 hours, 3 ml medium was withdrawn 

and replaced with fresh PBS. Standard calibration 
curve was prepared using TEO (0-1 µL/ml range) 
for determining concentration of released TEO. 
Absorbance was measured at 274 nm (lmax for 
TEO as identified from its absorption spectra). 
Percentage cumulative release was calculated as 
follows:

Release % = (Cf / Ci) x 100 

Where,
Cf: Concentration in the medium
Ci: Maximum concentration in the film 

Protein adsorption of PHB neat and blended films
	 For protein adsorption assay, films were 
cut into 1 cm x 1 cm squares and immersed in 10 
mg/ml BSA (prepared in PBS) for 24 hrs at 37 °C 
in static conditions. They were washed with PBS 
buffer to remove unadhered BSA, and submerged 
in 2% SDS solution overnight to release the 
adsorbed protein. A BSA standard was prepared 
for comparison. Absorbance was read at 280 nm 
for all samples.7 

Anti-quorum and antibacterial activity of Thyme 
oil loaded PHB-Coconut oil blends on C. violaceum 
	 6 mm diameter discs of the PHB blends 
were cut out. Chromobacterium violaceum MTCC 
2656 was used as the indicator to check for anti-
quorum activity of the blends. Luria Bertani (LB) 
agar plates were swabbed with an overnight culture 
of C. violaceum adjusted to the 0.5 McFarland 
standard. The bioplastic discs were placed on the 
swabbed plate and incubated overnight at 37 °C. 
The zone of antimicrobial activity and anti-quorum 
activity was determined.14 

Biocompatibility and cytotoxicity analysis of the 
bioactive polymer 
	 To evaluate cel l  attachment and 
cytotoxicity of the biopolymer, biocompatibility 
assay was performed using L929 mouse fibroblast 
cell lines on the PHB-CO and PHB-CO-TEO blends. 
Dulbecco’s modified eagle medium supplemented 
with 10% foetal bovine serum was used as cell 
culture medium. The films were placed in a 12-well 
plate and acclimatized in 1 mL cell culture media 
for 12 hrs. 1 ml of 1 x 105 L929 cells/ml of the cell 
suspension was added to each well and incubated 
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at 37 °C with 5% CO2 atmosphere for 48 hrs. For 
control, cells were plated directly on the plate 
surface. Images were recorded at 0 hr, 24 hrs and 
48 hrs intervals. 
	 After incubation, 10% MTT reagent 
was added (final concentration-0.5 mg/mL) 
and the plate was incubated at 37 °C with 5% 
CO2 atmosphere for 3 hrs. 1 mL of DMSO was 
added to solubilize the formed formazan. The 
absorbance was measured using a microplate 
reader at a wavelength of 570 nm and also at 630 
nm. The percentage proliferation was calculated 
considering proliferation in control as 100%. 

Statistical analysis
	 The experiments were performed in 
triplicates, statistical analyses conducted using 
GraphPad Prism 9.0.0. Microsoft Excel 2019 was 
used to plot percentage release curve of the 

thyme oil migration assay. The data are expressed 
as mean ± SD, differences between groups were 
analysed using One-way ANOVA, followed by 
Sidak’s multiple comparisons test for Water 
contact angle determination, antimicrobial assay 
and biocompatibility tests, and Tukey’s multiple 
comparison tests for protein adsorption tests. 

RESULTS AND DISCUSSION

Preparation of PHB-Blends
	 PHB is inherently stiff and brittle with 
high degree of crystallinity and low elasticity. To 
improve the flexibility of PHB-based polymers, 
plasticizers have to be incorporated during 
the formation of the plastic film.6 Coconut oil 
dissolves in the chloroform used for solvent 
casting of the composite films and gets readily 
incorporated into the plastic film. Of the various 

Figure 1. PHB based films. (A) Neat PHB film, films can be seen fragmented as they form during solvent casting 
due to the brittle nature of PHB. (B and C) 85:15 and 70:30 PHB-CO blends respectively. 85:15 ratio blends were 
translucent and flexible, increasing the coconut oil percentage resulted in formation of opaque films as seen in C.

Figure 2. FTIR of (A) PHB-CO, (B) PHB-CO-TEO. (Arrow: O-H stretching of Thymol) 
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ratios of CO, the 85:15 PHB-CO blend formed 
translucent and flexible films. On increasing the 
coconut oil content films became opaque (Figure 
1). PEG has been previously reported to improve 
the mechanical properties of PHB blends and, 
therefore, was used as a standard.6,15 Coconut 
oil has been used previously as a plasticizer for 
bioplastic applications, such as polylactic acid 
(PLA) films for food packaging applications and 
in starch-based films.16,17 However, this is the first 
account of its usage in PHB-based films with the 
purpose of biomedical application. Previously, use 
of coconut fibres, choirs and virgin coconut oil to 
reinforce PHB structure has been reported.18,19 
However, combined use of coconut oil and thyme 
oil to prepare a polymer with improved mechanical 
properties, dual antimicrobial functionality and 
biocompatibility with a purpose of biomedical use 
is unexplored. 

Characterization of the films
Mechanical properties
	 Assessing mechanical properties such as 
elasticity and brittleness can determine suitability 
of a polymer for biomedical use. Neat PHB films 
exhibited highest peak load of ~7.8N followed by 
an abrupt failure suggesting its stiff and brittle 
nature, PHB-PEG showed lower peak load of ~3.3N 
and a steep slope showing brittleness. In contrast, 
peak load of ~1.55N and extended displacement 
before break, was seen in PHB-CO suggesting high 
ductility and reduced brittleness. PHB-CO-TEO 
demonstrated intermediate flexibility with a peak 
load of ~3.15N. Tensile strength, young’s modulus 
and elongation at break of the polymers as given in 
Table 1. Increased Elongation at break and reduced 
tensile strength in PHB-CO and PHB-CO-TEO 
demonstrates improved polymer characteristics. 
Coconut oil plasticized blends showed better 

Table 1. Mechanical properties of the neat PHB and PHB blends 

Tensile	 Film thickness,	 Tensile strength,	 Youngs modulus, 	 Elongation at
properties	 µm	 Mpa	 Mpa	 break, %

PHB-NEAT	 53 ± 5.7	 19.5 ± 0.14	 1016 ± 80.0	 1.713 ± 0.067
PHB-PEG	 56.2 ± 5.8	 6.7 ± 0.38	 346 ± 30.8	 2.3 ± 0.21
PHB-CO	 53.5 ± 3.2	 3.8 ± 0.13	 176 ± 7.62	 8.9 ± 3.2
PHB-CO-TEO 	 59.3 ± 2	 5.2 ± 0.27	 253 ± 1.55	 2.1 ± 0.3

Table 2. Water contact angles of the films

Blend type	 Water contact angle

PHB-NEAT	 74.5° ± 3
PHB-PEG	 48.67° ± 3.5
PHB-CO	 64.238° ± 5.4
PHB-CO-TEO	 52.5° ± 2.5

Table 3. FTIR spectrum absorption peaks and interpretation for PHB composite blends

Wave number	 Peak interpretation	 Reference 

3000-3500 cm-1	 O-H stretching, alcohol - Thyme oil 	 Catauro et al.29

1705-1735 cm-1	 C=O carbonyl stretching and -COO of the ester of PHB 	 Pradhan et al.9

2975 cm-1	 -CH [alkanes] bonding	
2920-2924 cm-1 	 C-H stretching of aliphatic group of Coconut oil 	 Sutapa et al.28  
		  Sarac et al.26 and  
		  Ong et al.27

mechanical properties, in comparison to PEG-
plasticized blends previously reported and as seen 
in our experiment, coconut oil showed promising 
improvement in the mechanical properties of the 
PHB blends.20 
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Determination of hydrophilicity of the polymer 
by water contact angle determination
	 The water contact angle (WCA) is a key 
factor in assessing the wettability of a surface, 
which influences the interactions of animal 
cells with the surface.21,22 Arima and Iwata have 
shown that polymers with WCAs ranging from  
40°-70° exhibit different effects on cell adhesion, 
with maximum adhesion seen at around 50° 
when tested on HeLa cells. Kim et al. found 
that a WCA between 50° and 60° is optimal for 
fibroblast adhesion, migration, and growth-
related responses such as c-fos and c-myc mRNA 
expression.23,24 
	 The WCAs of the prepared blends are 
detailed in Table 2. Due to its hydrophilic nature, 
PEG increases the hydrophilicity of the PHB 
thereby significantly reducing the water contact 
angle from 74.5° to 48.6°. PHB-CO exhibited a small 
decrease in the WCA by around 9°, but did not 
significantly reduce it, likely due to its non-polar 
nature. WCA reduced in the PHB-CO-TEO despite 
the hydrophobic nature of the thyme and coconut 
oils. The high surface roughness of the blend due 
to possible dispersion of the oil droplets in the film, 
confirmed by AFM, could likely result into reduced 
WCA. This decrease in WCA can be explained by 
Wenzel model, the increased roughness of the 
film due to incorporation of thyme oil could be 

attributed to the decreased apparent contact 
angle.25

FTIR of PHB composite films
	 FTIR for the composite films was 
performed to confirm the incorporation of the 
coconut oil and thyme essential oil into the films. 
FTIR spectrum of the PHB composite films is 
shown in Figure 2. The peak assignment and their 
respective functional groups are given in Table 3.
	 Absorption peaks at 2925.29 cm-1 and 
2853.65 confirm C-H stretching vibrations of 
alkanes and alkenes, characteristic of coconut oil, 
confirming incorporation of coconut oil into the 
PHB-CO blend26-28 (Figure 2A).
	 In PHB-CO-TEO, broad O-H stretching 
of thymol observed in the 3000-3500 cm-1 
region in the IR spectrum confirming thyme oil 
incorporation into the film (Figure 2B).29,30 

Release kinetics of TEO from films 
	 To determine the release of TEO from 
the PHB-CO matrix, in vitro migration profile of 
TEO from the PHB-CO-TEO films was studied 
over a period of 48 hours. A biphasic pattern was 
observed comprising of an initial burst release in 
around 3 hours followed by sustained diffusion 
phase over 48 hours (Figure 3). Approximately 
65.5% of the TEO released within the first 3 hours. 

Figure 3. In vitro release studies of TEO from blends. Initial burst release of 65.5% was observed in the first three 
hours followed by a sustained release. Percentage release values were obtained from averages of three independent 
experiments
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Figure 4. Atomic force microscopy PHB films. (A) PHB-NEAT; (B) PHB-PEG; (C) PHB-CO; (D) PHB-CO-TEO

Figure 5. Protein adsorption by PHB neat and blended 
films. (****P < 0.0001)

This initial rapid release is consistent with the 
previous findings on essential oil migration from 
polymer films.31-33 The presence of the plasticizer 
is likely to facilitate the release of TEO from the 
polymer matrix due to free volume increase. 
A good plasticizer increases the free volume 
in the polymer by enhancing the mobilities of 
the polymer chains which will allow efficient 
movement of thyme oil molecules out of the film.34

AFM of PHB neat and blended films
	 Atomic Force Microscopy was performed 
to determine the surface structural properties. 

Table 4. Roughness indicators of the polymer films 

Blend type	 Average 	 Root mean squared 
	 roughness, 	 roughness, 
	 Sa [nm] 	 Sq [nm]

PHB-NEAT	 220.3 ± 0.02	 273.77
PHB-PEG	 199.105 ± 9.1	 252.5
PHB-CO	 181.55 ± 0.47	 233.35
PHB-CO-TEO	 338.215 ± 17.5	 565.37
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Surface topology is an important consideration 
for cell adhesion, migration and growth of animal 
cells. 
	 Adding the plasticizers PEG and CO to 
PHB decreased the surface roughness (Table 4 
and Figure 4 A-C). In contrast, the incorporation 

of thyme essential oil increased the average 
roughness by 47% (Table 4 and Figure 4D), 
consistent with earlier studies where enhanced 
polymer roughness was observed on addition 
of ginger essential oil in chitosan-based films.35 
Addition of Zanthoxylum bungeanum essential 

Figure 6. Zone of clearance and anti-quorum activity. (A) Representative image depicting the zones. Red arrow: anti-
quorum, Blue arrow: zone of clearance and (B) Graphical representation of the antibacterial activity (**P < 0.001)

Figure 7. Biocompatibility of mouse fibroblasts cell line L929. (A) Percentage proliferation on the PHB films.  
(B) Biocompatibility assay images recorded at 0, 24 and 48 hours. A,B,C: control; D,E,F: PHB-CO and G,H,I: PHB-CO-
TEO. The bioactive blend was significantly more compatible. (** P < 0.001)
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oil to corn-starch polymer also increased the 
surface roughness.36 This could be attributed to 
the dispersion of oil droplets within the film matrix 
which likely increases the roughness.
	 Ponsonnet et al. have shown that 
increasing surface roughness from 0.08-1 µm, 
promotes cell proliferation, whereas values 
exceeding 1 µm, may have the opposite effect. 
Ponsonnet et al. in a related study, reported 
maximum fibroblast proliferation on surfaces 
with 0.5 µm. Riveiro et al. showed that micro-
sized topographies, ranging in microns, affect cell 
adhesion and proliferation.37-39 Consistent with 
these studies, the PHB-CO-TEO blend with average 
roughness of 338 nm showed good fibroblast 
adhesion, as confirmed in the biocompatibility 
assay ahead. 

Protein adsorption of PHB neat and blended films
	 The ability of a surface to adsorb proteins 
can influence its biocompatibility by supporting 
cell attachment. PEG plasticized film did not show 
effective protein attachment. This is consistent 
with earlier studies where incorporation of PEG 
in polymers reduced the protein adsorption.40-42 
The PHB-CO films exhibited notable protein 
adsorption. Coconut oil is made of fatty acids, 
mainly medium chain fatty acids and has been 
found to interact with hydrophobic parts of 
proteins.43 Molecular docking studies indicate 
that Monolaurin, a constituent of coconut oil can 
bind proteins by hydrophobic interactions and 
hydrogen bond formation. Significant protein 
adsorption on the PHB-CO-TEO blend was 
observed, confirming the role of the components 
in modulating surface bioactivity. Thymol, a major 
monoterpenoid phenol of TEO, is shows strong 
binding to proteins mediated by hydrophobic 
interactions.44,45 High affinity to proteins and 
increased surface roughness as observed in the 
AFM analysis, are important parameters for cell 
adhesion (Figure 5).

Anti-quorum and antibacterial activity of TEO 
blend
	 Chromobacterium violaceum (CV), a 
Gram-negative bacterium producing a purple 
pigment called violacein regulated by Acyl 
Homoserine Lactone (AHL) mediated quorum 
sensing (QS), is used as an indicator for QS inhibition 

activity. AHL mediated QS is seen in many infection 
causing pathogens like Pseudomonas aeruginosa, 
E. coli.46 TEO in our previous studies and in other 
studies has demonstrated anti-quorum and anti-
bacterial properties.47

	 TEO diffused from PHB-CO-TEO polymer 
matrix and displayed two distinct activities on CV. 
A zone of clearance is observed in the immediate 
vicinity of the disc indicating bactericidal activity, 
followed by a zone QS inhibition denoted by 
presence of bacterial colonies without pigment 
production, at sub-inhibitory concentrations 
(Figure 6). 
	 Disruption of QS networks of pathogenic 
bacteria is an important strategy to inhibit biofilm 
formation and control infection spread.14 

Biocompatibility and cytotoxicity analysis of the 
bioactive biopolymer
	 Mouse Fibroblast cell lines L929 showed 
attachment as well as cell proliferation on 
both PHB-CO and PHB-CO-TEO. There was no 
cytotoxicity observed in both the blends. The 
bioactive blend was significantly more compatible 
than PHB-CO (Figure 7). These results align with 
Ponsonnet et al., PHB-CO-TEO having average 
surface roughness of 338 nm as seen in the 
AFM results, demonstrated significantly higher 
attachment and proliferation of fibroblasts 
than PHB-CO blend.37 Although both blends are 
biocompatible, addition of thyme essential oil 
enhanced the cellular attachment and proliferation 
in comparison to the PHB-CO combination.

CONCLUSION 

	 A novel PHB based composite blend 
utilising coconut oil as the plasticizer was prepared, 
producing a completely natural biopolymer with 
desirable properties, such as high elasticity 
and low brittleness which could be suitable 
for a range of applications. As coconut oil is a 
completely biodegradable material, it would 
not compromise the decomposability of the 
PHB blends. Incorporation of thyme essential 
oil in the PHB-CO blend resulted into a bioactive 
blend. It showed improved surface roughness 
which supported cell attachment as seen in 
the biocompatibility studies. The essential oil 
integrated well with the blend and efficiently 
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diffused out of the polymer matrix demonstrating 
anti-quorum and antibacterial properties. PHB-
Coconut oil polymer matrix demonstrates 
desirable properties to function as a carrier 
material without compromising the properties of 
the incorporated components, while being a good 
scaffold for incorporating bioactive components. 
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