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Abstract
Cacao mucilage exudates (CMEs), byproducts of cacao beans fermentation, are effluents rich in sugars and low-molecular-
weight organic acids. In this study, we utilized CMEs to formulate culture media for the biosynthesis of polyhydroxyal-
kanoates (PHAs) using a native Bacillus megaterium strain (B2). Our investigation followed the adaptation process of B2 
to the CMEs-based media, and we closely monitored the development of the microorganism in terms of consumption of 
acids and sugars. Upon successful adaptation to the CMEs-based media, we transferred the strain to a 4-L batch bioreactor 
to evaluate the impact of operational variables on PHAs production. We examined the microorganisms’ yield, productivity, 
and growth kinetics using the CME-based media. Our results showed a product yield of 0.98 g PHA/g carbon source, with 
an accumulation percentage of 57% and a productivity increase of 33% compared to PHA produced from residual glycerol 
using the same microorganism. The biopolymer's structure was confirmed to be of a polyhydroxybutyrate homopolymer 
(PHB) type using various molecular characterization techniques, including Matrix-Assisted Laser Desorption/Ionization mass 
spectrometry (MALDI-TOF-MS), infrared spectroscopy (IR), elemental composition (EC), ultraviolet–visible spectroscopy 
(UV–VIS), and thermal analysis (TGA, DSC).
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Introduction

In 2022, worldwide production of synthetic polymers 
reached 390 million tons [1]. Unfortunately, most of these 
plastics do not degrade naturally, and their manufacture 
releases significant amounts of carbon dioxide into the 

atmosphere. One possible solution to this pollution prob-
lem is polyhydroxyalkanoates (PHAs), which are biodegrad-
able polyesters derived from renewable sources. PHAs have 
thermoplastic and elastomeric properties like conventional 
synthetic polymers derived from petrochemical sources [2] 
These polymers are produced by various microorganisms as 
carbon and energy reserves [3]. Interestingly, the structure Extended author information available on the last page of the article
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of PHAs can be influenced by the composition of the growth 
media [4].

PHAs have received significant attention for their appli-
cations in medicine [5] [6]agriculture [7], and food science 
[8]. However, the primary disadvantage of PHA production 
is its economic viability. PHA biosynthesis requires a car-
bon source, typically involving low molecular weight organic 
substrates such as monosaccharides and alcohols. Due to the 
high cost of these substrates, current research efforts are 
focused on using agro-industrial residues as carbon sources 
for large-scale PHA production [9]. Alternative carbon 
sources such as beet molasses [10], crude glycerol [11], and 
cheese whey [12] have been considered for PHAs production. 
Some of these residues allow PHAs production in high yields 
and productivities like those obtained with conventional car-
bon sources such as glucose, sucrose, and fructose[13].

Based on data from the International Cacao Organiza-
tion, the global production of cacao beans in the 2020/2021 
season reached 4.84 million tons [14]. In 2019, Colombia 
was ranked eleventh among cacao bean-producing countries, 
with a total yield of 69 thousand tons [15]. As is typical 
with other agro-industrial commodities, cacao bean pro-
duction generates a substantial amount of residual biomass 
resulting from the harvesting and processing of cacao fruits. 
The discarded waste materials contain a high concentration 
of organic compounds, which, if left untreated, can have 
adverse effects on the environment and pose health hazards 
for both humans and crops. It is worth remarking that the 
circularity of cacao fruit to cacao beans is currently only 8 
to 10% [16].

The presence of a white mucilaginous layer (or pulp) 
with high sugar content in fresh cacao beans is a crucial 
factor in promoting the growth of beneficial microorgan-
isms during the fermentation process. This process is vital 
for deactivating the seed embryo and producing aroma pre-
cursors that determine the final product's flavor and quality 
[17, 18] Cacao mucilage exudates are liquid remnants that 
emerge from the cacao pulp during fermentation, comprising 
between 3 and 5% of the cacao fruit's weight. Fresh cacao 
mucilage exudate (CME) is extracted via cold pressing 
of fresh cacao beans prior to fermentation, whereas spent 
cacao mucilage exudate (SCME) is produced during fer-
mentation. As a result, fresh CME has a high sugar (glucose, 
fructose, and sucrose) and mineral content, while SCME 
contains low-molecular-weight organic acids and residual 
sugars. Our research group recently reported the utilization 
of fresh CME as a culture medium to produce bacterial cel-
lulose (BC) both in laboratory and pilot-plant scales [19]. 
The residual medium from BC production (RMBC) still 
contains substantial amounts of simple sugars (57.4 g  L−1) 
rendering it a feasible substrate for producing biopolymers 
such as PHAs. Moreover, CMEs, particularly the spent efflu-
ent, are deemed waste products with adverse environmental 

effects owing to their high COD (chemical oxygen demand). 
The production of biopolymers using residual biomass from 
cacao bean processing can increase crop circularity while 
decreasing its environmental footprint.

The selection of microorganisms plays a crucial role in 
the production of PHAs and their potential applications. 
Gram-negative bacteria are particularly desirable due to their 
ability to accumulate higher amounts of PHAs compared to 
Gram-positive bacteria. However, it should be noted that 
PHAs extracted from Gram-negative microorganisms can-
not be utilized in biomedical applications owing to the risk 
of immunogenic reactions caused by residual lipopolysac-
charides (LPSs) that may co-extract with the biopolymer. 
Despite their lower yields, Gram-positive bacteria remain 
viable options for PHA production, particularly in the field 
of biomedical applications [20]. One such strain is B. mega-
terium B2, which was originally isolated by our research 
group [11]. These non-pathogenic, obligate aerobic micro-
organisms are Gram-positive and have the remarkable ability 
to tolerate high temperatures while accumulating PHA as a 
carbon and energy reserve, all without the need for specific 
nutritional requirements. Additionally, B. megaterium B2 
can grow using low-cost substrates, making it a promising 
candidate for future PHA production [11].

The consumption demands of natural resources have 
caused a significant increase in the worldwide materials 
footprint. Between 2000 and 2017, there was a 70% increase 
in the total amount of natural resources extracted, reach-
ing 92 billion metric tons [21]. In this context, enhancing 
materials' circularity in agro-industrial crops is critical for a 
low-carbon economy. Our focus is on improving Colombia's 
cacao production circularity by increasing biomass usage. To 
achieve this goal, we present the use of SCME and RMBC in 
developing a culture medium for PHAs biosynthesis using 
a native strain of B. megaterium B2. We investigated the B2 
adaptation process to the CME-based media and scaled up 
the process to 4L reactors to study the influence of opera-
tional variables on PHAs production, yield, productivity, and 
microorganism kinetics.

Materials and Methods

Microorganism

Bacillus megaterium B2 is a native bacterial strain isolated 
from residual glycerol, a byproduct of palm oil transesterifi-
cation for biofuel production in Colombia, by the Centro de 
Estudios e Investigaciones Ambientales (CEIAM) of Uni-
versidad Industrial de Santander as previously reported by 
Moreno et al. [11]. B. megaterium B2 was frozen in nutrient 
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broth (peptone 15 g.L−1, yeast extract 3 g.L−1, and NaCl 6 g.
L−1) plus glycerol (20%) as a cryoprotectant.

Substrates and Culture Media

Various culture media were tested: strain adaptation media, 
inoculum production media, and PHA production media. 
These were formulated with model substrates and CME-
based substrates (SCME and RMBC) plus a basic salt 
medium. Initially, two standard culture media were tested as 
substrates for B. megaterium B2 using the basic salt medium 
(BSM) containing fructose (Merck, Darmstadt, Germany) 
“medium a” or glacial acetic acid (Merck, Darmstadt, Ger-
many) “medium b”. These substrates were chosen as model 
compounds, considering the CME composition. Two CME-
based culture media were formulated using SCME “medium 
c” and RMBC “medium d” as substrates. All culture media 
were heat sterilized in an autoclave (Tuttnauer 3850 EL) at 
120 °C and 125 psi for 20 min. The sterilized media were 
stored at − 9 °C in airtight containers for further assays. The 
detailed media composition is shown in Table 1.

SCME, corresponding to 3 ± 0.2% of the cacao fruit 
weight, was collected as a lixiviate during the first two days 
of cacao beans fermentation, and RMBC was collected after 
fifteen days of bacterial cellulose batch production with 
CME-based media, as reported by Saavedra-Sanabria et al. 
[19]. The composition of SCME and RMBC was determined 
using standard protocols. Total solids in SCME and RMBC 
were determined by the AOAC 932.12 method (AOAC 
Official Method 932.12 Solids Soluble in Fruits and Fruit 

Products Refractometer Method). Moisture, ash, and pro-
tein percentages were determined using gravimetric methods 
AOAC 931.04, (AOAC Official Method 931.04 Moisture 
in Cacao Products Gravimetric Method), AOAC 972.15 
(AOAC Official Method 972.15 Ash of Cacao Products) and 
AOAC 970.22 (AOAC Official Method 970.22 Total Nitro-
gen in Cacao Products). Low molecular weight acids (ace-
tic, lactic, and citric), simple sugars (sucrose, fructose, and 
glucose), and total sugars measurements were performed by 
High-Performance Liquid Chromatography (HPLC). pH at 
20 °C was measured with a pH meter (METTLER-TOLEDO 
AG 8603 Schwerzenbach) equipped with a glass electrode 
calibrated using buffer solutions of known hydrogen ion 
activity.

Strain Adaptation

A two-step strain adaptation was required considering that B. 
megaterium B2 was used to glycerol as a carbon source [11]. 
Initially, culture media 1a and 1b (Table 1) were tested to 
determine the microorganism performance under high sugar 
and acid concentrations. The tolerance of B. megaterium B2 
to develop in SCME- or RMBC-containing culture media 
(1c, 1d, Table 1) was also tested. We conducted the adapta-
tion tests in triplicate using a 250 mL batch reactor with a 
working volume of 50 mL. The inoculation was carried out 
with 1 mL of the B. megaterium B2 strain, and the culture 
was incubated aerobically at 34 °C ± 2 with constant shaking 
at 200 rpm for 24 h.

Table 1  Culture media used 
for microorganism adaptation, 
inoculum production and PHA 
production

BSM:  (NH4)2SO4 (1 g.L−1),  K2HPO4 (1.5 g.L−1),  Na2HPO4 (3 g.L−1),  MgSO4·7H2O (0.2 g.L−1).
Trace element solution:  FeSO4  7H2O (10 g.L−1),  ZnSO4 ·  7H2O (2.25 g.L−1),  CuSO4 · 5  H2O (1 g.L−1), 
 MnSO4 ·  4H2O (0.5 g.L−1),  CaCl2 ·  2H2O (2 g.L−1),  H3BO4 (0.23 g.L−1),  (NH4)2Mo7O24 (0.2 g.L−1), HCl 
(10 g.L−1).
CME: Cacao mucilage exudates , SCME: Spent cacao mucilage exudate, RMBC: Residual medium from 
BC production, BSM: Basic salt medium

1. Media for strain 
adaptation

2. Media for inoculum 
production

3. Media for PHA pro-
duction

a b c d a b c d a b c d

Carbon source (one of the following)
 Fructose [g.L−1] 10 – – – 10 – – – 10 – – –
 Acetic acid [g.L−1] – 0.3 – – – 0.3 – – – 0.3 – –
 CME-based substrates %v/v
 SCME – – 17 – – – 17 – – – 17 –
 RMBC – – – 17 – – – 17 – – – 17

Peptone [g.L−1] 15 15 15 15
Yeast extract [g.L−1] 3 3 3 3 – – – – – – – –
NaCl [g.L−1] 6 6 6 6
BSM [mL] – – – – 200 200 166 166 4000 4000 3320 3320
Trace element solution [g.L−1] – – – – 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
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After 24 h, the growth of B. megaterium B2 was exam-
ined through plate count (surface spread method) using 
serial dilutions in a solid culture medium as described by 
Herbert [22]. The solid medium contained the same cul-
ture media plus agar–agar as a solidifying agent. Samples 
of 1 mL were collected hourly and inoculated onto the cor-
responding agar. Bacterial growth on the solid medium was 
regarded as a positive adaptation.

PHA Production Tests

After the adaptation stage was concluded, laboratory-scale 
bioprocesses were carried out in a 7.5-L reactor with an 
operational volume of 4 L using the culture media 3 contain-
ing model substrates (3a and 3b) and the CME-based culture 
media with substrates (3c and 3d) as shown in Table 1.

The bioprocess for PHA production began with strain 
activation. A cryopreserved vial containing 1 mL of B 
megaterium B2 was added to an Erlenmeyer with 50 mL of 
nutrient broth to prepare a pre-inoculum. The mixture was 
incubated at 34 °C ± 2 with constant shaking at 200 rpm 
for approximately 6–10 h until the microorganism reached 
the exponential growth stage. The inoculum was prepared 
by adding 4 mL of the pre-inoculum to an Erlenmeyer with 
200 mL of medium 2 containing substrates 2a,2 b, 2c, 2d as 
described in Table 1. The mixture was incubated under the 
same pre-inoculum conditions. The total inoculum volume 
(204 mL) was transferred to the reactor containing 4 L of 
culture media 3 with the corresponding substrate used for 
PHA production. The following experimental conditions 
were kept constant during the fermentation process for bac-
terial comfort: pH 7.0 ± 0.2, temperature 34 °C ± 2, and dis-
solved oxygen (100%). The variables monitored during the 
bioprocess were biomass production, PHA production, and 
substrate consumption. For CME-based culture media the 
substrate consumption was determined in terms of acids and 
sugars consumption. All tests were performed by triplicate.

Experimental Design Assays

A response surface methodology utilizing a simplex-cen-
troid mixture experimental design was employed to iden-
tify the optimal conditions for PHA production using cul-
ture media with various SCME:RMBC ratios, as shown in 
Table 2. Throughout the bioprocess, biomass production, 
PHA production, and substrate consumption were the meas-
ured variables, with all tests being conducted in triplicate. 
The response variables of product-substrate yield  (Yp/s), 
product-biomass yield  (Yp/x), volumetric productivity  (Qp), 
and product accumulation (%) were determined based on 
intracellular PHA content relative to dry biomass, as per 
Eqs. 1 through 4.

where P = Product concentration in the sample,  P0 = Prod-
uct concentration at Zero ℎour, S = Substrate concentration 
in the sample,  S0 = Substrate concentration at Zero ℎour, 
X = Biomass concentration in the sample,  X0 = Biomass 
concentration at Zero ℎour, t = Hours

Statistical analysis

The Simplex-Centroid Design of the Response Surface 
Methodology consists of a triangle representing all possible 
mixtures of SCME, RMBC and BSM, in CME-based cul-
ture media. The statistical analysis of multiple regression 
to evaluate the effect of SCME and RMBC on CME-based 
culture media was carried out using Minitab software and 
required an analysis of variance (α = 0.05) of linear and 
quadratic regression models to select the most significant 
(p < 0.05) and best fitting  (R2 > 0.85) model with which the 
response surface was constructed to determine the ranges of 
the three components that optimize  Qp,  Yp/s and  Yp/x.

(1)Product − Substrate yield ∶ YP∕S
=

ΔP

ΔS
=

P−PO

S−SO

(2)Product − Biomass yield ∶ YP∕X
=

ΔP

ΔX
=

P−PO

X−XO

(3)Volumetric productivity ∶ YP =
ΔP

t

(4)%Poroduct accumulation ∶ YP∕x
∗ 100

Table 2  Culture media formulation for PHA production by B mega-
terium B2 

SCME: Spent cacao mucilage exudate.
RMBC: Residual medium from BC production
BSM: Basic salt medium

Culture Media Substrate Concentration (% v/v)

BSM RMBC SCME

1 100 0 0
2 0 100 0
3 0 0 100
4 50 50 0
5 0 50 50
6 50 0 50
7 33 33 33
8 66 17 17
9 17 66 17
10 17 17 66
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Analytical Methods

PHA Extraction

PHA extraction requires cell lysis because the biopolymer 
is accumulated intracellularly. PHA was extracted from the 
dried sediment using a 10 mL aqueous solution of sodium 
dodecyl sulfate (SDS, 0.5% w/v). This mixture was soni-
cated for 15 min at a temperature of 70 °C and thereafter 
centrifuged for 15 min at 7000 rpm to obtain the PHA [23]. 
The supernatant was discarded, and the PHA was washed 
twice with a mixture of  H2O:EtOH (4:1) to eliminate impu-
rities and cell debris. The sample was then dried at a tem-
perature of 60 °C for 24 h and weighed to determine PHA 
production. PHA production was defined as the difference 
in weight difference between the empty tube and the tube 
filled with the pellet.

Quantification of Sugars and Acids

High-Performance Liquid Chromatography (HPLC) was 
performed using an Agilent 1100 series equipment, fitted 
with an automatic injector, a SUPELCOGEL ion exchanger 
C-610H (30 cm × 7.8 mm ID) column, and a refractive 
index detector (RID). Injection volumes of 20 μL, a mobile 
phase of 0.1%  H3PO4 aqueous solution with a flow rate of 
0.4 mL  min−1, and oven and RID temperatures of 30 °C 
and 35 °C were used for HPLC analysis. Sugars and acids 
quantification was performed by external calibration using 
stock solutions (60 g.L−1) of glucose, fructose, and sucrose 
standards, and stock solutions (5 g.L−1) of acetic, citric, and 
lactic acids. The HPLC technique was used to character-
ize CME-based substrates and substrate consumption in the 
fermentations.

pH Measurement

pH at 20 °C was measured with a pH meter (METTLER-
TOLEDO AG 8603 Schwerzenbach) equipped with a glass 
electrode calibrated using buffer solutions of known hydro-
gen ion activity.

Biomass and Product Quantification

Biomass production is reported as dry cell weight (DCW) 
[24]. The gravimetric method AOAC 931.04 was used to 
determine PHA production, while HPLC was used to track 
substrate consumption. 30 mL samples were collected every 
two hours and centrifuged at 7000 rpm for 15 min at 4 °C. 
The supernatant was recovered and stored at 4° C for sub-
strate consumption measurements. The pellet was dried in 
an oven at 60 °C for 24 h for DCW determinations [24]. 

Biomass production was calculated as the weight difference 
between the empty tube and the tube containing the pellet.

PHA Characterization

Molecular characterization of PHA was performed by 
MALDI-TOF mass spectrometry. MS experiments were con-
ducted on an UltrafleXtreme MALDI TOF-TOF instrument 
(Bruker Daltonics, Billerica, MA) equipped with a 1 kHz 
Smart Beam Nd:YAG laser (355 nm). Mass spectra were 
obtained in positive/reflectron and positive/linear ion modes, 
with delayed extraction set at 100 ns, an accelerating volt-
age of 25 kV. Instrument calibration was performed using 
a standard peptide mixture (leu-enkephaline, bradykinin, 
bombesin, and renin substrate) and polythiophene purchased 
from Sigma Aldrich (St. Louis, MO). A mixture of the PHA 
sample, matrix trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-
propenylidene] malononitrile (DCTB), and Tetrahydrofuran 
(THF) were mixed using a pestle on an agate mortar to facil-
itate homogenization. A small sample fraction was deposited 
onto a MALDI stainless steel target. For each sample, 2000 
spectra were accumulated. Mass spectrometric analysis was 
carried out using the FlexAnalysis software (Bruker Dalton-
ics, Billerica MA, USA).

Additionally, PHA´s functional group analysis was car-
ried out using a Shimadzu IR Prestige-21 Fourier Trans-
form Infrared (IR-ATR) instrument with a 4000–500  cm−1 
spectral range. Elemental composition was performed on 
a Thermo Scientific Model Flash 2000 analyzer. The PHA 
absorption spectrum was taken on a Thermo Scientific Evo-
lution 300 spectrophotometer using a THF solution of the 
biopolymer. The thermal properties of the biopolymer were 

Table 3  Physicochemical properties of CME, SCME and RMBC

CME Cacao mucilage exudates, SCME Spent cacao mucilage exu-
date, RMBC: Residual medium from BC production

Parameters (unit) CME SCME RMBC

pH 3.8 3.15 3.98
Moisture (wt %) 83.11 91.51 91.83
Density (g mL−1) 1.05 1.01 0.98
Titratable acidity (meq L−1) 1.33 0.63
Total Solids (TS) (g.L−1) 168.9 84.1 81.7
Total Soluble Solids (TSS) (g.L−1) 143.2 71.4 68.6
Glucose (g.L−1) 58.80 17.11 22.29
Sucrose (g.L−1) 19.43 – 9.74
Fructose (g.L−1) 62.48 29.23 25.39
Acetic Acid (g.L−1) 2.10 1.50 0.50
Lactic Acid (g.L−1) – 10.06 –
Citric Acid (g.L−1) 0.40 7.27 6.35
Total Proteins (%) 0.29 0.25 0.50
Ash (wt %) 0.45 0.37 0.39
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tested by differential scanning calorimetry (DSC) using a 
Mettler Toledo DSC 3 + equipment. 5.3 mg of sample was 
weighed and subjected to a heating ramp of 20.00 K/min 
from − 50 to 250 °C, using nitrogen as a carrier gas, with 
a flow rate of 50.0 mL/min, and a stabilization period of 
− 50.0 °C, 5.0 min air 50.0 mL/min. Thermogravimetric 
analysis (TGA) was performed in a Mettler Toledo TGA/
DSC STARe instrument. 19.361 mg of sample was weighed 
and heated with a ramp of 20 °C/min up to 400 °C.

Results and Discussion

Substrate Characterization

Table 3 shows the composition of the SCME and RMBC 
which, compared to raw CME, are both acidic and contain a 
high concentration of dissolved organic matter in the form of 
sugars, acids, and proteins. Using HPLC analysis, we were 
able to quantify the amount of low molecular weight car-
bohydrates in RMBC and SCME. The original CME had a 
total carbohydrate content of up to 17.18 ± 6.44 wt % with 
average concentrations of fructose, glucose, and sucrose at 
62.48 g.L−1, 58.80 g.L−1, and 19.43 g.L−1, respectively. As 
previously reported, the total carbohydrates and individual 
sugar content in CME can vary depending on factors such as 
cacao clone, season, and weather conditions such as rainfall 
[16]. As anticipated, SCME and RMBC display lower levels 
of sugar concentration in comparison to the original CME. 
SCME contains 17.1 and 29.2 g.L−1 of glucose and fructose, 
whereas RMBC has 22.3 and 25.4 g.L−1 of the same sugars. 

In RMBC, a small amount of sucrose (9.7 g.L−1) is still 
present, however, it is absent in SCME.

The lower sugar concentrations found in SCME and 
RMBC are a result of microbial populations consum-
ing carbohydrates during cacao bean fermentation or BC 
production. It is interesting to note that the relatively high 
sucrose content remaining in RMBC after BC production 
can be attributed to the inability of the bacteria involved in 
cellulose biosynthesis to effectively degrade disaccharides, 
leading to the consumption of simple sugars such as glucose 
and fructose [25]. Conversely, during cacao bean fermenta-
tion, a wide range of environmental microorganisms with 
the necessary enzymatic machinery to metabolize complex 
sugars and convert them to glucose and fructose participate 
in the process. Despite the previous processes, the residual 
sugar amount in both SCME and RMBC is sufficient to fuel 
a subsequent bioprocess, as intended in this contribution.

Citric and acetic acid were present in RMBC and SMCE, 
with lactic acid additionally detected in the latter. Interest-
ingly, the acid composition suggests that RMBC is derived 
from aerobic processes and SCME from anaerobic fermen-
tation processes, which aligns with previous research [25]. 
It is worth noting that the acid concentration was higher 
in both RMBC and SCME compared to the original CME, 
where citric acid and acetic acid were present at 2.10 g.L−1 
and 0.40 g.L−1, respectively. Furthermore, RMBC contained 
higher protein levels than SCME, which were both higher 
than CME's protein content of 0.29 g.L−1. The increase 
in protein content in CME is likely due to the presence 
of microbial biomass residues. Thus, with a high organic 
matter content, RMBC and SCME could be used as sub-
strates for biopolymer biosynthesis. We hypothesize that B. 

Fig. 1  Metabolic pathway for 
PHA synthesis. Adapted from 
[28]



1295Journal of Polymers and the Environment (2024) 32:1289–1303 

1 3

megaterium B2 could potentially use these materials as a 
carbon source for PHA biosynthesis, accumulating it intra-
cellularly as a carbon and energy reserve.

We selected fructose and acetic acid as model substrates 
for the standard culture media formulation during the adap-
tation stage. Fructose is the most abundant sugar in SCME 
and RMBC as shown in Table 2. On the other hand, despite 
being the most abundant in each medium, citric acid was not 
selected as a model substrate because it could affect PHA 
production by favoring the tricarboxylic acid (TCA) cycle 
pathway (Fig. 1). As depicted in Fig. 1, in the metabolic 
pathway for PHA biosynthesis the assimilated carbon is 
primarily utilized by glycolysis and the TCA cycle, while 
the remaining carbon is directed toward other metabolites, 
such as polymer production [26]. Therefore, the utilization 
of citric acid alone as a carbon source may cause metabolic 
inhibition for PHA production by favoring the TCA pathway 
[27]. Consequently, acetic acid was chosen as the model 
substrate since it is the second most abundant and is present 
in both substrates.

Strain Adaptation

Microbial growth can be divided into three phases: adapta-
tion or lag phase, growth or exponential phase, and station-
ary phase. Figure 2 shows B. megaterium B2 growth plots 
using the model substrates (fructose, acetic acid) and the 

cacao fruit liquid residues (RMBC and SCME) for 16 h. By 
examining growth plots, we can estimate the length of the 
exponential phase, which is when the microorganism reaches 
its maximum growth rate. The duration of this phase is cru-
cial in determining the incubation time for pre-inoculum 
preparation. For fructose and acetic acid, the exponential 
stage lasted 7 and 11 h, respectively, while for RMBC and 
SCME, it lasted 12 and 14 h. The growth of B. megaterium 
B2 was affected by the substrate model used, as depicted in 
Fig. 2a. Notably, biomass production was higher with acetic 
acid as compared to fructose.

This finding is in line with previous research conducted 
by Vu et al. [29] where a B. megaterium strain showed 
increased growth (2.5 OD600 nm) in a medium supple-
mented with acetic acid than in a medium supplemented 
with glucose (2.3  OD600 nm). This is because low-molecu-
lar-weight acids serve as direct metabolic precursors in the 
PHA biosynthetic pathway [30]. Vishnuvardhan et al. [31] 
reported the same effect for B. megaterium OU303A, which 
accumulated 62.43% of PHB in the presence of propionic 
acid, in contrast with 58.63% in the presence of glucose.

The growth rate of B. megaterium B2 was lower with 
fructose as the substrate as compared to acetic acid. How-
ever, the microorganism was able to adapt to the substrate 
successfully, albeit with a longer adaptation period. A 
microorganism's positive adaptation to a substrate involves 
its ability to modify its metabolic machinery to consume the 

Fig. 2  Bacterial growth plots (as log CFU/ml) for B. megaterium B2 
using model substrates a fructose and acetic acid and b cacao fruit 
residual substrates (RMBC and SCME). The bottom images depict B. 

megaterium B2 growth for 5, 6, 7, and 8 h on a solid medium using 
fructose as a substrate
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available substrate. B. megaterium B2 was adapted to glyc-
erol as a substrate and had not undergone a carbon source 
change process previously. Based on the results presented in 
Fig. 2a, we conclude that B. megaterium B2 has positively 
adapted to the model substrates.

After observing positive adaptation to the model sub-
strates, we proceeded with the adaptation to RMBC and 
SCME, as illustrated in Fig. 2b. We noted that the exponen-
tial phase commenced faster with SCME, like the observed 
growth with the acetic acid model substrate. The concentra-
tion of total acids in SCME is higher (18.8 g.L−1) than in 
RMBC (6.8 g.L−1). The faster growth in SCME and acetic 
acid suggests a shorter latency phase with these substrates 
compared to RMBC and fructose. Based on the plots in 
Fig. 2b, we can affirm that B. megaterium B2 positively 
adapted to the SCME and RMBC substrates. The growth 
behavior of B megaterium with the cacao fruit liquid waste 
substrates could be due to a synergistic effect, between acids 
and sugars, on bacterial metabolism, unlike the effects of 
each carbon source individually. In a similar vein, Vishnu-
vardhan et al. observed that the B. megaterium OU303A 
strain accumulated higher amounts of PHA when propionic 

acid was added to the growth media containing glucose and 
glycerol than when the carbon sources were used separately. 
The addition of VFA (volatile fatty acids) supports PHA 
synthesis [31].

PHA Production

The dynamics of substrate consumption during 24 h of 
fermentation is shown in Fig. 3a. The microorganism dem-
onstrated the ability to metabolize all substrates, albeit 
to varying degrees. For instance, B. megaterium B2 con-
sumed 40% of fructose added to the model substrate cul-
ture medium. Noticeably, the consumption behavior for 
the culture medium with acetic acid as a model substrate 
follows a sinusoidal periodic shape with crests at 0, 8, 
and 16 h and valleys at 4 and 12 h (see inset in Fig. 3a). 
This trend indicates the ability of the microorganism to 
metabolize and produce acetic acid as a metabolic pathway 
byproduct. Thus, acetic acid acts as a metabolic intermedi-
ate and a substrate, considering the culture media's poor 
nutritional conditions. Figure 3b and c show low-to-neg-
ligible biomass and PHA production when using acetic 

Fig. 3  a Substrate consumption (g.L−1), b Bacterial growth (g.L−1 DCW), c Biopolymer production (PHA g.L−1) by B. megaterium B2 versus 
time. The insert shows the pellet and the supernatant after sample centrifugation
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acid, as a carbon source. The cells with acetic acid as a 
carbon source experienced starvation and used their PHA 
reserves as an alternative source for deficient growth [32].

When it comes to the cacao liquid residues (SCME and 
RMBC), the microorganism exhibits two distinct consump-
tion patterns during the fermentation process, as depicted in 
Fig. 3a. The sugar consumption profile follows a sigmoidal 
curve with an adaptation phase or lag phase of five hours for 
RMBC, followed by rapid substrate consumption after ten 
hours. This pattern is consistent with the exponential growth 
of the microorganism presented in Fig. 3b, indicating the 
behavior of a primary metabolite as explained by Shuler and 
Kargi [33]. Thus, after 24 h of fermentation, B. megaterium 
B2 consumed 86% of the total sugars present in the cul-
ture medium containing RMBC. Conversely, in the SCME-
containing culture medium, sugar consumption followed a 
linear pattern, with B. megaterium B2 consuming 50% of the 
total sugars after 24 h. These results lead us to conclude that 
CME-based culture media provide the necessary nutrients 
for the microorganism's growth and biopolymer production.

After achieving the microorganism's successful adap-
tation to all substrates, we proceeded to investigate PHA 
production in a batch mode using a 7.5 L bioreactor. Fig-
ure 3b depicts the biomass production of B. megaterium B2 
with all substrates considered in this work. SCME resulted 
in higher biomass production (3.35 g.L−1), followed by 
RMBC (3.06 g.L−1), fructose (0.56 g.L1), and acetic acid 
(0.54 g.L−1). The plots of PHA production vs. time in Fig. 3c 
show a pattern comparable to that of biomass production in 
Fig. 3b, indicating that PHA acts as the primary metabolite 
of the fermentation process. This type of metabolite exhibits 

concurrent substrate consumption and product formation 
[33]. Additionally, the data in Fig. 3c indicates that PHA 
production dramatically declines when model substrates 
are employed, as opposed to cacao fruit liquid residues. 
The accumulation of PHAs in the B. megaterium B2 cells 
reached 72% for RMBC and 63% for SCME, in contrast with 
4% and 30% for acetic acid and fructose, respectively.

PHA Characterization

Figure 4 shows the positive mode reflectron MALDI-MS 
spectrum, in the range m/z 1000 to 6000, for a PHA sample 
produced by B. megaterium B2 using DCTB as a matrix. 
Unlike proteins, MALDI showed PHA signals as sodium 
adducts because the biopolymer does not acquire charge 
through protonation. Typically, MALDI analysis of poly-
mers (of both natural and synthetic origin) requires cation-
izing agents, such as  Na+,  K+, and  Ag+ ions [34, 35].

MALDI MS data for the PHA sample shows single-
charged periodic signals in the medium-range mass region 
with a mass difference of 86 Da. A PHA with a repeat-
ing unit of 86 Da can be assigned the molecular formulae 
 (C4H6O2)n; thus, revealing a homopolymer of the PHB 
type as the primary product of B. megaterium B2 metabo-
lism. To confirm the molecular formulae assignment, we 
used isotopic pattern analysis. The insert in Fig. 4 shows 
the isotopic pattern for the polymeric structure corre-
sponding to  (C4H6O2)24-Na+ at m/z 2105. The agreement 
between the theoretical and the experimental isotopic 
patterns confirms the biopolymer's identity. Also, from 
the molecular weight distribution, we calculated average 

Fig. 4  PHA mass spectrum in 
reflectron mode using MALDI-
TOF
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molecular mass values of  Mn = 1704.25,  Mw = 1837.88, 
and polydispersity (PD) of 1.08.

The IR spectrum in Fig.  5 displays signals for the 
characteristic functional groups in PHB. For instance, 
the strong band at 1724   cm−1 corresponds to the C=O 
stretching vibration of the carbonyl group in esters [36]. 
The signal at 1542  cm−1 corresponds to the C–O stretch-
ing vibration. The signals at 1455  cm−1 and 1376  cm−1 
are the asymmetric bending vibrational modes of the 
methyl (–CH3) and methylene (–CH2) groups [37]. The 
bands at 1270, 1231, and 1142  cm−1 are characteristic of 
the asymmetric stretching vibration of the C–O–C bond 
in the amorphous phase, the asymmetric stretching of the 
C–C–O bond in the crystalline phase, and the rocking of 
methylene  CH2 in the C–C–O backbone in the crystal-
line phase respectively [38, 39]. The characteristic C–O 
bond stretching signal in esters appears at 1056  cm−1 [40]. 
The signals around 2923 and 2852  cm−1 are assigned to 
the symmetric and asymmetric axial deformations of the 
methylene –CH2 groups in the PHB chain; these signals 
were previously reported [36]. Also, the broad signal at 
3300  cm−1 indicates moisture in the sample.

Figure 5b compares PHB's theoretical and experimental 
elemental composition according to the chemical formula 

 (C4H6O2)n. The differences between the expected and actual 
results arise mainly from nitrogen in the sample. Impurities, 
such as proteins and cell debris left on the polymer after 
extraction, might be responsible for the presence of nitro-
gen (up to 6.7 wt %) in the PHB sample. The presence of 
organic molecules containing nitrogen, thus affects the per-
centages of carbon, oxygen, and hydrogen. Figure 5c shows 
the UV–vis absorption properties of the polymer. The UV 
region of the spectrum exhibits a band at 210 nm assigned 
to electronic transitions of the type π → π*, characteristic 
of carbonylic compounds [41]. Figure 5d shows the PHB's 
thermal behavior. The DSC melting curve for the PHB sam-
ple shows a sharp melting peak (endothermic event) with an 
onset of 165.6 °C corresponding to the polymer's melting 
point (Tm). Giedraitytė et al. [42] reported a similar value of 
168.8 °C for PHB produced by Geobacillus sp using glucose 
as a carbon source. Also, Drusilla et al. reported a range of 
161.71 to 165.09 °C for the melting point of PHB produced 
by Burkholderia cepacia BPT1213 using residual glycerol (2 
to 9% (v/v)) as a carbon source [43]. We observe a straight 
line for the melting peak, indicating a relatively pure sam-
ple. However, the exothermic bump after the endothermic 
peak suggests melting followed by decomposition, prob-
ably caused by impurities in the PHB, as discussed above. 

Fig. 5  a FT-IR spectrum, b theoretical and experimental elemental composition, c UV–vis spectrum, d DSC curve, and e thermal degradation 
TGA and DTG curves of PHB from cacao fruit liquid residues
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The PHB produced by B megaterium B2 exhibit a heat of 
fusion (△Hm) of 74.33 J/g, like that reported in the litera-
ture. For instance, PHB produced from residual glycerol 
exhibits a heat of fusion in the range of 50.36 to 69.04 J/g 
[43]. Oliveira et al. [44] reported a △Hm of 66.9 J/g for PHB 
produced by fermentation with Cupriavidus necátor using 
sugar cane residues and a △Hm of 77.6 J/g for a commercial 
PHB sample.

The TGA plot, Fig. 5e, shows the thermal decomposition 
of a PHB sample under an air atmosphere and a heating rate 
of 20 °C/min. There are two main mass-loss events; the first 
is associated with solvent loss and the second with poly-
mer decomposition. The latter corresponds to the process 
of random chain cleavage at the C=O and C-O ester bonds 
by β-elimination, leading to the formation of crotonic acid 
[45]. The absence of shoulders in the TGA profile suggests a 
single type homopolymer with no impurities or copolymers. 
PHB's main decomposition event ranges from 250 to 400 °C 
with an overall mass loss of 70.01%. Polymer decomposi-
tion starts at 258.20 °C, with a maximum decomposition 
rate at 270.62 °C (DTG). Depolymerization reactions and 
hydrolysis occur at this stage, resulting in low molecular 
weight products. Previous studies reported single-stage ther-
mal degradations above 270 °C for pure PHB [46]. Pradhan 
et al.[45] reported a maximum decomposition temperature 
of 248 °C for PHB synthesized by B. megaterium from fruc-
tose as a carbon source.

Effect of Culture Media Composition 
on the Bioprocess Performance

The collective outcomes of the experimental design are pre-
sented in Table 4. Microorganism growth and PHA produc-
tion are considered positive adaptations. B. megaterium B2 

demonstrated metabolic adaptation to culture media 4, 6, 
7, 8, 9, and 10. However, no growth was observed in cul-
ture media 1, 2, and 3, which corresponded to 100% SCME, 
RMBC, and basic salt medium, respectively. The lack of 
growth in these media could be attributed to the absence 
of essential nutrients. Similarly, the microorganism did not 
thrive in culture media 5 (50:50% v/v RMBC:SCME), which 
lacked the basic salt medium. Thus, it can be concluded that 
the micronutrients provided by the BSM are crucial for B. 
megaterium B2 development. Culture media 7 (33:33:33% 
v/v BSM:RMBC:SCME) yielded the highest biomass 
(65.89 g.L−1) and PHA accumulation (34.25 g.L−1).

Regarding bioprocess performance, culture media 7 
(33:33:33% v/v BSM:RMBC:SCME) displays the highest 
rate of production per hour (0.50 g.L−1.h−1) in compari-
son to the other media we tested. Conversely, mixture 9, 
made up of 17:67:17% v/v BSM:RMBC:SCME, demon-
strated the highest PHA production per gram of substrate 
at 0.97 g/g, but exhibited low volumetric productivity of 
only 0.19 g.L−1.h−1. Media 6, 8, and 10, which contained 
the highest SCME proportions, delivered the lowest PHA 
yields and productivities, potentially due to the acid com-
position of the SCME. As previously discussed, an exces-
sive concentration of citric acid in the substrate can lead to 
metabolic inhibition in the PHA production pathway (see 
Fig. 1) [27]. Therefore, the assimilated carbon source in 
SCME was utilized for biomass production and survival, 
rather than for product generation. Concerning substrate 
consumption, B. megaterium B2 utilized 95.54% of the 
carbon source in medium 8 and 68.06% in medium 7. 
From our observations, we can conclude that RMBC has 
a positive impact on both biomass and PHA yield. In cul-
ture media where high proportions of RMBC are present 
(i.e., media 4, 7, and 9), we notice an increase in yields, 

Table 4  Effect of culture media composition on Biomass and PHA (g.L−1) production, substrate consumption (%), product yield  (Yp/s), biomass 
yield  (Yp/x), and volumetric productivity  (Qp) by B. megaterium B2 

SCME Spent cacao mucilage exudate, RMBC: Residual medium from BC production, BSM Basic salt medium

Assay Number BSM RMBC SCME Biomass 
Production

PHA Accu-
mulated

Substrate Con-
sumption [%]

Yp/s [g.g−1] Yp/x [g.g−1] Qp [g.L−1.h−1]

[% v.v−1] [g.L−1]

1 100 0 0 – – – – – –
2 0 100 0 – – – – – –
3 0 0 100 – – – – – –
4 50 50 0 7.50 4.23 44.33 0.43 0.46 0.21
5 0 50 50 – – – – – –
6 50 0 50 4.25 2.65 47.25 0.44 0.65 0.05
7 33 33 33 7.38 3.98 68.06 0.63 0.52 0.50
8 66 17 17 4.37 3.03 95.54 0.38 0.55 0.18
9 17 66 17 11.48 6.77 23.32 0.97 0.61 0.19
10 17 17 66 4.98 2.61 18.01 0.32 0.55 0.11
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PHA accumulation, and productivity. This behavior can 
be attributed to the favorable content of low molecular 
weight carbohydrates in RMBC, which aids in the PHA 
production pathway [47].

The experimental design analysis was conducted using 
the Minitab® Statistical Software [48]. Contour graphs in 
Fig. 6 were created based on the statistical analysis from the 
product yield in substrate, product in biomass, and volumet-
ric productivity. The contour plots 6b and 6c demonstrate 
that a binary mix between BSM and RMBC has a significant 
impact on Yp/s , and Qp with an extension to the central point. 
On the other hand, the contour plot 6d indicates that Yp/x is 

significantly influenced by a binary mixture of BSM and 
SCME with an extension to the central point. As expected, 
the lowest values for the response variables are found in the 
corners of the triangle representing the pure culture media. 
Therefore, we can conclude that culture media 7, which 
contains equal volumetric amounts of BSM:RMBC:SCME, 
provides the best outcome for the response variables and 
should be considered for future research.

In Table 5, we compare the performance of our process 
with several authors who used other B. megaterium strains, 
Mohanrasu et al. [49], Dañez et al. [50], Ali et al. [51], and 
Manikandan et al. [52] reached PHA productivity values 

Fig. 6  Statistical analysis for a simplex experimental design and mixing contour plots for b Qp , c Yp∕s , and d Yp∕x

Table 5  Literature overview on PHAs production from various microorganisms and substrates

GRIB: raw glycerol obtained from a biodiesel plant, +: Gram positive microorganism, - : Gram negative microorganism
(Yp/s): product yield,  (Yp/x): biomass yield,  (Qp): volumetric productivity

Microorganism Carbon source Yp∕x [g.g−1] Qp [g.L−1.h−1] PHA [g.L−1] Reference

Bacillus megaterium B2/isolated from the 
GRIB ( +)

Cacao liquid wastes 0.63 0.500 4.30 This study (2022)

Bacillus megaterium/isolated from the 
marine wáter ( +)

Glucose 0.54 0.088 5.65 India [49]

Bacillus megaterium PNCM 1890/( +) Glucose & xylose 0.54 0.140 3.91 Philippines [50]
Bacillus megaterium TISTR 1814/isolated 

from the soil ( +)
Cantaloupe waste extract 0.41 0.006 0.45 Pakistan [51]

Bacillus megaterium /( +) Carob Pods 0.44 0.097 5.82 India [52]
Bacillus megaterium /Isolated from Iranian 

microbial collection ( +)
Glucose 0.36 0.001 0.08 Iran [54]

Cupriavidus necátor Strain A-04/(-) Residue from canned pineapple 0.60 0.160 8.16 Thailand [53]
Ralstonia eutropha/(-) Carob Pods 0.54 2.033 12.2 India [52]



1301Journal of Polymers and the Environment (2024) 32:1289–1303 

1 3

between 0.08 and 5.82 g.L−1.h−1 and yields between 0.001 
and 0.140 g.g−1. We observed a maximum PHA productivity 
of 0.50 g.L−1.h−1 and yields 0.63 g.g−1 with culture media 
7, which compares favorably with the data available in the 
literature.

To our knowledge, there are no studies on cacao liquid 
wastes as substrates for PHA production with B megaterium. 
However, various agro-industrial residues have been tested 
for PHA production. For instance, Sukruansuwan et al. [53] 
used residues from the canned pineapple industry for the 
growth of Cupriavidus necátor A-04 growth and PHA pro-
duction. Also, Manikandan et al. [52] employed carob pods 
and Ralstonia eutropha for PHA biosynthesis; and Ali et al. 
[51] used cantaloupe waste extract and a B. megaterium 
strain (TISTR 1814) isolated from soil.

On another note, comparison of PHA production (g.L−1) 
with other works is also illustrative. Mohanrasu et al. [49], 
Manikandan et al. [52], Sukruansuwan et al. [53], and Man-
ikandan et al. [52]report PHA productions of 5.65 g.L−1, 
5.82 g.L−1, 8.16 g.L−1, and 12.2 g.L−1respectively. These 
values are much higher than the productions reported in this 
work. However, the volumetric productivities of the litera-
ture reports cited above are much lower, indicating that a 
higher PHA production is achieved at the expense of longer 
fermentation times which translates into higher operational 
and energy expenses. We consider that the production of 
biopolymers using cacao fruit liquid residues is a strategy 
that can generate positive environmental, economic, and 
social impacts by increasing crop circularity, particularly in 
tropical countries such as Colombia.

Conclusions

The findings of this study make a significant contribution to 
the cacao industry and the advancement of novel materials. 
The bioprocess implemented effectively incorporates liquid 
residues of the cacao fruit processing (SCME and RMBC) 
into synthesizing biodegradable plastics utilizing the strain 
Bacillus megaterium B2.

Statistical analysis shows that maximum response varia-
bles  (Qp,  Yp/x and  Yp/s) are individually influenced by binary 
mixtures RMBC:BSM and SCME:BSM, and that equal vol-
umetric amounts of BSM:RMBC:SCME (33:33:33), provide 
the best outcome for all the response variables.

Biopolymer characterization using MS-MALDI-TOF and 
IR techniques confirmed its structure as a polyhydroxybu-
tyrate (PHB) type. Further analysis using elemental analysis, 
UV–VIS, TGA, and DSC confirmed its thermal and absorp-
tion properties.
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