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1. Introduction 

Poly(3-hydroxybutyrate-co-4-hydroxybutyrate) 

[P(3HB-co-4HB)] is a type of 

polyhydroxyalkanoate (PHA) polymer 

highlighted for its versatile physical and 

physicochemical properties. It stands out due to its 

high market value and potential use in medical 

devices, being the first PHA approved by the FDA 

[1]. Research has shown that P(3HB-co-4HB) can be 

produced sustainably by bacteria, particularly 

from the Cupriavidus genus. Its biodegradability 

and biocompatibility make it a promising 

alternative to conventional plastics, contributing to 

efforts to reduce plastic pollution. To expand the 

commercial applications of P(3HB-co-4HB), two 

key aspects need to be addressed: reducing 

production costs and finding high-value 

applications beyond medical uses [2]. Lowering 

costs involves isolating robust native producers or  

 

genetically engineering strains for efficient 

synthesis and using inexpensive carbon sources 

and optimized bioprocesses. Developing simple, 

efficient, and scalable extraction methods is also 

crucial. Additionally, tailoring P(3HB-co-4HB) 

molecular weights can meet various application 

requirements, with ultra-high molecular weights 

offering potential for high-strength fibers and low 

molecular weights for drug delivery and 

plasticizers. 

However, the limited availability and high costs of 

P(3HB-co-4HB), due to patent restrictions, hinder 

its broader exploration. Increasing production 

volumes can lower costs and diversify 

applications. Establishing sustainable demand 

requires enhanced research, scaling up production, 

and developing a distribution network with 

customer support. Despite FDA approval for 

medical applications, greater accessibility could 

lead to misuse. 
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1.1 Aim of the project 

This thesis project aims to investigate the structure-

property relationships of biosynthesized poly(3-

hydroxybutyrate-co-4-hydroxybutyrate) (P(3HB-

co-4HB)) using nuclear magnetic resonance (NMR) 

spectroscopy and dynamic scanning calorimetry 

(DSC). Commercial samples of this copolymer 

often contain additives and have limited 

compositional diversity, necessitating lab 

biosynthesis and extraction for accurate study, a 

labor-intensive process. Achieving specific 

copolymer compositions, especially with high 4-

hydroxybutyrate (4HB) content, is challenging due 

to broad compositional distributions. 

The project will use solvent fractionation to narrow 

the compositional distribution of biosynthesized 

P(3HB-co-4HB) samples. NMR spectroscopy will 

determine the composition, while DSC will 

analyze the thermal properties. Combining these 

techniques, the project seeks to link molecular 

structure, thermal properties, and material 

behavior of P(3HB-co-4HB). These insights aim to 

broaden the applications of this biodegradable and 

biocompatible copolymer, particularly in 

biomedicine. 

2. Materials and methods 

2.1 Biosynthesis of P(3HB-co-4HB) copolymer  

The thesis also employs P(3HB-co-4HB) samples 

with varying compositions, prepared by the 

Microbiology Research Group and the Physical 

Chemistry and Polymer Science lab at Vrije 

Universiteit Brussel (VUB).  

The procedure starts with preparing three plates 

for Cupriavidus sp. USMAA2-4 bacteria, which are 

thawed and placed on nutrient-rich plates under 

sterilized conditions. The bacteria grow at 30°C for 

72 hours. Following this growth phase, specialized 

solutions are prepared, including a carbon source 

mixture with 1,4-butanediol and 1,6-hexanediol, a 

salt solution with (NH4)2SO4 and MgSO4.7H2O, 

and a buffer solution with K2HPO4 and KH2PO4. 

Once the bacteria reach the appropriate growth 

phase, three colonies are transferred to small flasks 

with Lysogeny Broth (LB) and agitated for 18 hours 

at 30°C. Larger flasks are then prepared with the 

carbon source mixture, salt solution, buffer 

solution, and microelements. The cultures are 

transferred to these flasks after measuring their 

optical density, and the final agitation occurs for 72 

hours at 30°C. 

After agitation, the cultures undergo 

centrifugation and freeze-drying for 78 hours. The 

dry weight of each culture is then mixed with 

chloroform and agitated again. The cell 

suspensions are filtered and concentrated via 

rotary evaporation. To extract the polymer, 

methanol is added, causing P(3HB-co-4HB) to 

precipitate. The polymer is dried on a 

crystallization disk. 

The same procedure is used for other samples, 

with variations in carbon sources to analyze 

copolymer composition. Different carbon sources 

are prepared, maintaining a constant total carbon 

concentration but varying the ratios of 1,4-

butanediol, 1,6-hexanediol, and γ-butyrolactone. 

Additionally, incubation time and inoculum 

concentration are varied in some experiments, 

using incubation times of 24, 48, and 72 hours and 

inoculum concentrations of 2.5%, 25%, 75%, and 

87.5% v/v. 

 

2.2 Fractionation procedures 

This process involved repeated solvent/nonsolvent 

fractionation. A fixed amount of nonsolvent (such 

as ethanol, methanol, or heptane) was added to a 

copolymer/chloroform solution, causing the 

copolymer to precipitate. The precipitate was 

separated via centrifugation, and more nonsolvent 

was added incrementally until no further 

precipitation occurred. This iterative process 

yielded three to six fractions from each copolymer 

sample, each with varying original 4HB-unit 

content.  

 

2.3 Analysis tools 

For NMR sample preparation, about 3-5 mg of the 

copolymer is placed in a vial, followed by the 

addition of approximately 1.5 mL of deuterated 

chloroform. The vial is sealed, and the copolymer 

is dissolved by stirring. Once fully dissolved, 0.7 

mL of the solution is transferred into an NMR tube. 

These prepared tubes are then sent to the Organic 

Chemistry (ORGC) Research Group at VUB for 

analysis. Then molar composition of 4HB in the 

copolymer is determined by analyzing the 

integrated areas under these specific peaks with 

the following equation (where the quantity I 

represents the areas under the curve nearby of the 

specific peak):  
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 × 100 

 
 

DSC measurements are performed using TA 

Instruments Discovery DSC with a nitrogen 

atmosphere. About 3 to 5 mg of PHA are placed in 

hermetic aluminum pans and subjected to a Heat-

Cool-Heat (HCH) program. This program heats 

the sample from room temperature to 200°C, holds 

it isothermally for three minutes to ensure 

complete melting, cools it to -50°C, holds it 

isothermally for one minute, and then reheats it to 

200°C with a one-minute isothermal hold. The 

maximum temperature of 200°C is based on prior 

experiments. The heating and cooling rates are set 

at 20°C/min and 10°C/min, respectively. Data from 

DSC analysis is processed using TRIOS software 

from TA instruments. 

3. Results and discussion 

3.1 Biosynthesis of P(3HB-co-4HB) 

The composition of 4HB monomers in targeted 

P(3HB-co-4HB) copolymers was determined and 

shown in Table 1. NMR spectroscopy provided a 

comprehensive understanding of molecular 

structure and composition, enabling precise 

measurement of monomer ratios and insight into 

physical and chemical properties. Samples showed 

4HB fractions ranging from 14.0% to 30.1%, 

indicating consistent copolymer composition 

despite varying carbon sources. Production 

methods appeared robust across different 

conditions, influencing polymer properties such as 

molecular weight, though not characterized in this 

study. Nurhezreen Md. Iqbal and A.A. Amirul [3] 

suggest that higher 4HB compositions are 

achievable with increased 1,6-hexanediol 

concentrations, albeit with potential reductions in 

molecular weight. Conversely, lower 

concentrations yielded more homogeneous 4HB 

distribution.  

 
Table 1: mol% 4HB of the samples synthetized: for first culture using 

1:1 1,4-butanediol and 1,6-hexanediol; for the second culture using 2:1 

1,4-butanediol and 1,6-hexanediol; for the third using 5:1 1,4-

butanediol and γ-butyrolactone; for the fourth using 2:1 1,4-

butanediol and 1,6-hexanediol, 5:1 1,4-butanediol and γ-

butyrolactone and 1:1 1,4-butanediol and γ-butyrolactone as a carbon 

source. 

3.2 Fractionation of P(3HB-co-4HB) 

The solvent/non-solvent fractionation method 

yielded a narrow range of compositional variation 

in P(3HB-co-4HB) biopolymers, from 12 mol% to 

37 mol% 4HB. This suggests a consistent 

distribution of 4HB molecules within the 

copolymer. Further investigation into procedural 

parameters like temperatures, precipitate resting 

times, and surfactant use, as well as optimal non-

solvents, is warranted to enhance fractionation 

efficiency. Unlike fractionations of P(3HB-co-

3HHx) samples, no specific trend was observed, 

only initial fractions consistently showed a 

decrease in 4HB percentage. Notably, fractionation 

with methanol produced diverse fractions ranging 

from 37 mol% to 16.7 mol% 4HB from an initial 21.5 

mol% 4HB sample, demonstrating potential 

variability. Replicating similar results across 

different samples of P(3HB-co-4HB) remains a 

challenge, indicating the need for further 

optimization and understanding of fractionation 

parameters. 

The thermal properties and crystallinity of P(3HB-

co-4HB) samples were analyzed using DSC. 

Showing that higher 4HB content decreases 

crystallinity, hindering crystallization due to steric 

hindrance and chain flexibility. This disruption of 

3HB chains by 4HB leads to decreased 

crystallization peaks during cooling, influenced by 

composition-dependent crystallization kinetics. 

Generally, glass transition, crystallization, and 

melting temperatures decrease with increased 4HB 

fraction, enhancing material ductility and lowering 

processing temperatures [4]. Increased segmental 

mobility due to 4HB incorporation is indicated by 

lower glass transition temperatures. Samples with 

higher 4HB content show cold crystallization 

during reheating, reflecting varying crystallization 

 4HB [%] 

[first    

culture] 

4HB [%] 

[second 

culture] 

4HB [%] 

[third 

culture] 

4HB [%] 

[fourth 

culture] 

Sample A 20.8 21.2 25.7 30.1 

Sample B 20.1 22.7 25.6 14.0 

Sample C 19.5 26.3 21.5 21.7 
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behaviors influenced by composition and thermal 

history. 

 

3.3 Expanding the P(3HB-co-4HB) compositional 
range by variation in cultivation conditions. 

Despite using smaller volumes compared to 

previous cultures, consistent and high PHA yields 

were achieved, exceeding 22% on average. Specific 

samples reached up to 51.3% yield, indicating 

efficient substrate conversion into PHA with 

minimal biomass production. This efficient 

resource allocation underscores the robustness and 

effectiveness of the production process under 

varied cultivation conditions.  

The study aimed to expand the compositional 

range of P(3HB-co-4HB) copolymers through 

varied cultivation conditions and examined their 

impact on PHA properties: varying incubation 

periods (24, 48, and 72 hours) and inoculum 

concentrations (ranging from 2.5% to 87.5% v/v). 

Despite efforts, the 4HB fractions ranged narrowly 

from 14.7% to 33.6%. This narrow range suggests 

challenges in achieving broad compositional 

variability despite high overall yield efficiency. 

Samples with higher 4HB content tended to exhibit 

lower PHA weights, limiting further 

characterization opportunities due to sample size 

constraints. 

 

 
Figure 1: Effect of %4HB on PHA weight. 

Exploring the influence of initial inoculum density 

on PHA production revealed unexpected results. 

Contrary to literature expectations [5], inoculum 

density did not significantly impact 4HB 

composition across varied densities (25% v/v to 

75% v/v). However, incubation time showed a 

notable trend: longer incubation periods led to 

decreased 4HB content, with a marked 20% 

difference observed between samples incubated 

for 24 hours versus 72 hours. Increased incubation 

time also correlated with higher PHA production, 

particularly prominent between 48 and 72 hours. 

Thermal analysis via DSC highlighted significant 

trends in glass transition temperatures (Tg). 

Increasing inoculum density, incubation time, and 

PHA sample weight generally led to lower Tg 

values, indicative of enhanced molecular mobility 

and amorphous structure. Conversely, higher 

mol% 4HB resulted in lower Tg, attributed to the 

increased flexibility imparted by 4HB units 

compared to 3HB. 

Overall, these findings underscore the complex 

interplay between cultivation conditions, PHA 

composition, and thermal properties. 

Understanding these relationships is crucial for 

optimizing PHA production processes and 

tailoring material properties to meet specific 

application requirements. 

 

 
Figure 2: Effect of incubation period on %4HB. 

 

Figure 3: Effect of incubation time on glass transition temperature. 

4. Conclusions 

Research on the structure-property relationships of 

biosynthesized poly(3-hydroxybutyrate-co-4-

hydroxybutyrate) [P(3HB-co-4HB)] has expanded 

its compositional range and clarified how varying 

the 4HB content affects its properties. By varying 

the 4HB content, a wide range of thermal and 
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morphological properties were identified, 

allowing customization for specific applications. 

Higher 4HB content was found to lower both the 

melting and glass transition temperatures, 

facilitating processing at lower temperatures and 

broadening the material's applicability. 

The sustainable biosynthesis approach used in this 

study highlights the potential for producing 

P(3HB-co-4HB) with controlled properties, 

reducing reliance on petrochemical resources and 

aligning with green chemistry principles. The 

expanded compositional range achieved offers a 

versatile platform for designing biodegradable 

polymers with tailored properties, paving the way 

for innovations in medical, packaging, and 

environmental applications. 

Future work should focus on scaling up 

production, testing the copolymer's performance 

in real-world applications, and refining 

biosynthesis techniques to optimize properties for 

specific industrial needs. 
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