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ABSTRACT 

Poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P(3HB-co-4HB)) is a biopolymer with 

promising biomedical and sustainable material applications, but its slow crystallization 

complicates processing. In this study, the potential of thymine as a biocompatible nucleating 

agent was evaluated using polarized optical microscopy (POM), differential scanning 

calorimetry (DSC), and tensile testing. Poly(3-hydroxybutyrate) (PHB) and P(3HB-co-4HB) 

with 6, 7, and 9 mol% 4HB were biosynthesized in-house using Cupriavidus sp. USMAA2-4, 

ensuring high purity, necessary for this study. Thymine was found to dissolve in the polymer 

melt and recrystallize into needle-like crystals upon cooling, thereby creating effective 

nucleation sites. Addition of 1 wt% thymine consistently enhanced the crystallization rate 

under both non-isothermal and isothermal conditions, although it did not exceed the polymers’ 

intrinsic self-nucleation potential. Initial tensile testing on heat-pressed films further revealed 

improved ductility in thymine-nucleated samples. These findings highlight the potential of 

thymine as a melt-soluble additive for enhancing crystallization and mechanical performance 

of P(3HB-co-4HB). 
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1. Introduction 

In the search for sustainable materials, polyhydroxyalkanoates (PHAs) have emerged as a 

promising family of biobased, biodegradable and biocompatible polymers, synthesized by 

various microorganisms. With more than 150 different hydroxyalkanoate monomers 

discovered to date, this group of biopolyesters displays a broad structural diversity, giving rise 

to versatile material properties 1. Therefore, application of PHAs is envisaged across various 

sectors, encompassing packaging, agricultural, and biotechnological industries 2. Poly(3-

hydroxybutyrate) (PHB) is the most commonly synthesized and best-studied member of the 

PHA family. Among the limited range of PHAs produced on a commercial scale, PHB also 

currently possesses the highest production capacity 1. Nonetheless, PHB has certain 

disadvantages, including a narrow processing window caused by the limited temperature range 

between its melting point and thermal degradation 1,3. Additionally, its inherent low nucleation 

density results in low crystallization rates and the formation of exceptionally large spherulites, 

on the order of a millimeter in size 4–6. In addition, secondary crystallization proceeds slowly 

during storage at room temperature, leading to interspherulitic cracking. These processes 

contribute to the brittle nature of PHB, which severely limits its application potential 5,6.  

Copolymerization of 3-hydroxybutyrate with other hydroxyalkanoate monomers has proven 

to be an effective strategy to improve the thermomechanical and processing properties of PHB 

3. Among these copolymers, poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P(3HB-co-

4HB)) holds immense potential for various applications, including high value-added medical 

and pharmaceutical applications 7. Increasing the 4-hydroxybutyrate (4HB) content in the 

copolymer substantially reduces crystallinity and melting temperature, resulting in decreased 

brittleness, increased elongation at break, and an increased processing window 8. 

Unfortunately, even more than PHB, P(3HB-co-4HB) exhibits very slow crystallization, 

posing challenges during processing (e.g., during injection molding) 8. Improving and 
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controlling the crystallization behavior of P(3HB-co-4HB) is thus of great scientific and 

industrial interest 9.  

Nucleating agents (NAs) play a key role in accelerating crystallization kinetics of semi-

crystalline polymers. Incorporation of NAs in the polymer matrix can significantly enhance the 

nucleation density and thereby crystallization rate. In addition, NAs can improve other 

properties, including thermal stability and mechanical properties 8,9. Many different NAs have 

been investigated to enhance PHB crystallization 10. In contrast, studies on NAs for P(3HB-co-

4HB) are more limited. Furthermore, among the NAs reported for P(3HB-co-4HB), which 

include boron nitride 3,11, talc, hydroxyapatite, zinc stearate 11, nano-ZnO 8, silica 12, orotic acid 

13, and uracil 14, not every additive holds the same application potential. While boron nitride, 

for example, is not suitable for human contact applications, orotic acid shows promise as an 

additive for biomedical applications such as implants, owing to its biodegradable and nontoxic 

properties 13. There is a great interest in enhancing the crystallization behavior of P(3HB-co-

4HB) without compromising its biodegradability and biocompatibility 7,15,16. Thymine, one of 

the four DNA nucleobases, has been reported as an efficient biodegradable and biocompatible 

additive to accelerate PHB 10,17,18, poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (P(3HB-co-

3HV)) 17, and poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (P(3HB-co-3HHx)) 18 

crystallization. However, the effect of thymine on the crystallization rate of P(3HB-co-4HB) 

has never been reported to the best of our knowledge.  

In contrast to externally added nucleating agents (NAs), crystallization can also be strongly 

enhanced through the persisting “memory” of the polymer’s previous crystalline state. When 

semi-crystalline materials are not processed at sufficiently high temperatures or for long 

enough times, incompletely melted crystallites (self-seeds) or residual molecular order in the 

melt (self-nuclei) may remain. Both can act as highly efficient nucleation sites and significantly 

increase crystallization rates 19. While self-seeds are considered a type of heterogeneous 
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nucleation, self-nuclei are described as a special case of homogeneous nucleation 19,20. The 

self-nucleation of semi-crystalline polymers offers a useful method to quantify and compare 

the nucleating efficiency of nucleating agents 21. Only a limited number of studies have 

investigated and reported the influence of self-nucleation on the crystallization behavior of 

PHB and P(3HB-co-4HB) 10,22–24. 

In this study, we investigate the potential of thymine as a biocompatible nucleating agent for 

P(3HB-co-4HB). The purity and properties of commercial PHAs are often significantly 

influenced by industrial recovery and processing methods, including the use of (undisclosed) 

additives such as plasticizers, stabilizers, and nucleating agents 1,25–27. Furthermore, although 

research-grade P(3HB-co-4HB) copolymers are commercially available, the number of distinct 

monomer compositions on the market remains limited 1. To address this, PHB and P(3HB-co-

4HB) with 6, 7, and 9 mol% 4HB were biosynthesized through cultivation of Cupriavidus sp. 

USMAA2-4 on various carbon sources. To assess the influence of thymine, PHA films with 

varying thymine concentrations were prepared and subjected to a comprehensive thermal and 

morphological analysis, including differential scanning calorimetry (DSC), thermogravimetric 

analysis (TGA), polarized optical microscopy (POM), and tensile testing. Special emphasis 

was placed on the investigation of non-isothermal and isothermal crystallization kinetics, as 

well as the nucleating efficiency through application of the DSC self-nucleation protocol. The 

findings of this study aim to support the development of more efficient and sustainable 

biopolymers. 

 

2. Materials and methods 

2.1 PHA biosynthesis  

The polyhydroxyalkanoate (PHA) biosynthesis method employed in this study was derived 

from the methodology outlined in a publication by Iqbal and Amirul 28. Cupriavidus sp. 



6 

USMAA2-4 (DSM 19379) was obtained from DSMZ. The culture stock was stored at -80 °C 

in 50% (v/v) glycerol. For inoculum preparation, 30 mL of LB medium was inoculated and 

cultivated at 30 °C and 200 rpm for approximately 18 h. A volume of 5 mL of precultured cells 

was transferred together with 10 mL of sterile distilled water to a 15 mL falcon tube and 

centrifuged (Sorvall ST 8R centrifuge, Thermo Fisher Scientific) at 5000 × g for 5 min with 

slow deceleration. The supernatant was discarded, sterile distilled water was added to a total 

volume of 15 mL, and the precultured cells were centrifuged again under the same conditions. 

Supernatant was discarded and the washed precultured cells were transferred into 200 mL 

mineral salts medium (MSM) with the following composition (based on 28): K2HPO4·3H2O 

(8.0 g/L), KH2PO4 (3.7 g/L), (NH4)2SO4 (1.1 g/L), MgSO4 (0.3 g/L), and microelement solution 

(2 mL/L). The microelement solution was composed of FeSO4·7H2O (2.78 g/L), MnCl2·4H2O 

(1.98 g/L), CoSO4·7H2O (2.81 g/L), CaCl2 (1.26 g/L), CuCl2·2H2O (0.17 g/L), and ZnSO4·7H-

2O (0.29 g/L), in 0.1 mol/L of HCl. The MSM was supplemented by selected carbon source(s) 

with the total carbon concentration fixed at 0.68 wt% carbon (or C/N ratio equal to 30). Four 

(combinations of) carbon sources were used: D-fructose (FRU) at 17 g/L; a 1:1 mixture of D-

fructose and γ-butyrolactone (FRU + GBL) at 8.8 and 6.3 g/L, respectively; γ-butyrolactone 

(GBL) at 12.5 g/L; and a 1:1 mixture of D-fructose and 1,4-butanediol (FRU + BDO) at 8.8 

and 6.6 g/L, respectively. The pH of each medium was adjusted to 6.90 ± 0.05 by addition of 

various volumes of a 10 mol/L NaOH solution. All media were cultivated in biological 

triplicate. Cultivation was performed for 68 hours at 32 °C and 200 rpm. The total experiment 

(cultivation in biological triplicate in four different media) was repeated three times. 

 

2.2 PHA extraction 

After cultivation, the biomass was harvested by centrifugation (Sorvall ST 8R centrifuge, 

Thermo Fisher Scientific) in 50 mL Falcon tubes at 12108 × g for 20 min at 4 °C with slow 
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deceleration. Biomass pellets were lyophilized (Freezone 71020 Benchtop Freeze Dryer, 

Labconco) and the weight of the lyophilized biomass was measured, from which the cell dry 

weight (CDW) concentration was determined as the ratio of the dry biomass weight to the 

medium volume. Thereafter, the lyophilized biomass was shaken in 50 mL of chloroform for 

24 h at 30 °C. Vacuum filtration was performed to remove the cell debris from the extracted 

PHA using filter paper circles (597 diameter 90 mm, Whatman), followed by normal filtration 

using folded filter papers (595 ½ diameter 125 mm, Schleicher & Schuell). The extract was 

concentrated using a rotary evaporator (Rotavapor-R, Büchi) and precipitated under gentle 

stirring in 75 mL cold ethanol (0-5 °C). The obtained PHA was recovered, left to dry at room 

temperature for at least two days and then weighed, from which the PHA concentration was 

determined as ratio of the PHA weight to the medium volume.  

 

2.3 Structural characterization 

Chemical structure and composition of the biosynthesized PHAs were determined using 

proton nuclear magnetic resonance (1H NMR) spectroscopy. PHA samples were dissolved in 

deuterated chloroform (CDCl3, containing 0.03 % (v/v) tetramethylsilane (TMS)) at 4 mg/mL 

under magnetic stirring at 55 °C for one hour, after which approximately 0.7 mL was 

transferred to an NMR tube. 1H NMR spectra were recorded using a Bruker AscentTM 400 

magnet equipped with an Avance NEO console and HR-BBO iProbe operating at 400.20 MHz. 

Spectra were recorded at 300 K using standard Bruker pulse programs, with a relaxation delay 

(D1) of 20 s. Data were processed in TOPSPIN v4.1.4 from Bruker Biospin.  

Size exclusion chromatography (SEC) was used to study the molar mass (distribution) of the 

biosynthesized PHAs. Samples were dissolved in purified chloroform (CHCl3, with 100 ppm 

toluene as internal standard) at 5.0 ± 0.1 mg/mL and filtered using a 0.45 PTFE syringe filter. 

100 µL was passed through a SEC system (HLC-8320GPC EcoSEC, Tosoh Bioscience) at 1 
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mL/min with a column set consisting of a PSS SDV (5 µm particle size) precolumn (50 x 8 

mm) and two PSS SDV analytical linear M columns (300 x 8 mm). The system was equipped 

with a multi-angle laser light scattering detector (MALS, LenS3 (TOSOH)) and a refractive 

index detector (Bryce-type differential refractometer (RI), ECOSEC Elite HLC-8420GPC). 

Data acquisition and processing was carried out using SECView software (Tosoh Bioscience). 

Determination of the weight-average molar mass (Mw) and dispersity (Đ) of all biosynthesized 

samples solely from the RI signal was based on calibration by polystyrene standards (Polymer 

Standards Service; PSS) with a molar mass ranging from 0.4 – 1000 kDa. Determination of Mw 

and Đ by the MALS detection system was based on hydrodynamic volume of the solute via 

specific refractive index increment, with dn/dc values calculated from the PHA concentration, 

assuming a 100% quantitative recovery of the samples. 

 

2.4 Preparation of reference and thymine-nucleated PHA films 

Thymine powder (≥ 99%) with a melting temperature of 320 °C was purchased from Sigma-

Aldrich Co., Ltd. (Shanghai, China) and used as received. As described above, cultivation was 

performed in biological triplicate for each of the four media, with three independent repetitions 

of the entire cultivation experiment. For the preparation of the PHA films, equal amounts of 

the nine subsamples of biosynthesized PHA from each medium were mixed, ensuring sufficient 

material and a representative sample that captures the variability within each cultivation 

condition. Two film variants, differing in average film thickness, were prepared for different 

experimental purposes: variant A (~35 μm) and variant B (~100 μm).  

Variant A films were prepared by dissolving 300 mg of PHA in 20 mL of chloroform at 55 

°C under magnetic stirring for 40 min. During this time, the desired amount of thymine (0, 1.5 

± 0.1, 3.0 ± 0.1, and 6.0 ± 0.1 mg, corresponding to 0 (reference), 0.5, 1, and 2 wt% films, 

respectively) was weighed and suspended in 10 mL of chloroform. The thymine suspension 



9 

was ultrasonicated for 40 min at room temperature and added to the PHA solution, which was 

then mixing at 55 °C under magnetic stirring for 24 h. The mixture was cast in a glass Petri 

dish (⌀ 100 mm) and left for solvent evaporation and drying for at least 7 days before 

characterization. A reference film was prepared for each of the four cultivation media. For the 

FRU + GBL medium, a films with 0.5, 1, and 2 wt% thymine were prepared. For the other 

media, a film with 1 wt% thymine was prepared.   

Variant B films were prepared following the same method outlined above, with the following 

adjustments: solvent casting was performed in smaller crystallization dishes (⌀ 60 mm) to 

obtain increased film thickness, and the films were left for at least 14 days before 

characterization. A reference and a film with 1 wt% thymine were prepared for each cultivation 

medium tested. 

 

2.5 Thermogravimetric analysis (TGA) 

The thermal stability of reference and 1 wt% thymine-nucleated PHA films (variant A) was 

studied by TGA (TGA Q5000, TA instruments). For each sample, 2.0  0.2 mg was placed in 

a 100 µL platinum pan. The temperature was first stabilized at 50 °C, and then increased at 10 

K/min to 600 °C, all under a nitrogen flow rate of 25 mL/min. TGA analysis was repeated three 

times for each (reference or thymine-nucleated) PHA film, and the average temperatures at 

which 2, 5, and 10 % of the weight was lost (T2%, T5%, and T10%, respectively), as well as the 

average temperature at which the rate of thermal decomposition was the highest (Td,max), were 

determined. 

 

2.6 Differential scanning calorimetry (DSC) 

The thermal properties and crystallization behavior of reference and thymine-nucleated PHA 

films were studied by DSC (DSC Discovery; TA Instruments). For each sample, 3.0  0.2 mg 
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was loaded into a aluminum T-zero hermetic DSC pan (TA instruments). All experiments were 

conducted under a nitrogen flow of 50 mL/min. The samples were subjected to the thermal 

protocols described below. 

Quenching The sample was heated from 30 °C to 200 °C at 10 K/min, held isothermal for 3 

min at 200 °C, cooled to -50 °C at 40 K/min, held isothermally for 1 min at -50 °C, and reheated 

to 200 °C at 10 K/min. From this analysis, the glass transition temperature (Tg) was determined 

as the midpoint of the characteristic change in the baseline of the heat flow curve during the 

second heating step. For each reference PHA film (variant A), two replicate measurements 

were performed, and the average Tg was determined. 

Non-isothermal crystallization The sample was heated from 30 °C to 200 °C at 10 K/min, 

held isothermal for 3 min at 200 °C, cooled to -50 °C at the desired cooling rate (5 or 10 K/min), 

held isothermal for 1 min at -50 °C, and reheated to 200 °C at 10 K/min. From the cooling step, 

the melt-crystallization temperature (Tmc) was determined at the minimum of the exothermic 

peak in the heat flow curve, and the corresponding melt-crystallization enthalpy (ΔHmc) by 

integrating the area under this exothermic peak. The cold-crystallization temperature (Tcc) was 

determined at the minimum of the exothermic peak observed during the subsequent heating 

step. The melting enthalpy (ΔHm) was determined by integrating the area under the 

endothermic melting peak observed, also during the second heating step. The degree of 

crystallinity (Xc) was then estimated as the ratio of Δ𝐻୫ and Δ𝐻୫
଴  (146 J/g 29), the melting 

enthalpy of 100 % crystalline PHB, and corrected for the weight fraction of nucleation agent 

(α):  

𝑋ୡ = 100 % ∙
୼ுౣ∙ (ଵାఈ)

୼ுౣ
బ   (1) 

This thermal protocol was applied to all reference and thymine-nucleated PHA films of 

variant A. For each combination of film and cooling rate, two replicate measurements were 

performed, and the average Tmc, ΔHmc, Tcc, ΔHm, and Xc were determined. 
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Isothermal crystallization The sample was heated from 30 °C to 200 °C at 10 K/min, held 

isothermal for 3 min at 200 °C, cooled at 40 K/min to the desired isothermal crystallization 

temperature (Tc) and maintained at this temperature for 60 to 600 min, to ensure complete 

crystallization. Then, the sample was further cooled to -50 °C at 10 K/min, held isothermal for 

1 min at -50 °C, and reheated to 200 °C at 10 K/min. To account for the transient overshoot 

signal, produced when switching from the cooling to the isothermal step (at the crystallization 

temperature), a blank run was performed on one sample for each (reference or 1 wt% thymine-

nucleated) PHA film (variant A). The method for this blank run was identical to the isothermal 

crystallization protocol just described, but with the isothermal step performed at 170 °C for 30 

min, since no crystallization is expected to occur at these conditions. The isothermal 

crystallization exotherms and the blank runs were vertically shifted to yield an average heat 

flow rate of zero at the end of the isothermal step. After subtraction of the blank run from the 

isothermal crystallization exotherm, the onset time of crystallization (τ0) was determined and 

the relative crystallinity Xrel at time t, measured from τ0, was calculated. From Xrel as a function 

of t, the crystallization half-time (τ0.5) was determined and the isothermal crystallization 

kinetics were analyzed through the Avrami equation. When samples displayed irregularly 

shaped crystallization exotherms at certain crystallization temperatures, a replicate 

measurement was made and the average τ0.5 and Avrami parameters were determined.  

Self-nucleation At a rate of 10 K/min, the sample was heated from 30 °C to a self-nucleation 

temperature (Ts), held isothermal for 3 min at Ts, cooled to -50 °C at 10 K/min, held isothermal 

for 1 min at -50 °C, and reheated to 200 °C at 10 K/min. From the cooling step, the melt-

crystallization temperature (Tmc) was determined at the minimum of the exothermic peak in the 

heat flow curve. This thermal protocol was applied to each reference PHA film (variant A). 

 

  



12 

2.7 Polarized optical microscopy (POM) 

Non-isothermal The morphology and dispersion of thymine in 1 wt % thymine-nucleated 

PHA films (variant B) during non-isothermal crystallization were observed using a polarized 

optical microscope (POM; MT9930L, Meiji Techno) in transmitted light mode, equipped with 

a temperature control stage (CI94 temperature controller with LTS350 microscope stage and 

LNP95 liquid nitrogen cooling system, Linkam). Circular samples (⌀ 5 mm) were placed on a 

glass slide, covered by a circular coverslip (⌀ 9 mm). Samples were heated to 200 °C at 10 

K/min, held isothermal for 3 min, and cooled at 10 K/min until crystallization was complete. 

Images were captured every 10 °C using a HD1500 camera (Meiji Techno). 

Isothermal The spherulite growth rate during isothermal crystallization was examined using 

the same POM setup. Circular samples (⌀ 9 mm) were placed on a glass slide, covered by a 

coverslip. Samples were heated to 200 °C at 30 K/min, and held isothermal for 3 min, during 

which, only for the thymine-nucleated samples, the coverslip was gently pressed down using 

tweezers to reduce the film thickness. Thereafter the sample was cooled at 30 K/min (the 

maximum cooling rate of the instrument) to the isothermal crystallization temperature. Videos 

were captured during crystallization, from which screenshots were made every 2 to 20 s 

(depending on the growth rate), and the spherulite radius was measured for every screenshot. 

The growth rate was determined by plotting the spherulite radius as a function of time and 

obtaining the slope of the linear regression of the datapoints. For each reference and 1 wt% 

thymine-nucleated PHA film (variant A), five samples were studied, and from every sample 

the spherulite growth rate of one to five spherulites was determined. The spherulite growth rate 

was reported as the average (± standard deviation) of all spherulites studied for PHA film.  
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2.8 Tensile testing 

After preparation of the reference and thymine-nucleated PHA films (variant B), they were 

left to age for 14 days, after which three tensile test specimens were cut from each film and 

tested, with results averaged. The remaining portions of the films were then heat-pressed using 

a hydraulic laboratory press (LabManual 50, Fontijne Presses). Each reference film and its 

corresponding thymine-nucleated film were placed side by side in a steel mold with ± 0.1 mm 

spacing, and heat-pressed for 3 minutes at 200 °C. Following pressing, the mold was left 

between the plates with the press turned off to allow passive cooling to room temperature. 

Tensile testing of the heat-pressed films was conducted after 14 days of aging (five samples, 

results averaged). 

All tensile tests were performed at room temperature using a TA Instruments DMA Q800 

equipped with a film tension clamp. For each test, a 20 mm × 3 mm (length x width) rectangular 

sample was cut from the film and clamped with a gauge length of 8-10 mm. Data was collected 

at a strain rate of 50 %/min. The elastic modulus was obtained by measuring the slope in the 

linear region of the stress-strain curve. To correct for initial strain offset, stress–strain data were 

horizontally shifted so that the extrapolated linear region passed through the origin. The tensile 

strength was determined as the maximum stress measured during the test, while the elongation 

at break was recorded as the strain at the point of failure. The solvent-cast and heat-pressed 

samples were imaged using a polarized optical microscope (ZEISS Axioscope 5) equipped with 

0.15 pol n-achroplan objectives. Images were captured using Zen3.1 blue. 

 

3. Results and discussion 

3.1 PHB and P(3HB-co-4HB) biosynthesis  

PHB and P(3HB-co-4HB) polymers were produced by Cupriavidus sp. USMAA2-4 cultures 

in a shake-flask setup. Samples with varying composition and molar mass were produced by 
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altering the carbon source(s) supplied in the medium, while maintaining a constant total carbon 

concentration and C/N ratio. Each cultivation experiment was performed in biological triplicate 

to account for variability within the biological system. Additionally, the entire cultivation 

experiment was repeated three times to assess the reproducibility of the results and minimize 

technical variability. As a result, nine subsamples were synthesized for each medium. The 

average CDW concentration and PHA concentration are presented in Table 1. The 

composition, molar mass, and dispersity of each subsample were determined using 1H NMR 

spectroscopy and SEC, respectively. Figure S1 (Supporting Information) shows a 

representative 1H NMR spectrum of a P(3HB-co-4HB) material. The signals corresponding to 

position 3 of the 3HB monomer unit and position 4 of the 4HB monomer unit (chemical shifts 

at 5.3 and 4.1 ppm, respectively), were individually resolved. The fraction of 4HB units in the 

copolymer P(3HB-co-4HB) was determined by integrating the signal intensity of these proton 

signals in the 1H NMR spectra. The average structural characterization results for each medium 

are presented in Table 1. 

Cultivation of Cupriavidus sp. USMAA2-4 on different (combinations of) carbon sources 

resulted in only slight variations in P(3HB-co-4HB) composition (Table 1). PHA metabolism 

consists of dynamic, bidirectional processes involving both synthesis and degradation, and is 

intricately connected to the central metabolic network 28. Consequently, environmental 

parameters significantly influence PHA accumulation. This complexity makes direct 

comparisons with previously reported PHA synthesis by Cupriavidus sp. USMAA2-4 

challenging, as experimental parameters are often not identical. Although many of the 

experimental parameters in this study - including the composition of the MSM, pH, C/N ratio, 

nitrogen source, total carbon concentration, and incubation temperature – were based on the 

study by Iqbal and Amirul 28, substantial differences in PHA accumulation were observed 

compared to their results. For instance, in cultivation using γ-butyrolactone (GBL) as the sole 
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carbon source, a higher overall PHA concentration was achieved in this study (2.2 g/L, Table 

1) compared to the values reported by Iqbal and Amirul (1.3 or 1.7 g/L) 28. However, the 4HB 

composition was significantly lower (7.0 mol% in Table 1 versus 36 or 34 mol% in 28). These 

differences are most likely due to variations in other experimental parameters such as 

incubation time, culture volume, or inoculation method. Among other factors, initial cell 

concentration has been shown to strongly influence both PHA accumulation and composition, 

as demonstrated by Vigneswari et al. 30 for P(3HB-co-4HB) synthesis by cultivation of 

Cupriavidus sp. USMAA1020 cultivated on GBL. 

While the weight-average molar mass (Mw) and dispersity (Đ) of the PHA materials obtained 

from cultivation on media containing D-fructose (FRU) were quite similar, lower Mw and Đ 

values were observed when GBL was used as the sole carbon source (Table 1). All other culture 

conditions, including the C/N ratio, incubation time, and initial pH, were kept constant. The 

influence of the carbon source on PHA metabolism - and consequently on the resulting PHA 

molar mass - has been reported in the literature 31,32. Iqbal and Amirul 28 observed that the 

molar mass of P(3HB-co-4HB) copolymers produced by Cupriavidus sp. USMAA2-4 was 

lower when cultivated on media with high concentrations of 4HB precursors, compared to 

those grown on media with high concentrations of oleic acid. This is consistent with the 

findings of the present study, as GBL, unlike FRU, is a 4HB precursor.  

Even though different samples of the same polymer can be objectively compared, it is 

important to note that Mw determined via RI is based on polystyrene standards and may deviate 

from the true molar mass due to differences in polymer-solvent interactions. MALS, by 

contrast, provides an absolute molar mass measurement based on laser scattering as a function 

of hydrodynamic volume. In this method, the intensity of the scattered light (R) is correlated 

with molar mass using the Rayleigh equation. When comparing Đ values, RI-based 

calculations provided accurate data due to the high signal-to-noise ratio (Table 1), in contrast 
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to the values obtained from MALS, which tend to be less reliable (Supporting Information, 

Table S1). 

 

Table 1. CDW, PHA concentration, and structural characterization of PHA produced by 

Cupriavidus sp. USMAA2-4 cultivated on different carbon sources. 

Carbon 
source(s) 

CDW 
(g/L) 

PHA 
(g/L) 

4HB 
(mol%) 

Mw by 
MALS 
(kg/mol) 

Mw by 
RI 
(kg/mol) 

Đ by RI 
(-) 

Sample 
name 

FRU 7.1 ± 0.8 0.8 ± 0.3 0.0 ± 0.0 416.4 ± 9.2 624 ± 15 1.9 ± 0.1 PHB 

FRU + GBL 6.2 ± 0.9 1.9 ± 0.2 5.9 ± 0.6 440 ± 23 611 ± 17 1.7 ± 0.1 P34HB-6% 

GBL 6.0 ± 1.1 2.2 ± 0.3 7.0 ± 1.2 310 ± 13 427 ± 19 2.5 ± 0.2 P34HB-7% 

FRU + BDO 6.8 ± 0.5 2.2 ± 0.1 8.9 ± 1.2 407 ± 13 607 ± 20 1.8 ± 0.2 P34HB-9% 

All results are the average (± standard deviation) from three experiments, each performed in 
biological triplicate. 

 

3.2 Thermal characterization of PHB and P(3HB-co-4HB) reference films 

For each of the four PHA materials resulting from cultivation on different (combinations of) 

carbon sources, a reference films was prepared. The films were labeled according to the 

samples names presented in Table 1, reflecting the average PHA composition of each sample. 

Prior to studying the influence of thymine on PHB and P(3HB-co-4HB), thermal 

characterization of the reference films was performed.  

The DSC quenching protocol was applied to characterize the glass transition temperature 

(Tg) of the materials, with results summarized in Table 2. Tg was found to decrease with 

increasing 4HB content in the copolymer, consistent with observations made in other studies 

6,33. This trend is commonly attributed to increased flexibility of the polymer backbone 34,35.  

The melting behavior of PHB and P(3HB-co-4HB) was studied using the DSC non-

isothermal crystallization protocol with a cooling rate of 10 K/min. The first cooling and second 
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heating steps of the DSC thermograms from one repetition are shown in Figure 3 (dashed lines). 

Melting temperatures (Tm), defined by peak maxima, were recorded during the second heating 

step. Multiple melting peaks were observed for all samples. Although alternative explanations 

cannot be excluded, this behavior is most likely due to the melting-recrystallization-remelting 

phenomenon commonly observed in PHAs 6,36,37. All identifiable peak maxima are summarized 

in Table 2. In agreement with literature, Tm decreased with increasing 4HB content 6,33,38. 

However, a small deviation from this trend was observed for P34HB-7%, which exhibited a 

second melting peak at 147 °C – lower than that of P34HB-9% (152 °C). This deviation can be 

attributed to the lower molar mass of P34HB-7% (Table 1), which is known to depress the 

melting temperature 34. 

The melting enthalpy (ΔHm) of the PHB and P(3HB-co-4HB) reference films was measured 

during the second heating step (Table 3). The degree of crystallinity (Xc) was estimated from 

the ratio of ΔHm to the melting enthalpy of 100 % crystalline PHB (Δ𝐻௠
଴ = 146 J/g 29), and also 

reported in Table 3. As the 4HB content increased, ΔHm and Xc decreased. It is known that the 

lattice parameters of P(3HB-co-4HB) do not change with increasing 4HB content, suggesting 

that 4HB monomers are not incorporated into the 3HB crystalline lattice. Since no co-

crystallization occurs, 4HB units act as defects, reducing the degree of crystallinity 6,35,39.  

Table 2. Thermal properties of reference PHB and P(3HB-co-4HB) films.  

Sample Tg (°C)a Tm (°C)b 

PHB -1 166 

P34HB-6% -4 134, 162 

P34HB-7% -4 126, 147 

P34HB-9% -6 123, 152 

a Determined using DSC analysis: quenching; b Determined using DSC analysis: non-
isothermal crystallization (10 K/min cooling rate) from second heating step. In case multiple 
melting peaks were observed, all identifiable peak maxima are reported as melting temperature 
(Tm). 
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3.3 Nucleation behavior of P34HB-6% on thymine during non-isothermal crystallization 

To gain initial insight into the effect of thymine on the nucleation behavior of the polymer, 

polarized optical microscopy (POM) was first applied to P34HB-6% with 1 wt% thymine 

(labeled P34HB-6%/TM1). By starting with a single polymer-additive combination, the 

fundamental interaction between thymine and the polymer matrix could be explored before 

extending the investigation to other compositions. The sample was subjected to a non-

isothermal crystallization protocol consisting of heating to 200 °C at 10 K/min, an isothermal 

hold for 3 minutes, and cooling at 10 K/min. POM images captured at various temperatures 

throughout the thermal protocol are shown in Figure 1. 

Although processed far below the melting temperature of thymine (316 ºC 40), POM revealed 

that thymine does not remain solid during “melt processing”. In fact, thymine crystals, initially 

visible as birefringent particles during heating (Figure 1a and b), appear to gradually dissolve 

in the polymer melt. After the 3 min isothermal hold at 200 ºC, almost complete dissolution is 

observed (Figure 1c). Upon cooling of the polymer melt, thymine recrystallizes in the form of 

needle-like crystals, ranging in length from a few hundred micrometers to several millimeters 

(Figure 1d). These recrystallized thymine structures then provide crystalline surfaces that 

facilitate heterogeneous nucleation of the polymer during recrystallization (Figure 1e and f). 

Ma et al. 10 proposed that epitaxial nucleation is the mechanism by which thymine enhances 

crystallization in PHB, based on a near-perfect lattice match between the PHB and thymine 

crystal structures. Since 4HB monomers are not incorporated into the 3HB crystalline lattice, 

the same mechanism is expected to occur in the P(3HB-co-4HB) system. 
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Figure 1. Observation of thymine dissolution and recrystallization as needle-like crystals in 

P34HB-6%/TM1 using polarized optical microscopy (POM). Images were taken during 

heating (10 K/min) to 200 ºC at (a) 50 ºC and (b) 180 ºC, (c) at the end of the 3 min isothermal 

hold at 200 ºC, and during the subsequent cooling phase (10 K/min) at (d) 110 ºC, (e) 90 ºC, 

and (f) 70 ºC.  

This study is, to the best of our knowledge, the first to demonstrate the (partial) solubility of 

thymine in a polymer melt, although thymine has previously been reported as a nucleating 

agent for various PHAs 10,17,18
, and other polymers. Although thymine has a high melting point 

(~ 316 °C), it dissolves in P34HB-6% at 200 °C, enabled by strong polymer–additive 

interactions, especially hydrogen bonding interactions, causing melting point depression 41. 

Similar behavior has been described for other melt-soluble nucleation agents, such as 

oxalamide compounds in PHA 42 and PLA 43 systems. Shen et al. 43 stated that the PLA matrix 

behaves as a solvent of the oxalamide molecules due to strong hydrogen-bonding interactions. 

Although also described for other polymer-additive systems, the dissolution and 

recrystallization of low concentrations of NAs in the polymer melt often remains undetected, 

because of the low signal intensity in DSC 43. Compared to insoluble compounds, thymine is 

expected to exhibit better dispersibility during (industrial) melt processing, thereby promoting 

more uniform nucleation 44. 
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3.4  Effect of varying thymine concentration on non-isothermal crystallization of P34HB-6%  

Since POM revealed nucleation of P34HB-6% on thymine crystals, the effect of varying 

thymine concentration on the non-isothermal crystallization of P34HB-6% was further 

investigated using DSC. Samples containing 0.5, 1, and 2 wt% thymine, were labeled P34HB-

6%/TM05, P34HB-6%/TM1, and P34HB-6%/TM2, respectively. The resulting DSC 

thermograms (from a single replicate) are shown in Figure 2, while the average thermal 

parameters are provided in the Supporting Information (Table S2).  

For P34HB-6%, P34HB-6%/TM1, and P34HB-6%/TM2, similar trends were observed at 

both cooling rates. Neat P34HB-6% exhibited partial crystallization during cooling (melt-

crystallization) and further crystallization during the subsequent heating step (cold-

crystallization). In contrast, samples with 1 and 2 wt% thymine showed only melt-

crystallization (Figure 2). Furthermore, the melt-crystallization temperature (Tmc) shifted 

towards higher values (and thus lower supercooling), indicating an increased non-isothermal 

crystallization rate of P34HB-6% upon thymine addition. The average Tmc shift was slightly 

lower for P34HB-6%/TM2 than for P34HB-6%/TM1 (Table S2). This could be attributed to 

an excess of thymine reducing the mobility of the polymer chains, thereby hindering 

crystallization 44,45. Moreover, higher concentrations may affect the dispersion and aggregation 

of thymine, which in turn could alter the size and morphology of the thymine crystals formed 

upon recrystallization, thereby influencing the number of effective nucleation sites 46. 

At a cooling rate of 10 K/min, P34HB-6%/TM05 exhibit a peculiar behavior. Instead of the 

usual two, four replicate DSC runs were performed. Two of these runs showed only cold-

crystallization, with a lower cold-crystallization temperature (Tcc) compared to neat P34HB-

6% (see P34HB-6%/TM05-1 in Figure 2b and Table S2). In contrast, the other two runs showed 

complete melt-crystallization with a nucleating efficiency between that of the 1 and 2 wt% (see 
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P34HB-6%/TM05-2 in Figure 2b and Table S2). These inconsistent results obtained for 

P34HB-6% with 0.5 wt% thymine at a 10 K/min cooling rate are most likely caused by 

variations in the thymine concentration. In some regions of the solvent-cast film (and thus in 

some DSC samples), the local thymine concentration may have been too low to allow 

recrystallization, or thymine recrystallization may have occurred only at temperatures below 

the polymer’s melt-crystallization temperature range during cooling at 10 K/min. As a result, 

thymine was unable to effectively nucleate P34HB-6% under these conditions (P34HB-

6%/TM05-1 in Figure 2b). Even more, the dissolved thymine hindered the melt-crystallization 

process. For neat P34HB-6%, crystallization occurred partly during cooling and party during 

the subsequent heating. In contrast, only cold-crystallization was observed for P34HB-

6%/TM05-1 (Figure 2b). This behavior is characteristic of (partially) soluble nucleating agents 

and is often attributed to the dissolved additive in the polymer melt acting as a (poor) solvent, 

thereby reducing the polymer’s crystallization ability 46–48. This contrasts with insoluble 

nucleating agents, which typically exhibit nucleation effects even at very low concentrations 

44,48
. During the subsequent heating step, cold-crystallization of P34HB-6%/TM05-1 occurred 

at lower temperatures than for neat P34HB-6% (Figure 2b, Table S2). It is hypothesized that 

at lower concentrations, thymine also recrystallizes, though at lower temperatures (likely only 

upon reheating the sample above its Tg), which in turn enhances the cold crystallization of 

P34HB-6% 46.  

At a cooling rate of 5 K/min, complete melt-crystallization was observed for P34HB-6% 

with 0.5 wt% thymine across all four replicates (Figure 2a). This suggests that, at the slower 

cooling rate, thymine had sufficient time to recrystallize during cooling. However, in some 

replicate runs, the shift in Tmc was less pronounced, likely due to incomplete thymine 

recrystallization prior to the onset of the polymer’s melt-crystallization. As a result, the average 
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Tmc value for P34HB-6%/TM05 was lower than that of P34HB-6%/TM2 (and P34HB-

6%/TM1) at the 5 K/min cooling rate (Table S2). 

 

 

Figure 2. DSC thermograms of non-isothermal crystallization for P34HB-6% and its mixtures 

with 0.5, 1, and 2 wt% thymine. Both the cooling and subsequent heating steps from a single 

representative run are shown for cooling rates of (a) 5 K/min and (b) 10 K/min. In (b), two 

distinct crystallization behaviors for P34HB-6%/TM05 are presented. 

In addition to the thymine concentration, dispersion, and thermal conditions during cooling, 

both the polymer composition and melt processing conditions can significantly influence the 

thymine recrystallization, including through variations in melt viscosity 44,49. These factors may 

also affect the number of effective nucleation sites by altering the size and morphology of the 

recrystallized thymine crystals 46. Ma et al. 42 observed that the self-organization of certain 

oxalamide compounds into large, needle-shaped aggregates occurred at concentrations above 



23 

0.5 wt% in PHB and was accompanied by a decrease in nucleating efficiency compared to 

smaller particles, due to the reduced surface-to-volume ratio. Given that 1 wt% thymine 

resulted in the greatest (and most consistent) increase in the non-isothermal crystallization rate 

of P34HB-6%, this concentration was selected to evaluate the nucleating efficiency across all 

four PHB and P(3HB-co-4HB) samples. However, future studies should explore the 

relationship between thymine dispersion, crystal morphology, and nucleation efficiency in 

greater detail to better understand and optimize its performance across different polymer 

systems. 

3.5 Nucleating efficiency of thymine during non-isothermal crystallization 

PHB, P34HB-7% and P34HB-9% were each solvent-mixed with 1 wt% thymine and labeled 

PHB/TM1, P34HB-7%/TM1, and P34HB-9%/TM1, respectively. The dissolution and 

recrystallization of thymine in these materials was investigated by POM (Supporting 

Information, Figures S2–S4). Comparable dissolution–recrystallization and nucleation 

behavior was observed across all three materials, consistent with the results obtained for 

P34HB-6%/TM1 described in Section 3.3.  

Thereafter, DSC was applied to evaluate the effect of 1 wt% thymine on the non-isothermal 

crystallization of PHB, P34HB-7% and P34HB-9%. Representative DSC thermograms 

recorded at a 10 K/min cooling rate, are presented in Figure 3, with the corresponding average 

thermal parameters provided in Table 3. Results obtained using a 5 K/min cooling rate are 

provided in Supporting Information (Figure S5 and Table S3). Data for P34HB-6% are also 

included for comparison and to provide a comprehensive overview. 

For PHB, Tmc shifted to higher values after addition of 1 wt% of thymine. In the case of 

P34HB-7% and P34HB-9% reference films, only cold-crystallization was observed. In 

contrast, the thymine-nucleated samples, P34HB-7%/TM1 and P34HB-9%/TM1, exhibited 

only melt-crystallization. These results demonstrate enhanced crystallization rates in all studied 
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PHB and P(3HB-co-4HB) materials after solvent mixing with 1 wt% thymine, under both 

cooling rates. 

Interestingly, similar or only slightly increased degree of crystallinity values (Xc) were 

observed (Table 3 and Table S3). However, it should be noted that a small enthalpic 

contribution from the dissolution of thymine, potentially overlapping with the melting 

endotherm, was not accounted for. Additionally, for materials where a cold crystallization is 

observed, this may lead to a small error in the determination of the melting enthalpy. 

 

Figure 3. DSC thermograms of non-isothermal crystallization for PHB, P34HB-6%, P34HB-

7%, P34HB-9%, and their respective mixtures with 1 wt% thymine. Shown are the (a) cooling 

(at 10 K/min) and (b) subsequent heating steps from a single representative run for each sample. 
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Table 3. Crystallization parameters of PHB, P34HB-6%, P34HB-7%, P34HB-9%, and their 

respective mixtures with 1 wt% thymine, determined by non-isothermal crystallization at a 

cooling rate of 10 K/min using DSC. Values represent the average of two independent runs. 

 

To quantify the nucleating efficiency of 1 wt% thymine, its effect should be compared to the 

self-nucleation potential of the neat PHB and P(3HB-co-4HB) reference films 50. According to 

standard self-nucleation protocols, a “standard semi-crystalline state” is first established by 

heating the sample to at least 25-30 °C above its melting temperature, followed by an 

isothermal step and controlled cooling. Afterwards, the sample can be heated to the self-

nucleation temperature (Ts) 19,51,52. However, for polymers that are sensitive to thermal 

degradation, such as PHAs, an adapted protocol is recommended. In this approach, the pristine 

sample is directly heated to Ts, and held isothermally for a short duration (1–5 minutes) to 

minimize thermal degradation. Furthermore, a fresh DSC sample is prepared for each Ts tested 

53,54. This approach assumes identical pre-treatment procedures for all samples, which is valid 

for this study. The first cooling and subsequent heating steps of the DSC thermograms, 

 Cooling Subsequent heating 

Sample Tmc (peak) (°C) ΔHmc (J/g) Tcc (peak) (°C) ΔHm (J/g) Xc (%) 

PHB 88 67 - 88 60 

PHB/TM1 103 75 - 89 61 

P34HB-6% 46 17 48 56 38 

P34HB-6%/TM1 91 53 - 60 42 

P34HB-7% - - 57 51 35 

P34HB-7%/TM1 68 45 - 56 39 

P34HB-9% - - 59 44 30 

P34HB-9%/TM1 66 42 - 50 34 
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resulting from application of the adapted self-nucleation protocol, are shown in Figure 4a for 

P34HB-6%, for selected Ts. The melt-crystallization temperature (Tmc), determined from the 

cooling steps, is plotted as function of Ts in Figure 4b. Corresponding data for PHB, P34HB-

7%, and P34HB-9% are presented in the Supporting Information (Figures S6-S8).  

Typically, three self-nucleation domains can be distinguished depending on Ts (for a fixed 

processing time). At high Ts, an isotropic melt is produced and only high-temperature-resistant 

heterogeneous nuclei remain. This is referred to as domain I (DI). In DI, crystallization 

becomes reproducible and independent of Ts. When Ts is lowered, domain II (DII) is entered, 

and memory of the previous crystalline state persists. For PHB (Figure S6) and P34HB-6% 

(Figure 4), when Ts is decreased below 200 and 188 °C, respectively, the melt-crystallization 

exotherms shift to higher temperatures with decreasing Ts. This increase in Tmc with decreasing 

Ts is indicative of DII 19. For the P34HB-7% (Figure S7) and P34HB-9% (Figure S8), a shift 

towards lower temperatures and/or decreasing intensity of the cold-crystallization peak is 

observed for Ts below 186 and 184 °C, respectively. In addition to the appearance of a melt-

crystallization peak, this behavior suggests a possible transition between DI and DII. For higher 

Ts in DII (subdomain IIa), crystallization is accelerated only by the presence of self-nuclei. In 

contrast, for lower Ts (subdomain IIb), additional crystal fragments (self-seeds) remain. The 

end of the melting endotherm, as observed by DSC during the first heating step, marks the 

boundary between IIa and IIb, and is indicated by a vertical dashed line in Figure 4b and in 

Figures S5–S7 55. Upon further reduction of Ts, domain III (DIII) is reached, characterized by 

the appearance of an additional high-temperature peak during the second melting step. This 

peak indicates that unmolten crystal fragments underwent annealing during the isothermal hold 

at Ts 19,56. Each occurrence of this peak is marked with an arrow in Figure 4a and in Figures 

S6–S8. Moreover, in DIII, the crystallization exotherm is typically broad and may exhibit a 

double peak, as observed clearly for P34HB-6%, Ts = 160 ºC (Figure 4a) 57–59. In all cases, Tmc 
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was determined as the temperature at the minimum of the exothermic crystallization signal, 

corresponding to the most intense crystallization peak. 

The ideal self-nucleation temperature (Ts,ideal) is defined as the temperature that induces the 

highest melt-crystallization temperature (Tmc,max), without the presence of annealing in the 

subsequent heating. In other words, Ts,ideal is the lowest Ts within DII 60. For P34HB-6%, a 

Ts,ideal of 164 °C was identified, resulting in a Tmc,max of 107 °C. The values of Ts,ideal and Tmc,max 

are 176 and 122 °C for PHB, 152 and 100 °C for P34HB-7%, and 156 and 100 °C for P34HB-

9% (Figures S6-S8). The nucleating efficiency (NE) of thymine can be quantified using 

Equation 2 50: 

NE = 100 % ∙
்ౣౙ,ొఽି்ౣౙ,౅

்ౣ ౙ,ౣ౗౮ି்ౣౙ,౅
 (2) 

In Equation 2, Tmc,I and Tmc,NA represent the melt-crystallization temperatures of the reference 

and thymine-nucleated film, respectively, measured after erasing the melt memory at 200 °C 

for 3 min (DI). These values were determined using the DSC non-isothermal crystallization 

protocol with cooling at 10 K/min (Table 3). The NE of 1 wt% thymine for PHB was calculated 

to be 44 %. In contrast to the findings reported by Ma et al. 10, the nucleating efficiency of 1 

wt% thymine did not exceed that of self-nucleation. In other words, 1 wt% thymine did not 

exhibit a supernucleation effect for PHB in this study. For the P(3HB-co-4HB) samples, Tmc,I 

could not be determined due to the presence of cold-crystallization in DI. Therefore, the 

nucleation capacity could not be quantified using Equation 2. However, Tmc,NA values were 

equal to 91, 68, and 66 °C for P34HB-6%, P34HB-7%, and P34HB-9%, respectively (Table 

3), which did not surpass Tmc,max, equal to 107, 100, and 100 °C, respectively. Therefore, no 

supernucleation effect of 1 wt% thymine was observed for the P(3HB-co-4HB) samples.  



28 

 

Figure 4. Self-nucleation of P34HB-6% by DSC: (a) Cooling (10 K/min) and subsequent 

heating curves for selected self-nucleation temperatures (Ts); (b) Melt-crystallization 

temperatures (Tmc, left y-axis) as function of Ts, with the melting endotherm from the first 

heating overlaid (right y-axis). Self-nucleation domains are indicated. In (a), a black arrow 

marks the additional high-temperature melting peak, characteristic of annealing in domain III. 

The thermal decomposition of PHB, P34HB-6%, P34HB-7%, and P34HB-9%, as well as 

their mixtures with 1 wt% thymine, was investigated by thermogravimetric analysis (TGA). 

Results are discussed in Supporting Information (Section S.5). Weight loss for PHB and 

P(3HB-co-4HB) began slightly above 200 °C, and occurred at similar or slightly lower 

temperatures for the thymine-nucleated samples. In contrast to the observations by Ma et al.  
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10
, no evidence was found for thymine functioning as a flame retardant. Although efforts were 

made to minimize thermal degradation during the self-nucleation study, the potential impact of 

thermal degradation - particularly through a reduction in molar mass - on crystallization cannot 

be entirely ruled out. However, this is considered beyond the scope of the current research and 

is not expected to affect the conclusion that thymine does not exhibit a supernucleation effect 

for the studied PHB and P(3HB-co-4HB) materials. 

3.6 Effect of thymine on the isothermal crystallization of PHB and P(3HB-co-4HB) 

The isothermal melt-crystallization of PHB, P34HB-6%, P34HB-7%, P34HB-9%, and their 

mixtures with 1 wt% thymine at different crystallization temperatures was investigated using 

DSC. The protocol includes a fast cooling step from the melt, followed by an isothermal step 

at the temperature of interest (Tc). The transition between these steps generates a transient 

overshoot, which may partially overlap with the initial stages of crystallization. To separate the 

transient overshoot from the crystallization exotherm, Righetti et al. 61 suggested subtracting a 

blank run from the signal. This blank run should be recorded after isothermal crystallization, 

using the same sample at a temperature above the melting point, where no phase transformation 

occurs. However, the blank run exhibited a baseline drift for all studied PHB and P(3HB-co-

4HB) materials, which is likely due to thermal degradation of the material at these elevated 

temperatures (Supporting Information, Section S.5). Therefore, a new blank run was recorded 

at 170 °C, as no phase transition occurs at this temperature (within a 30-minute time span). For 

each PHB or P(3HB-co-4HB) material studied, two blank runs were performed—one on the 

reference film and one on the 1 wt% thymine-nucleated film. After subtraction of the blank run 

from the crystallization exotherm, the onset time of crystallization (τ0) was determined as the 

last time point where the heat flow rate is zero before the isothermal crystallization peak. The 

resulting crystallization exotherms (after blank run subtraction and starting from τ0) are shown 
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in Figure S10 (Supporting Information). The relative crystallinity Xrel at time t, measured from 

τ0, was then calculated using Equation 3: 

𝑋୰ୣ୪(𝑡) = ∫
ௗு(௧)

ௗ௧

௧

଴
𝑑𝑡/ ∫

ௗு(௧)

ௗ௧

ஶ

଴
𝑑𝑡 (3) 

In this equation, dH(t)/dt represents the heat flow rate at time t. The crystallization half-time 

(τ0.5) was determined as the time, measured from τ0, where Xrel reached 0.5. The resulting τ0.5 

values are plotted as function of Tc in Figure 5.  

Notably, the crystallization exotherms of the reference samples measured at relatively high 

Tc (i.e., under low supercooling) were irregularly shaped (Supporting Information, Figure S10). 

This was particularly the case for the P(3HB-co-4HB) reference samples, specifically P34HB-

6% at Tc = 90 °C, and P34HB-7% and P34HB-9% at Tc = 80 °C. As described by Di Lorenzo 

et al. 62, this irregularity can be attributed to the formation of a relatively small number of large 

spherulites. This likely results from the high purity of PHA polymers (low density of 

heterogeneous nuclei), combined with a very low homogeneous nucleation rate at low 

supercooling. To account for these irregular crystallization signals, the τ0.5 values under these 

conditions were averaged from two independent runs (Figure 5). 

Incorporating 4HB as a comonomer into the PHB polymer backbone results in a pronounced 

shift of the crystallization temperatures to lower values, consistent with the role of 4HB units 

as structural defects (Supporting Information, Figure S10). Accordingly, considering the 

P(3HB-co-4HB) copolymers, τ0.5 at a given Tc was found to increase with increasing 4HB 

content (Figure 5). For instance, at Tc = 75 °C, τ0.5 increased from 7 min for P34HB-6% to 17 

min for P34HB7%, and further to 22 min for P34HB-9%. Regarding the effect of thymine, a 

notable reduction in τ0.5 was observed for PHB/TM1 compared to the neat PHB sample. An 

even more pronounced effect was seen for the P(3HB-co-4HB) copolymers: the temperature 

range in which isothermal crystallization could be observed by DSC shifted significantly 

toward higher temperatures after mixing with thymine. These findings demonstrate that 
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addition of 1 wt% thymine greatly enhances the isothermal crystallization rate of PHB and 

P(3HB-co-4HB) with 6-9 mol% 4HB.  

 

Figure 5. Crystallization half-time (τ0.5) as function of isothermal crystallization temperature 

(Tc) determined by DSC for (a) PHB, (b) P34HB-6%, (c) P34HB-7%, and (d) P34HB-9%, and 

their mixtures with 1 wt% thymine. 

To further analyze the crystallization kinetics, the Avrami equation was applied 63–65. These, 

discussed in Supporting Information (Section S.6), confirm the substantial increase in overall 

isothermal crystallization rate upon thymine addition. 

While a significant enhancement in crystallization rate was observed with thymine, 

crystallization is governed by both nucleation and crystal growth processes. To assess whether 

thymine also influences the spherulite growth rate, polarized optical microscopy (POM) was 

performed at the same Tc each PHB or P(3HB-co-4HB) polymer, and its corresponding mixture 

with 1 wt% thymine. The results, summarized in Table S6 (Supporting Information), showed 

no significant difference in average spherulite growth rate between reference and thymine-
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nucleated samples. This confirms that the observed increase in crystallization rate can be fully 

attributed to enhanced nucleation density induced by thymine. 

 

3.7 Effect of thymine on mechanical properties of heat-pressed PHB and P(3HB-co-4HB) 

films 

The mechanical properties of PHB and P(3HB-co-4HB) films were evaluated to assess the 

effect of thymine-induced nucleation (1 wt%). Tensile testing was performed on both solvent-

cast and heat-pressed samples after 14 days of aging. Results for the solvent-cast samples are 

discussed in the Supporting Information (Section S.7), while this section focuses on the heat-

pressed films. Average mechanical properties are summarized in Table 4, and corresponding 

POM images are shown in Figure 6. It is important to note that some specimens fractured at or 

near the clamps but were still included in the dataset. This may have influenced the accuracy 

of the results. Therefore, while the observed trends offer valuable insights, the mechanical data 

should be interpreted with caution. 

Compared to PHB, the P(3HB-co-4HB) copolymers exhibited significantly lower elastic 

modulus and tensile strength, accompanied by a marked increase in elongation at break. These 

trends align with the decreased crystallinity associated with 4HB incorporation, as observed by 

DSC (Section 3.2) and described in literature. The 4HB unit disrupts the regular packing of 

PHB chains, leading to weaker intermolecular interactions and a reduced crystallinity, which 

in turn decreases stiffness and strength, while enhancing ductility 6,35,66.  

As shown in Table 4, the addition of thymine led to a slight increase in elongation at break 

across all tested PHB and P(3HB-co-4HB) materials. POM analysis (Figure 6) revealed that 

thymine induced the formation of more uniform and smaller spherulites in the heat-pressed 

films. However, DSC data (Table 3) confirmed that the overall crystallinity remained largely 

unchanged. In semi-crystalline polymers, larger spherulites are known to contain numerous 
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defects (cracks) at their boundaries, which is a common site for fracture under tensile stress. 

Easier crack propagation at these boundaries typically leads to a reduced elongation at break 

with increasing spherulite size 67. Additionally, a slight decrease in elastic modulus and tensile 

strength was observed for PHB, P34HB-7%, and P34HB-9% upon thymine addition, while 

P34HB-6% showed a minor increase (Table 4). As discussed in Section 3.5, thymine promotes 

faster crystallization during cooling - at higher temperatures - resulting in smaller spherulites 

exhibiting less-defined birefringence patterns, and more pronounced interspherulitic 

amorphous regions (Figure 6). Although this could influence mechanical performance, most of 

the observed changes in elastic modulus and tensile strength fell within one standard deviation, 

suggesting that they may be attributed to experimental variability. These findings highlight the 

need for further investigation, including studies on bulk materials, as the present results are 

based on thin (~0.1 mm) films. 

Table 4. Mechanical properties of heat-pressed PHB, P34HB-6%, P34HB-7%, P34HB-9%, 

and their mixtures with 1 wt% thymine, after 14 days of aging. Values are reported as mean ± 

standard deviation from five replicates. 

Sample Elastic modulus (MPa) 
Tensile strength 
(MPa) 

Elongation 
at break (%) 

PHB (1.99 ± 0.30) × 103 28.8 ± 1.9 2.0 ± 0.4 

PHB/TM1 (1.88 ± 0.26) × 103 24.8 ± 1.7 3.8 ± 0.3 

P34HB-6% (1.12 ± 0.16) × 103 17.2 ± 2.4 2.9 ± 0.4 

P34HB-6%/TM1 (1.14 ± 0.07) × 103 19.5 ± 1.8 5.5 ± 2.3 

P34HB-7% (1.17 ± 0.08) × 103 20.2 ± 0.8 4.2 ± 0.8 

P34HB-7%/TM1 (9.29 ± 1.11) × 102 18.4 ± 2.5 5.2 ± 0.9 

P34HB-9% (9.02 ± 1.02) × 102 16.5 ± 2.3 4.1 ± 1.1 

P34HB-9%/TM1 (7.23 ± 0.39) × 102 14.6 ± 3.4 6.0 ± 1.4 
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Figure 6. Polarized optical microscopy (POM) images of heat-pressed films of (a) PHB, (b) 

PHB/TM1, (c) P34HB-6%, (d) P34HB-6%/TM1, (e) P34HB-7%, (f) P34HB-7%/TM1, (g) 

P34HB-9%, and (h) P34HB-9%/TM1.   

 

4. Conclusion 

In this study, PHB and P(3HB-co-4HB) copolymers containing 6, 7, and 9 mol% 4HB were 

biosynthesized through cultivation of Cupriavidus sp. USMAA2-4 on various carbon sources. 

This in-house biosynthesis yielded high-purity materials, enabling a reliable evaluation of 

thymine - a biobased, biocompatible compound - as a potential nucleating agent. 

This is the first report demonstrating that thymine (partially) dissolves in the polymer melt 

and recrystallizes during cooling into needle-like structures that act as efficient nucleation sites. 
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Varying the thymine content (0.5–2 wt%) revealed that 1 wt% provided the most reliable and 

effective enhancement of crystallization. The addition of 1 wt% thymine consistently 

accelerated crystallization under both non-isothermal and isothermal conditions across all PHB 

and P(3HB-co-4HB) materials, without significantly affecting spherulite growth rates or final 

crystallinity. Thymine-induced nucleation led to the formation of smaller, more uniformly 

distributed spherulites, resulting in a modest yet consistent improvement in ductility of thin 

heat-pressed films.  

Despite these benefits, thymine did not display a supernucleation effect, as its nucleating 

efficiency in this study remained below that of self-nucleation. Notably, this study is the first 

to report the self-nucleation temperature domains of P(3HB-co-4HB) copolymers, providing 

valuable insights into their crystallization behavior. The nucleating efficiency of melt-soluble 

organic compounds such as thymine strongly depends on the surface-to-volume ratio of their 

recrystallized forms, which is influenced by, among others, cooling rate and dispersion quality. 

Future work should focus on analyzing melt-mixed samples with varying thymine 

concentrations under a broader range of cooling regimes, particularly at rates representative of 

industrial processing. Together, these next steps will be essential to fully harness thymine’s 

potential as a melt-soluble nucleating agent for improving both the processability and 

mechanical performance of PHA-based materials.  
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