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[bookmark: _Hlk495475023]Polyhydroxyalkanoates (PHA) are promising biodegradable biopolymers, yet their industrial production is strongly limited by downstream processing requirements. Efficient recovery of intracellular PHA typically requires cell disruption followed by selective removal of non-PHA cell material (NPCM). This study investigated a combined mechanical–enzymatic strategy for PHA purification using Cupriavidus necator biomass. Mechanical disruption was performed in a cyclic stirred bead mill to evaluate the effects of bead size and circulation velocity on disruption behaviour. Smaller beads consistently achieved higher disruption rates, indicating more efficient shear transfer and collision frequency, while the kinetic model remained applicable across all tested conditions. Enzymatic post-treatment further improved polymer purity, with protease-based formulations outperforming glycoside hydrolases. Enzyme combinations showed clear synergistic effects, supporting the need for complementary catalytic activities to remove structurally diverse NPCM. Integrating both steps demonstrated that bead milling provides the necessary accessibility for enzymatic action, while enzymatic digestion supplies the selectivity required for high-purity PHA under solvent-minimised conditions. The findings outline key parameters governing mechanical and enzymatic purification and provide a basis for developing more sustainable downstream workflows for intracellular biopolymers.
Introduction
Petrochemical plastics have been widely used since the early 20th century, but their global accumulation has become a major environmental concern, stimulating interest in sustainable alternatives such as bioplastics (Zhila et al., 2024). Among these, polyhydroxyalkanoates (PHA) represent a promising class of biodegradable polyesters that function as intracellular carbon and energy reserves in microorganisms including Cupriavidus necator (syn. Ralstonia eutropha) and related genera (Tan et al., 2017). Industrial PHA production is hindered by the intracellular localization of the polymer and its accumulation under nutrient-limited, carbon-excess conditions, making downstream processing a major cost factor. Recovery requires cell disruption to release PHA granules, followed by separation and purification. Common approaches include solvent extraction, chemical or enzymatic digestion of non-PHA cell material (NPCM), and mechanical disruption. Although solvent-based routes can achieve high purities, their high solvent demand and energy requirements limit economic and environmental feasibility, motivating research into more sustainable downstream strategies (Thiele et al., 2025). Mechanical disruption using stirred bead mills is widely applied, yet the performance of cyclic bead-milling operations in small-scale reactors remains poorly understood, particularly regarding bead size effects and the resulting micro-hydrodynamics (Tamer et al., 1998). Enzymatic digestion offers an additional route for selective NPCM removal, but systematic comparisons of commercial enzymes and their integration with mechanical pre-treatment are limited (Neves and Müller, 2012). In this study, the cell disruption of C. necator and the subsequent enzymatic removal of NPCM were systematically investigated to identify suitable process conditions for a combined mechanical–enzymatic purification strategy. The work evaluates bead size and tip speed in cyclic stirred bead milling, as well as the performance of different enzyme formulations and potential synergistic effects. By integrating both steps, this study aims to clarify key parameters governing cell disruption and NPCM removal to support the development of more efficient downstream operations for PHA purification.
Materials and Methods
Biomass and sample preparation
Biomass of the recombinant Cupriavidus necator strain Re2058/pCB113, producing the PHA copolymer P(HB-co-HHx) when grown on fatty-acid-based feedstocks, was provided by Technische Universität Berlin as frozen material. After thawing, the biomass was homogenised by manual mixing and characterised with respect to total solids, ash content and PHA content using the analytical methods described below. For initial removal of medium-derived components, the biomass was diluted with deionised water at approximately a 1:1.5 (w/w) ratio, homogenized by stirring and distributed into centrifuge vessels. After centrifugation at 4830 × g for 20 min at room temperature, the supernatant was discarded, the pellet was refilled to the original volume with deionised water and re-homogenised using a hand blender. This washing–centrifugation cycle was repeated four times. Following washing, the biomass was resuspended and adjusted to a dry matter content of 20 %, after which thermal inactivation was performed by incubation at 80 °C for 10 min. In addition to washed biomass, an unwashed cell suspension was included to assess the effect of residual medium components on mechanical disruption and downstream purification.
Mechanical cell disruption in cyclic stirred bead milling
Mechanical disruption was carried out in a cyclic stirred bead mill (Rührwerkskugelmühle LME1, Netzsch-Feinmahltechnik GmbH, Germany) operated in batch mode. Glass beads with diameters of 0.5 mm and 1.0 mm were used at a bead loading of 85 %. Milling was conducted at defined circumferential velocities of 1.98 × 10⁶ cm/h and 2.64 × 10⁶ cm/h. The milling chamber had a working volume of 1 L and was loaded with 2 L of cell suspension, except for two experiments performed with 4 L and the unwashed biomass experiment conducted with 5 L. The temperature of the suspension was not actively controlled; however, care was taken to ensure that it did not exceed 30 °C during operation. The dry matter content of the biomass varied between experiments due to upstream handling and was determined prior to disruption. Disruption efficiency was assessed by monitoring soluble protein release and slurry viscosity. After bead milling, representative samples were withdrawn, centrifuged at 2950 × g for 15 min at room temperature to separate the solid fraction, and the resulting pellets were freeze-dried prior to PHA analysis. Remaining material was stored frozen for subsequent experiments.
Enzymatic post-treatment
Enzymatic removal of non-PHA cell material (NPCM) was performed on biomass pre-disrupted by bead milling. A total of 20 commercial enzyme formulations were screened, including proteases and carbohydrases (e.g. Rohalase®, Corolase®, and Amano® proteases), to evaluate their NPCM removal potential. Selected enzymes were further tested individually or in combinations. All reactions were performed under standardised conditions at 50 °C, pH 6.0 or 9.0 (measured ranges 5.96–6.46 and 8.97–9.07), with an incubation time of 4 h and an enzyme dosage of 0.25 % (w/w). After enzymatic treatment, samples were centrifuged at 2950 × g for 15 min at room temperature. The supernatant was discarded, and the pellet was resuspended in 10 mL of deionised water, homogenised by manual mixing and vortexing, and centrifuged again under the same conditions. The resulting pellet was used for PHA purity analysis and nitrogen analyses. Blank controls were prepared by incubating bead-milled biomass in deionised water without enzyme addition. After centrifugation, samples were taken separately from the upper and lower parts of the solid fraction and analysed individually, referred to as “Blank H₂O (top)” and “Blank H₂O (bottom)”, respectively.
Analytical methods
Dry matter (DM) was determined gravimetrically by drying samples to constant mass at 105 °C. Ash content was quantified as the residual mass after combustion at 550 °C for 5.5 h. Soluble protein concentrations were estimated spectrophotometrically based on UV absorbance at 260 nm and 280 nm. Protein concentration was calculated from the absorbance difference according to:
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where A260 and A280 denote the absorbance at the respective wavelengths. Viscosity was determined at defined shear rates using a rotational viscometer. PHA content was determined by gas chromatography after acidic methanolysis of freeze-dried samples. Approximately 10 mg of dried biomass were subjected to methanolysis in sulfuric acid–methanol in the presence of an internal standard (methyl octanoate in chloroform). After phase separation and drying of the organic phase, samples were analysed by GC-FID. Separation was performed on a Beta-Dex 225 capillary column using helium as carrier gas. Quantification was based on external calibration, and PHA purity was calculated relative to total sample mass. Nitrogen content was determined by Dumas combustion analysis for selected samples by an external analytical laboratory.
Data processing and calculations
Normalised protein release was calculated as R/Rm, where R is the measured soluble protein concentration and Rm the maximum value observed under the respective milling condition. Disruption kinetics were evaluated by plotting ln(Rm/(Rm-R)) against the theoretical passage number and performing linear regression to derive the apparent rate constant k.
Results
Biomass characterization
The initial PHA content was 70.44 ± 4.07 %, representing the standard deviation across 12 independent biological samples, each analysed in technically duplicate. After washing, the biomass was adjusted to a target DM of approximately 20 %. However, the effective DM of the suspensions entering the bead mill varied between 10.74 and 21.81 % due to process-related dilution effects during milling. These values describe the initial state of the biomass prior to mechanical disruption and enzymatic post-treatment.
Mechanical cell disruption in the stirred bead mill
Mechanical disruption efficiency strongly depends on bead size and rotation speed. Across all comparable conditions, 0.5 mm beads resulted in higher protein release than 1.0 mm beads. For 0.5 mm beads operated at 1.98 × 10⁶ cm/h, the normalized protein release reached 72.6 mg/g DM at 1.98 × 10⁶ cm/h and 57.6 mg/g DM at 2.64 × 10⁶ cm/h. In contrast, 1.0 mm beads achieved lower values of 42.8 mg/g DM at 1.98 × 10⁶ cm/h and 51.4 mg/g DM at 2.64 × 10⁶ cm/h. Replicate experiments showed good reproducibility, with relative deviations below 10 %.
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[bookmark: _Ref215612941]Figure 1. Linearised disruption kinetics for different bead sizes and circulation velocities. The plots show ln(Rₘ/(Rₘ–R)) versus theoretical passage number for 0.5 mm and 1.0 mm beads at 1.98 × 10⁶ cm/h and 2.64 × 10⁶ cm/h. Dashed lines represent linear regressions used to calculate the kinetic rate constants k.
[bookmark: _Hlk215612489]The disruption kinetics were analyzed by linearizing the normalized protein release as LN(Rₘ/(Rₘ–R)) versus theoretical passage number. The resulting rate constants (k) are summarized in Figure 1 and reveal clear differences between bead sizes and circulation velocities. For 0.5 mm beads, k-values of 0.8735 and 0.3848 were obtained at 1.98 × 10⁶ cm/h and 2.64 × 10⁶ cm/h, respectively. The corresponding values for 1.0 mm beads were 0.198 and 0.3736. Overall, smaller beads consistently exhibited higher k-values, indicating faster disruption rates. No direct linear correlation was observed between slurry viscosity and protein release. In most experiments, viscosity remained below 10–15 mPa·s, whereas one outlier exceeded 60 mPa·s, suggesting condition-dependent rheological behaviour rather than a systematic effect of TS or bead configuration.
Mechanical disruption by bead milling resulted in an increase in PHA purity from the initial 70.44 ± 4.07 % to values ranging between 78.34 % and 83.37 %. Standard deviations ranged from 0.95 % to 4.57 %, indicating consistent but parameter-dependent improvements in purity. An unwashed cell suspension was also subjected to bead milling to assess the influence of residual medium components. Despite the inability to quantify protein release or derive kinetic parameters due to assay interference, the mechanically treated unwashed biomass reached a PHA purity of 85.04 ± 0.37 %. In this sample, the viscosity decreased continuously during milling, consistent with early shear-induced destabilisation of medium-derived emulsions. This indicates that residual medium components do not prevent efficient polymer recovery, although they impair the quantitative monitoring of disruption.
Enzymatic post-treatment
The enzymatic removal of non-PHA cell material (NPCM) further improved the polymer purity. Screening of 20 commercial enzyme formulations identified several effective candidates, including proteases (e.g., Corolase® 7000, 7089, 8000) and glycoside hydrolases (e.g., Rohalase® BXL). Individual enzyme treatments increased PHA purity to 92.21 ± 1.00 %, 95.59 ± 5.23 %, and 90.76 ± 3.05 %, respectively. The combination of Corolase® 7089 and Rohalase® BXL resulted in the highest apparent PHA purity among all tested conditions. Dumas nitrogen analysis supported the purification trends observed by GC. Enzymatic post-treatment substantially reduced the nitrogen content of the solid fraction compared to mechanical disruption alone, with the lowest nitrogen levels observed for enzyme combinations (Figure 2b). This confirms the effective removal of non-PHA cell material.
 Before enzyme treatment

[bookmark: _Ref215614898]Figure 2. Effect of enzymatic post-treatment on bead-milled biomass: (a) PHA purity after enzymatic treatment. The horizontal line indicates the PHA purity of the mechanically disrupted biomass before enzymatic treatment. (b) nitrogen content of the corresponding solid fractions after treatment.
Considering both PHA purity (Figure 2a) and nitrogen content (Figure 2b), enzyme combinations consistently outperformed single-enzyme treatments. In particular, combinations involving Corolase® 7089 achieved high apparent PHA purities while simultaneously reducing nitrogen content to low levels, indicating efficient removal of residual non-PHA cell material.
For the unwashed biomass, enzymatic treatments showed a distinct response pattern compared to the washed material. The enzymatic treatments also improved PHA purity beyond the level obtained by mechanical disruption alone. Several enzymes achieved substantially higher purities, with the strongest effects observed for Corolase® 8000, Applicase and Rohalase® BXL. Even the blank treatments exceeded the homogenate purity, indicating that the washing state and matrix composition strongly influence the response to enzymatic digestion.
Discussion
Mechanical disruption performance
Mechanical disruption in the stirred bead mill showed clear dependencies on bead size and circulation velocity. Across all conditions, 0.5 mm beads achieved substantially higher disruption rates than 1.0 mm beads, consistent with the observed protein-release trends and attributable to their higher collision frequency and more efficient stress transfer. The influence of circulation velocity was dependent on bead-size: for 0.5 mm beads, moderate velocities were sufficient to achieve efficient disruption, whereas further increases did not result in proportional improvements. In contrast, 1.0 mm beads required higher velocities to reach comparable stress intensities. Protein release increased monotonically with milling intensity for both bead sizes and could be described by a first-order kinetic model, allowing the use of an apparent disruption rate constant (k) to characterize early breakage behavior. The obtained k-values reflected the same hierarchy observed for protein release, with consistently higher values for 0.5 mm beads and a bead-size-dependent influence of circulation velocity. The magnitude of the derived rate constants was within the range typically reported for bead-mill-based disruption of bacterial cells. The applicability of first-order kinetic descriptions for mechanical cell disruption has been established previously and remains widely used in recent bead-mill studies (Mantri et al., 2025; Zinkoné et al., 2018). For PHA-producing bacteria, Tamer et al. (1998) successfully applied a first-order approach to describe bead-mill disruption of Alcaligenes latus. Although their study employed different organisms, operating conditions and a continuous milling setup, the present results confirm the general applicability of this kinetic framework under cyclic laboratory-scale conditions. Rheological effects influenced suspension behaviour but did not alter the overall disruption hierarchy.
Enzymatic post-treatment
Enzymatic post-treatment clearly improved PHA purification beyond the level achieved by mechanical disruption alone. Protease-based formulations were generally more effective than glycoside hydrolases, indicating that protein-rich non-PHA cell material constitutes a major removable fraction under the tested conditions. Broad-specificity proteases therefore appear particularly suited for targeting these impurities. Enzyme combinations consistently outperformed single enzymes, which is consistent with synergistic interactions described for multi-enzyme systems acting on structurally heterogeneous cell debris. In such combinations, proteases degrade proteinaceous matrices, while complementary carbohydrases or glucanases may facilitate access by acting on polysaccharide-rich fragments. These cooperative mechanisms likely explain the high purification effects observed for combinations involving Corolase® 7089. The effectiveness of enzymatic digestion for PHA recovery has also been demonstrated in studies relying solely on thermal pretreatment without mechanical disruption, where proteases and glycosidases substantially increased polymer purity in C. necator biomass (Neves and Müller, 2012, Pagliano et al., 2021). The combined evaluation of PHA purity and nitrogen removal further highlighted these trends by clearly separating low-performing single enzymes from highly effective combinations and reducing the influence of method-specific variability. Overall, the enzymatic results demonstrate that targeted biocatalytic digestion effectively complements mechanical disruption and is essential for achieving high PHA purity under solvent-free or solvent-minimized downstream conditions.
Integration of mechanical and enzymatic steps
The combined analysis of mechanical disruption and enzymatic post-treatment highlights the complementary roles of both steps in achieving high PHA purity. Bead milling reduces particle size, opens cell envelopes and detaches loosely associated non-PHA material, thereby increasing the accessibility of residual impurities to enzymatic degradation. This mechanical pre-treatment is particularly important for protease-based approaches, as it exposes intracellular protein matrices that would otherwise remain shielded within intact cells or large aggregates. Conversely, enzymatic digestion compensates for the limitations of purely mechanical processing. Even under effective milling conditions, residual proteins, membrane fragments and other non-PHA components remain attached to the granules or dispersed as fine debris. Enzymes selectively remove these residual fractions, thereby improving polymer purity without the need for harsh chemicals or organic solvents. The strong performance of enzyme combinations further indicates that the complexity of cellular debris requires multiple catalytic activities to achieve efficient removal. Together, the two steps form a coherent downstream strategy in which mechanical disruption generates the required accessibility and fragmentation, while enzymatic digestion provides the selectivity needed for final purification. This integrated approach aligns with the growing interest in solvent-free or solvent-minimised PHA recovery processes and demonstrates the potential for environmentally favourable routes to high-purity PHA.
Limitations
Several methodological limitations should be considered when interpreting the results. The total solids content of the biomass varied between experiments, influencing suspension rheology and bead–bulk interactions and thereby introducing some variability in mechanical disruption behaviour. For the unwashed material, assay interference prevented protein quantification and kinetic analysis, restricting the evaluation of this condition to polymer purity only. The use of a first-order kinetic model provides a useful comparative descriptor for early disruption but does not capture secondary effects such as re-aggregation or viscosity changes. GC-based purity determination is subject to cumulative analytical uncertainty, which may lead to slight deviations in apparent purity values. The enzymatic screening focused on qualitative performance trends rather than detailed enzymatic characterisation. Finally, the stirred bead mill was operated at laboratory scale, and the transferability of the mechanical and enzymatic findings to larger-scale processes requires further investigation. Quantitative statements on overall PHA yield or material losses during downstream processing cannot be provided, as no complete mass balance was performed. Accordingly, the study focused on relative changes in polymer purity and nitrogen removal based on analytically sampled aliquots rather than on total material recovery.
Outlook
Future work should explore how the combined mechanical–enzymatic strategy can be transferred to larger-scale bead-milling systems and integrated into continuous or semi-continuous downstream workflows. Further optimisation of enzyme selection, dosage and operating conditions may improve process selectivity and enable shorter treatment durations under optimised conditions. A deeper characterisation of the mechanically generated debris, including its biochemical composition and particle-size evolution, would help refine the choice of enzymatic activities. Future work should also examine how different biomass pretreatments influence the choice and effectiveness of enzymatic activities, as the present results indicate that matrix composition strongly affects enzymatic performance. Finally, assessing energy demand and process economics will be essential to evaluate the feasibility of solvent-minimised PHA recovery at industrial scale.
Conclusion
This study demonstrates that mechanical disruption in a stirred bead mill and targeted enzymatic post-treatment can be effectively combined to improve the purification of intracellular PHA. Mechanical processing determined the accessibility of non-PHA material, with bead size and circulation velocity strongly influencing disruption behaviour and the subsequent response to enzymatic treatment. Enzymes, particularly protease-based formulations and synergistic combinations, provided the selectivity required to remove residual non-PHA components and substantially enhance polymer purity. The complementary nature of both steps highlights the value of integrated downstream strategies for solvent-minimised PHA recovery. Overall, the results provide a foundation for developing more efficient and sustainable purification workflows and define key parameters for further optimisation at larger scale.
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