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SUMMARY: 
This protocol presents a scalable method for converting food waste into biodegradable polyhydroxyalkanoate (PHA) bioplastics. It utilizes arrested anaerobic digestion for food waste pretreatment, halophilic microbial fermentation for PHA biosynthesis, and a chemical-free downstream process for PHA recovery.

ABSTRACT: 
The global microplastic crisis, coupled with the growing challenges of food waste disposal, necessitates innovative solutions to address these environmental issues together. Polyhydroxyalkanoates (PHAs) are unique bioplastics that are fully biodegradable in all environments, including marine ecosystems, offering a sustainable alternative to petroleum-based plastics. At the same time, utilizing food waste as a feedstock for PHA production provides an effective strategy for mitigating the challenges of food waste disposal while producing high-value biodegradable plastics. This study provides a step-by-step protocol for producing PHA from food waste, emphasizing the critical care required to ensure high cellular PHA content and quality. The process begins with arrested anaerobic digestion, which converts food waste into microbially assimilable volatile fatty acids (VFA) by maintaining an anaerobic environment and optimizing parameters, such as solid retention time, to maximize VFA production, a key precursor for PHA synthesis. The VFA-rich digestate is then used to cultivate Haloflex mediterranei, a halophilic microorganism capable of accumulating PHA up to 66% ± 5% of its dry cell weight. The high salinity cultivation environment of H. mediterranei prevented culture contamination, ensuring optimal PHA production. Cell growth is monitored by measuring optical density to determine the ideal time for PHA harvesting. Cells are lysed using a chemical-free, water-based method leveraging an osmotic pressure gradient, achieving 93% ± 3% PHA recovery, followed by solvent-based PHA purification to obtain a PHA purity of 96% ± 2%. Each step is vital to ensure the production of high-quality, biodegradable plastics. This paper provides detailed methods for arrested anaerobic digestion, pure culture fermentation, chemical-free cell lysis, and solvent-based PHA purification, offering a scalable and sustainable approach for converting food waste into biodegradable bioplastics suitable for pilot- and full-scale applications.

INTRODUCTION: 
Plastic pollution and food waste disposal are growing environmental concerns, highlighting the need for innovative approaches that address both challenges through sustainable waste management and material development1. Conventional petroleum-based plastics are major contributors to environmental pollution and microplastic contamination, persisting in landfills and aquatic ecosystems for centuries2. Polyhydroxyalkanoates (PHAs), a class of microbial bioplastics, offer a fully biodegradable alternative with mechanical properties comparable to conventional plastics while ensuring complete degradation in natural environments3. However, the high production costs of PHAs remain a significant barrier to widespread commercial adoption4. One promising approach to overcoming this limitation is leveraging organic waste as a cost-effective carbon source for microbial PHA biosynthesis, as feedstock accounts for approximately 50% of total production expenses in current industrial processes that rely on pure carbon sources such as corn starch or glucose5. By valorizing waste, this approach not only diverts organic material from landfills but also transforms it into a sustainable alternative to petroleum-based plastics, simultaneously addressing waste accumulation and plastic pollution issues.

H. mediterranei, a halophilic microorganism, demonstrates great potential for utilizing waste-derived feedstocks for PHA production due to its ability to thrive in high-salinity conditions (2–5 M NaCl), which naturally prevents contamination by inhibiting the growth of non-halophilic microbes6. This high-salinity environment eliminates the need for strict sterilization in industrial fermentation, reducing operational costs. Unlike traditional bacterial PHA producers, H. mediterranei efficiently metabolizes a diverse range of waste-derived carbon sources and has been reported to accumulate PHA up to 70% of its dry cell weight (DCW) as a stress response mechanism7,8. Additionally, its high-salinity environment enables simple downstream processing, as osmotic shock induced by water immersion effectively disrupts the cells, allowing for PHA release without the need for enzymatic or chemical treatments9. These advantages position H. mediterranei as an ideal candidate for scalable, waste-based bioplastic production.

Existing studies have explored various waste materials, including cheese whey, olive mill wastewater, and agro-industrial residues, for PHA fermentation by H. mediterranei6,10-18. The high variability of waste composition presents a significant challenge, requiring different pretreatment strategies, such as enzymatic hydrolysis, acid hydrolysis, or thermal processing, before microbial assimilation11,17,19,20. Here, arrested anaerobic digestion (aAD) provides a scalable solution by converting diverse food waste into a homogeneous volatile fatty acid (VFA)-rich digestate, serving as a direct precursor for PHA synthesis by H. mediterranei21,22. This process enhances feedstock consistency and mitigates substrate variability while improving microbial fermentation efficiency.

Despite its potential, only a few studies have successfully demonstrated this two-stage process integrating aAD and microbial PHA fermentation for general food waste-to-bioplastic conversion by H. mediterranei23-25. This study provides a detailed step-by-step protocol covering food waste pretreatment, VFA production by semi-continuous aAD, and pure culture fermentation of H. mediterranei for PHA production. Furthermore, while previous studies have validated water-based PHA extraction from H. mediterranei, none have quantified PHA recovery efficiency and purity using this method11,18. This study addresses this gap by demonstrating the chemical-free PHA recovery method utilizing osmotic lysis with water and quantifying its recovery efficiency in comparison to traditional sodium hypochlorite (NaClO)-based PHA recovery methods26. Additionally, this study assesses the purity of water-recovered PHA, providing a comprehensive evaluation of its effectiveness for scalable bioplastic production.

To bridge the gap between laboratory-scale feasibility and industrial implementation, this protocol is designed for scalability in industrial applications, incorporating pilot-scale aAD and PHA fermentation, along with disc centrifugation for cell separation, a widely used technique in bioprocessing and large-scale microbial fermentation27. By optimizing food waste-to-bioplastic conversion, this method supports the industrialization of large-scale waste valorization, advancing circular bioeconomy initiatives. The integration of waste-derived feedstocks, halophilic fermentation, and an environmentally friendly PHA recovery strategy enables efficient waste-to-biopolymer conversion, reducing reliance on fossil-fuel-based plastics while promoting sustainable bioplastic production.

PROTOCOL: 

Food waste collection and preparation

1.1	Collect food waste from local restaurants, as shown in Figure 1A. Assess the waste obtained visually. Observations revealed that the waste primarily consisted of vegetable peels, discarded raw meat, and carbohydrate-rich components such as rice and noodles. The carbon-to-nitrogen (C: N) ratio may need to be measured as detailed in steps 5.1 and 5.2, and adjusted if the food waste is predominantly carbon-rich, with an optimal C: N ratio near 20:128. 

[Place Figure 1 here]

1.2	Put 10 kg of food waste into a 5-gallon bucket and add 2.5 L of water. Connect the blender to a power source. Submerge the blade into the food waste and water mixture, then press the Start button to begin blending. Blend for at least 30 min until fully homogenized (Figure 1B). Move the blade up and down to ensure thorough blending of the food waste. 

CAUTION: To prevent overheating, the blender’s start button may need to be released for 1 min after every 2 min of operation. 

[bookmark: OLE_LINK1]1.3	After blending, remove the blender and clean it with hot water and dish soap. Cover the bucket with a lid, label the bucket with the sample name and preparation date, and store it at 4 °C, if not used immediately.

NOTE: Due to variations in food waste properties collected from different sources and times, the basic parameters of the prepared slurry, such as total solids (TS) and volatile solids (VS), should be measured based on step 5.1 after each preparation to ensure accurate TS and VS inputs for later use. In this protocol, 4 °C is for short-term storage (less than 7 days), and -20 °C is used for long-term storage. 

VFA production through aAD

2.1	Operation of a pilot-scale (100 L) aAD digester (Figure 2A) for food waste-to-VFA conversion.

[Place Figure 2 here]

2.1.1	Check the power connection and airtightness of the pilot aAD digester. Set the digester temperature at 35 °C and the stirring speed at 150 rpm.

2.1.2	Press the Raise button to lift the digester lid. Stop once the lid rises about 40 cm by pressing the Stop button.

2.1.3	Add the culture collected from a seed aAD digester into the pilot aAD digester until it reaches a working volume of 80 L. Detailed information about the seed digester can be found in a previous study25.

2.1.4	Press the Lower button until the lid is fully closed, then secure it with the clamps. This ensures the digester maintains anaerobic conditions.

2.1.5 In this study, a solid retention time (SRT) of 9 days was maintained in the aAD digester. Feed and discharge 1/3rd of the digester's working volume (roughly about 26.7 L) every 3 days as described below. 

NOTE: Traditional anaerobic digestion is operated with an SRT of 14-30 days for methane production29,30. A short 9-day SRT is employed here to inhibit methanogenesis, promoting VFA accumulation for successful aAD. 

2.1.6	Discharge of a portion of the aAD contents prior to feeding. To assist easy discharge and prevent clogging, temporarily increase the digester stirring speed from 150 rpm to 200 rpm and maintain this speed for 20 min before discharging.

NOTE: Increasing the stirring speed ensures an even distribution of solid particles in the digestate, facilitating easier discharge and homogenous sampling.

2.1.7	Open the discharge valve at the bottom of the pilot aAD digester and discharge 1/3rd of the working volume of digestate. Collect the discharged digestate in buckets and store them at 4 °C for VFA analysis and subsequent solid-liquid separation in step 2.2.

2.1.8	Use an organic loading rate (OLR) of 2.5 g VS/L-day, and the VS of the food waste slurry averaged to ~14.5% (Table 1). For this, 4.1 kg wet weight of the food waste slurry is required based on Equation 1 to achieve the designed OLR. Sample this 4.1 kg slurry and place it in a separate bucket for later feeding.

    (1)
in which the OLR is 2.5 g VS/L-day, feed interval is 3 days, working volume is 80 L, and VS is 14.5%.

[Place Table 1 here]

2.1.9	Add water to a separate bucket containing the aforementioned 4.1 kg wet weight food waste slurry until reaching the volume calculated from Equation 2, which is 26.7 L in this example.

             (2)
Where the feed interval is 3 days, working volume is 80 L, and SRT is 9 days.

2.1.10	Use a peristaltic pump to feed this 26.7 L food waste slurry into the aAD digester in Figure 2A. Ensure the inlet tubing of the peristaltic pump remains submerged in the feeding bucket liquid until all liquid is transferred. 

NOTE: During the intake process, the tubing may vibrate slightly, which is normal.

2.1.11	Turn off the pump and unplug the power. Reset the stirring speed of the pilot digester to 150 rpm for 30 min to homogenize the new feed with the existing digestate. 

2.1.12	Discharge 3 L homogenized digestate into a bucket for the purpose of pH adjustment. Dispense 100 mL of the digestate out of the 3 L homogenized digestate into a beaker and measure the pH. 

2.1.13	Gradually add NaOH pellets into the 100 mL digestate until its pH reaches 5.5. To calculate the weight of NaOH pellets added, calculate weight loss of the NaOH pellet container before and after pH adjustment. 

2.1.14	Add NaOH pellets in proportion to the digestate volume into the pilot digester in Figure 2A to adjust the pH to 5.5. For example, if it takes 0.09 g NaOH pellets to adjust 100 mL homogenized digestate to pH 5.5, 72 g NaOH pellets need to be loaded into the pilot aAD digester because its working volume is 80 L, i.e., 80 L / 0.1 L × 0.09 g = 72 g.

NOTE: Because the ideal pH range for aAD is 5-5.531, after each feeding, the pH must be adjusted to 5.5. During the aAD, the pH will always drop due to the acidification reaction. Hence, it is highly recommended to follow steps 2.1.13 to 2.1.16 to check and adjust the pH daily, if necessary. 

2.1.15	Check the pilot digester to make sure all valves are closed and adjust the stirring speed at 150 rpm to provide intermittent mixing for the next cycle of aAD operation. 

NOTE: The pilot aAD digester in this study is operated in a semi-continuous mode to mimic industrial processes32.

2.2	Supernatant separation for recovering VFA for PHA fermentation 

2.2.1	Turn on the main power switch of the disc centrifuge, as shown in Figure 2B.

2.2.2	Wait until the STANDSTILL text shows up on the Human-Machine Interface (HMI) system screen. Verify that the lubricant oil level is above the minimum threshold.

2.2.3	Open the valve of the water utility line and adjust the pressure to 45 psi. Open the valve of the air utility line and adjust the pressure to 90 psi.

2.2.4	Press the Green button on the HMI system screen to start the production process of the disc centrifuge. Wait for the system to complete its checks.

2.2.5	Monitor until the system reaches the full set speed, which is indicated by STANDBY on the HMI system screen.

NOTE: The speed of the disc centrifuge is set at its maximum capacity for high-efficient separation. 

2.2.6	Ensure the inlet hose is submerged in the discharged digestate container. Connect the supernatant outlet pipe of the disc centrifuge to an empty 5-gallon bucket for collecting the supernatant, which will be used for subsequent PHA fermentation. Connect the solid outlet to a separate empty bucket for collecting the residual solids from the digestate (Figure 2C). 

2.2.7	Use the peristaltic pump to feed the digestate to the inlet of the disc centrifuge. In the meantime, click the PROD button on the HMI system screen. PROD stands for Production. 

2.2.8	Adjust the inlet valve to maintain a flow rate between 0.2-0.5 m3/h and a back pressure between 0.5-1 bar.

NOTE: Supernatant is circulated to get higher separation ratio during the production process, which refers to the solid-liquid separation stage of the disc centrifuge, while solids are accumulated in the disc centrifuge. 

2.2.9	After 30 min of the production process, press the Discharge button on the HMI system screen to discharge the solids and the supernatant into the respective bucket (Figure 2C). 

NOTE: This step is based on a visual check, as separation efficiency in terms of TS cannot be instantly measured. Typically, 30 min of operation is sufficient to achieve the desired separation of supernatant and solid residue. 

2.2.10	Store the collected supernatant at 4 °C for subsequent PHA fermentation. Dispose of the residual solids according to biowaste disposal regulations or recirculated back to the aAD digester for further digestion.

2.2.11	Start the clean-in-place (CIP) cycle by selecting the CIP button on the HMI screen. Wash the disc centrifuge following the steps specified in Table 2.

[Place Table 2 here]

NOTE: A peristaltic pump is used to feed and discharge washing media. This washing step is important for equipment maintenance. 

2.2.12	After completing the washing, turn off and disconnect the peristaltic pump, and then press the PROD button to make sure the disc centrifuge discharges everything from the separation tank. Reduce the rotation speed gradually.

2.2.13	Press the Red button on the HMI system screen to halt operations. Turn valves of the water and air utility line to the OFF position. Switch off the main power.

PHA fermentation using VFA-rich digestate supernatant

[bookmark: OLE_LINK3]3.1	Bench-scale PHA fermentation for determining the optimal conditions for scale-up. 

3.1.1	Add water to dilute the digestate supernatant collected in step 2.2.9 to a gradient of concentrations to identify the optimal dilution time that minimizes the inhibitory effects of potential toxic compounds present in the food waste digestate supernatant while ensuring minimal compromise to cell growth23. 

NOTE: A minimum of 2-time dilution is typically required to mitigate these inhibitory effects25.

3.1.2	Supplement the diluted digestate supernatant with salt and nutrients, specifically, 156 g/L NaCl, 5 g/L yeast extract, 13 g/L MgCl₂6H₂O, 20 g/L MgSO₄7H₂O, 1 g/L CaCl₂2H₂O, 4 g/L KCl, 0.2 g/L NaHCO₃, and 0.5 g/L NaBr, and NH₄Cl as needed33. 

3.1.3	Measure the salinity of the digestate supernatant using a conductivity probe before adding NaCl. Food waste digestate typically has negligible salinity; however, if high salinity is present, adjust NaCl dosing based on Equation 3.

     (3)

3.1.4	Maintain the C:N ratio of the medium made from digestate supernatant at 15. Determine NH₄Cl addition based on the indigenous C:N ratio of the digestate supernatant measured in terms of total organic carbon (TOC) and total nitrogen (TN) as specified in steps 5.2 and 5.3.

3.1.5	Stir the medium using a magnetic stir plate at 200 rpm until all supplements are fully dissolved. Adjust the medium pH to 7.0 ± 0.05 using 1 N NaOH or 1 N H₂SO₄.

3.1.6	Allocate the prepared medium into sterile Erlenmeyer flasks, filling only 1/5 of the volume to maintain a large headspace for adequate air transfer during cultivation (Figure 3A). Cover the flask with cotton or any type of breathable material with sufficient porosity to allow gas exchange during cultivation.

[Place Figure 3 here]

3.1.7	Thaw the H. mediterranei seed culture (activated from commercial American Type Culture Collection (ATCC) 33500 that is stored at -80 °C) by gentle agitation in a water bath that is set to a normal growth temperature of H. mediterranei strain (e.g., 37 °C). Thawing should be rapid, i.e., approximately 2 min or until all ice crystals have melted.  

3.1.8	Inoculate 0.2% (v/v) H. mediterranei seed culture with OD₆₀₀nm of ~0.5 into the prepared medium. Prepare a positive control flask with inoculation and a negative control flask without inoculation with ATCC medium 117633. 

NOTE: The ATCC medium has the same nutrient composition as detailed in Step 3.1.2, except that the digestate supernatant is replaced with 1 g/L glucose, and no additional nitrogen source is added.

3.1.9	Incubate all flasks at 37 °C with shaking at 150 rpm in an orbital shaker. Measure optical density (OD₆₀₀nm) daily until it stabilizes at the stationary phase, then stop cultivation. Collect the pinkish broth (Figure 3B) for downstream PHA recovery.

3.2	Pilot-scale PHA fermentation in 50 L glass fermenter.

3.2.1	Connect the PHA pilot fermenter (Figure 4) and water circulation heater to the power supply. 

[Place Figure 4 here]

3.2.2	Turn on the water bath heating switch. Set the temperature to 37 °C. Turn on the stirrer and set it to 150 rpm.

3.2.3	Add the food waste digestate supernatant, prepared using the optimal dilution factor, along with the salt and nutrient supplements identified in step 3.1.2, to achieve a working volume of 40 L.

3.2.4	Adjust the pH value to 7. Inoculate 10% (v/v) H. mediterranei seed culture with OD₆₀₀nm of ~0.5 into the prepared medium.

3.2.5	Turn on the air pump of the pilot fermenter and set the aeration rate at 110 m3/h. Collect the sample and measure OD₆₀₀nm on a daily basis. When OD₆₀₀nm reaches the stationary phase, stop the fermentation, and store the fermentation broth at 4 °C for downstream PHA recovery.

3.2.6	Wash the fermenter with tap water and 70% ethanol.

PHA downstream recovery

4.1	Feed H. mediterranei fermentation broth to the disc centrifuge to separate the salty supernatant and H. mediterranei cells. Collect the harvested cell (Solid Out part in Figure 5) for subsequent cell lysis. Dispose of the Liquid Out fraction according to biowaste disposal regulations. 

[Place Figure 5 here]

NOTE: The operation of the disc centrifuge here is the same as steps in 2.2.

4.2	Resuspend the harvested cells collected in water at 100 mL/g wet cells and mix at 150 rpm for 2 h at room temperature to allow cell lysis by osmotic pressure shock.

4.3	Resuspend a small portion (50 mL) of harvested cells collected in step 4.1 in 4% NaClO solution (2 mL of 4% NaClO solution per g wet cells) and mix for 5 min.

NOTE: NaClO treatment is used to provide a baseline that can presumably recover 100% PHA from H. mediterranei cells. This assumption is made based on the fact that this NaClO treatment is the most broadly adapted method for PHA recovery34. This NaClO treatment is usually regarded aggressive enough for complete cell lysis and PHA recovery regardless of the cell species. 

CAUTION: NaClO is a strong oxidizing agent. It can cause severe skin burns, eye damage, and respiratory irritation. Always handle NaClO in a well-ventilated area or under a fume hood, while wearing appropriate personal protective equipment (PPE), including gloves, safety goggles, and a lab coat. In case of skin contact, immediately rinse the affected area with copious amounts of water and seek medical attention if irritation persists. Dispose of NaClO-containing waste in accordance with local hazardous waste regulations to prevent environmental contamination.

4.4	Centrifuge the lysed suspension at 10,000 x g for 30 min to collect PHA granules. Dispose of the supernatant according to biowaste disposal regulations in the lab. 

4.5	Freeze-dry the PHA granules at -50 °C for ~48 h until constant weight is achieved to obtain crude PHA powder (Figure 6A).

[Place Figure 6 here]

4.6	Add ethanol to crude PHA powder at 10 mL/g to remove residual impurities. Centrifuge at 10,000 x g for 30 min to collect purified PHA granules. Dispose of the supernatant according to chemical waste disposal regulations.

4.7	Freeze-dry the PHA pellet at -50 °C for ~48 h until constant weight is achieved to obtain purified PHA powder (Figure 6B).

Analytical methods

5.1	Measure TS and VS following standard methods35. Determine TN by the Hach testing kits following the standard method using a spectrophotometer35.

5.2	Measure TOC by a TOC analyzer following the methods described in a previous study25. Measure pH by a benchtop pH meter.

5.3	Determine VFA quantification by using a kit36. Monitor OD600nm using a microplate reader.

5.4	Estimate DCW from the volatile suspended solids (VSS) of the cell broth measured following the standard VSS measurement method25,35. Briefly, centrifuge 50 mL of cell broth at 8,000 x g for 15 min and transfer the pellet to a crucible for VSS analysis. 

NOTE: Use VSS to estimate DCW, as it reflects the organic biomass and avoids overestimation due to salt content in H. mediterranei23.

5.5	Conduct PHA quantification by a gas chromatography (GC) following methods in a previous study25, in which freeze-dried biomass is methanolysed in chloroform and acidified methanol at 105 °C for 2 h, and the resulting monomers are quantified using GC with methyl benzoate as an internal standard. Calculate PHA recovery using Equation 4 and PHA purity is using Equation 5. Determine all mass of PHA from GC.
(4)

     (5)

CAUTION: Chloroform and sulfuric acid used in PHA quantification are hazardous and must be handled with extreme care. Chloroform is a volatile organic solvent that poses inhalation toxicity risks and may cause liver and kidney damage upon prolonged exposure. Sulfuric acid is a strong corrosive chemical that can cause severe burns upon skin or eye contact. Always handle these chemicals inside a fume hood to prevent inhalation exposure. Ensure the use of appropriate PPE, including chemical-resistant gloves, safety goggles, and a lab coat. Properly dispose of all chloroform and sulfuric acid waste according to local hazardous waste regulations to maintain safe laboratory practices.

RESULTS: 
Food waste characteristics and VFA production from aAD
An example of TS, VS, and C:N ratio in prepared food waste slurry is shown in Table 1. Due to the inherent variability in food waste composition across different sampling sources and time, fluctuations in TS, VS, and C:N ratio values are expected. While the variability is acceptable, regular TS, VS, and C:N ratio measurements are essential for process monitoring, microbial balance, and overall aAD system optimization37.

The VFA concentration serves as a key indicator of the stability and efficiency of the aAD digester operation. Table 3 presents VFA data from four operational cycles as an example. During these cycles, the VFA concentration remained stable at 4.13 ± 0.05 g HAc/L, confirming that the aAD fermenter can steadily produce VFAs. This value is comparable to those reported in the literature22, indicating the successful operation of the pilot-scale aAD system. Methane production was measured at 6% ± 3.3% of the total biogas, much lower than the >60% typically observed in conventional anaerobic digestion, confirming the aAD system’s effectiveness in suppressing methanogenesis38. If the VFA concentration drops, it may indicate process instability, such as excessive methanogenesis, inhibition of acidogenesis, substrate limitation, or issues with anaerobic conditions. 

[Place Table 3 here]

After collecting aAD discharge, solid-liquid separation is required to obtain the supernatant for PHA fermentation. This is because the microbial culture used for PHA biosynthesis cannot utilize solid particles and can only metabolize soluble organic compounds present in the supernatant. For the solid-liquid separation using a disc centrifuge, TS measurements before and after centrifugation were 2.75% ± 0.05% and 0.2% ± 0.07% (Table 4) in digestate and supernatant, respectively, indicating effective separation. If the TS content in the supernatant remains high after disc centrifugation, extending the centrifugation time beyond 30 min may be necessary to achieve better separation.

[Place Table 4 here]

Fermentation medium, microbial growth, and PHA production
After the preparation of PHA fermentation medium with food waste digestate supernatant and nutrient supplementation according to step 3.1.2, the C:N ratio was measured and confirmed to be approximately 15, indicating proper nitrogen supplement. The C:N ratio is crucial for PHA accumulation, as a higher C:N ratio favors intracellular PHA storage as carbon source39.

For bench-scale PHA fermentation, as shown in Figure 7A–B, H. mediterranei growth and PHA production exhibited an inverse relationship with dilution time, i.e., lower dilution times resulted in higher cell growth and PHA production, except at a dilution time of 1 (i.e., no dilution). The absence of both cell growth and PHA production when undiluted food waste digestate supernatant was directly fed to H. mediterranei confirms the presence of inhibitory compounds, emphasizing the necessity of dilution during medium preparation steps. A dilution time of two was identified as the optimal condition, leading to the highest intracellular PHA content of 66% ± 5%. This high PHA content in the two-time diluted medium, which reached the highest values reported in the literature40, serves as a strong indicator of successful medium preparation, including dilution, salt and nutrient supplementation, and pH adjustment, as well as effective incubation with temperature control and adequate aeration, and proper cell harvest timing. Harvesting cells at the OD₆₀₀nm stationary phase, specifically at 120 h as shown in Figure 7A, is crucial for maximizing PHA content because harvesting too early may prevent cells from reaching their full PHA production potential, while harvesting too late can lead to cells utilizing PHA as an internal carbon source in the absence of an external carbon supply, ultimately reducing the overall PHA content. In addition, the reliability of these findings can be supported by control groups. As shown in Figure 7A, no OD₆₀₀nm increase was detected in the negative control containing ATCC medium without inoculation, confirming the incubation/fermentation was free of environmental contamination, while the positive control with inoculum and ATCC medium showed an increase in OD₆₀₀nm, confirming that the seed culture was viable.

[Place Figure 7 here]

​Since the two-time diluted food waste digestate supernatant medium resulted in the highest PHA production, this dilution was selected for scale-up in the pilot PHA fermenter. As shown in Figure 8A, the OD₆₀₀nm profile followed a similar trend to that observed in bench-scale fermentation (Figure 8A), though the peak time was extended to 192 h in pilot-scale fermentation compared to 120 h in the bench-scale fermentation. This delay is likely due to the worse mass diffusion in pilot-scale fermentations, which is a common challenge in bioprocess scale-up41,42. It is well-documented that a cell engineered to produce a commodity chemical may achieve high yields in a 100 mL lab flask but perform significantly differently in a 10,000 L commercial fermenter, as biological systems respond unpredictably to changes in scale and environmental conditions13,41. Despite the extended OD₆₀₀nm peak time, the peak OD₆₀₀nm value and intracellular PHA content in the pilot fermenter remained comparable to those observed in bench-scale fermentation, at approximately 6 and 55%, respectively (Figure 7 and Figure 8), demonstrating the successful scale-up of PHA fermentation without contamination and further supporting the feasibility of food waste-derived PHA production at a larger scale.

[Place Figure 8 here]

PHA downstream recovery by water-based methods.
The effectiveness of PHA recovery using a water-based osmotic lysis method was evaluated by assessing PHA recovery efficiency and the purity of the recovered PHA powder. As shown in Table 5, PHA recovery efficiency reached 93% ± 3% when cells were soaked and mixed in water for 2 h. This >90% recovery efficiency suggests that a 2 h water soaking and mixing process is effective for PHA recovery. While other types of cells, such as red blood cells, lyse within minutes under osmotic shock43, a 2 h duration is necessary for PHA recovery from H. mediterranei. This is likely due to the presence of phasins, a protein layer that surrounds PHA granules in H. mediterranei, which requires additional time to break down and fully release the PHA granules44. 

[Place Table 5 here]

The PHA powder recovered through the 2 h water treatment, as shown in Figure 6A, exhibited a purity of 84% ± 2% (Table 5), indicating the presence of impurities, such as carotenoids, in this crude PHA powder. H. mediterranei is known to produce carotenoid pigments, which can give the powder a pinkish color45, as observed in Figure 6A. If higher purity is required for manufacturing applications, ethanol purification following water-based recovery enhanced PHA purity to 96% ± 2% (Table 5), resulting in a pure white PHA powder, as shown in Figure 6B. This confirms that ethanol purification is effective in removing residual impurities. Regardless, these results confirm that water-based osmotic lysis is an effective, chemical-free alternative to conventional NaClO-based PHA recovery methods, while further purification with ethanol may be necessary if downstream manufacturing applications require high-purity PHA powder.

FIGURE AND TABLE LEGENDS: 
Figure 1: Visual comparison of restaurant food waste before and after homogenization. Photographs show (A) raw food waste and (B) homogenized food waste slurry.

Figure 2: Equipment used for VFA production and solid-liquid separation. (A) 100 L pilot-scale aAD digester. (B) Power switch of the disc centrifuge; and (C) discharge of supernatant and solids into respective buckets from the separation tank of the disc centrifuge.

Figure 3: Pre- and post-fermentation flasks of PHA production by H. mediterranei. (A) Medium in flasks made from food waste digestate supernatant before incubation/fermentation. (B) Pinkish PHA-rich H. mediterranei culture after fermentation.

Figure 4: 50 L pilot-scale PHA fermenter.

Figure 5: Separated salty supernatant (left) and cells (right).

Figure 6: PHA powder. (A) Crude PHA powder and (B) purified PHA powder.

Figure 7: Bench-scale fermentation results using digestate supernatant. (A) Bench-scale fermentation OD600nm profiles of H. mediterranei cultivated in media made from food waste digestate supernatant under different dilution times along with negative & positive control groups. (B) PHA content in H. mediterranei cultivated in media made from food waste digestate supernatant under different dilution times in bench-scale fermentation. Error bars represent standard error (n = 3).

Figure 8: Pilot-scale fermentation results using digestate supernatant. (A) Pilot-scale fermentation OD600nm profile measured in medium made from two-time diluted food waste digestate supernatant. Error bars represent standard error (n = 3). (B) PHA content in H. mediterranei cultivated in medium made from food waste digestate supernatant in pilot-scale fermentation.

Table 1: Characteristics of example food waste.

Table 2: Washing instructions for the disc centrifuge.

Table 3: VFA levels across four consecutive cycles in the pilot aAD digester.

Table 4: TS of the digestate before 30-min disc centrifuge separation and the supernatant collected after 30 min disc centrifuge separation. Data presented as mean ± standard error (n = 3).

Table 5: PHA recovery and purity calculated from Equations 4 and 5 using water-based methods. Data presented as mean ± standard error (n = 3).

DISCUSSION: 
VFA production from aAD
VFA plays a crucial role as key precursor for H. mediterranei in converting food waste into PHA. Therefore, maintaining a high VFA concentration during aAD is essential. Several strategies can be employed to enhance VFA production in aAD25. One effective approach is SRT optimization, with an ideal duration of 8 days or less, which promotes the washout of methanogens while maximizing hydrolysis and acidogenesis, thereby preventing excessive VFA consumption46. Temperature regulation is another effective approach, as thermophilic conditions (45-55 °C) can improve substrate solubilization and acidogenesis, leading to higher VFA productivity compared to mesophilic conditions47. Additionally, the addition of chemical inhibitors, such as 2-bromoethanesulfonate, or short-term pH shocks at a pH of 4, can effectively suppress methanogenesis by targeting key microbial pathways or broadly inhibiting methanogenic activity, preventing VFA loss, and ensuring high VFA accumulation46,48. Another emerging technique is electro-digestion, which regulates microbial metabolism using solid electrodes to control redox potential, influencing metabolic pathways, inhibiting methanogenesis, and enhancing VFA production22. By implementing these strategies, VFA yield could be optimized to support more efficient PHA fermentation.

PHA fermentation 
Achieving high PHA production in H. mediterranei fermentation relies heavily on maintaining a high-salinity environment (~156 g/L NaCl), which not only prevents contamination by selectively supporting H. mediterranei growth while inhibiting non-halophilic microbes but also stimulates stress-protective mechanisms that enhance PHA accumulation as a survival strategy49. However, high salinity poses significant challenges for reactor design and scale-up, as it requires corrosion-resistant materials for long-term operation. Conventional stainless steel bioreactors are susceptible to salt-induced corrosion, which has been identified as a key reason for the slow progress in industrial exploitation of halophiles50. Previous studies, along with the findings of this study, suggest the use of corrosion-resistant alternatives, such as polyether ether ketone (PEEK), Teflon-lined systems, or glass reactors, to address salt-induced corrosion51-53. In addition, salt costs and the disposal of saline wastewater are critical challenges associated with maintaining a high-salinity environment. Therefore, recovering and reusing salt is an essential aspect of optimizing large-scale halophilic PHA production. According to our recent study25, recycling 50%–70% of spent salty supernatant from PHA fermentation broth for the next fermentation cycle did not affect microbial growth and cellular PHA content, highlighting the potential for reducing both saline wastewater discharge and salt consumption. By repurposing the spent salty supernatant as dilution liquid when preparing the culture medium in step 3.1.1, the need for additional salt in step 3.1.2 can be eliminated. This approach offers a potential strategy for improving cost efficiency and sustainability in large-scale halophilic PHA production.

PHA quantification
For PHA quantification by GC, the polymer must be converted into monomeric components by methanolysis, where freeze-dried biomass is digested in chloroform and acidified methanol (3% H₂SO₄) at 105 °C. This step requires a tightly sealed glass tube with a liner to prevent solvent evaporation and potential explosions in the oven. Also, maintaining a large headspace (~4/5 of the tube volume) is important to accommodate gas expansion and avoid overpressure buildup. Explosion risks are particularly critical due to the volatility and toxicity of chloroform and methanol, as well as the highly corrosive nature of sulfuric acid, making proper sealing, handling, and safety precautions essential. To minimize these risks, this step is suggested to be performed in a well-ventilated fume hood, as an accidental explosion could release hazardous vapors, posing severe health and safety risks.

Downstream PHA recovery 
Although water-based osmotic lysis has been proven to be an effective chemical-free approach for PHA recovery in this study, achieving high-purity PHA still requires ethanol purification, as water-recovered PHA retains residual impurities such as pigments. The use of ethanol introduces an additional processing step and increases chemical costs, presenting a trade-off between achieving high PHA purity and minimizing solvent use. This underscores the need to explore greener and more cost-effective recovery alternatives to enhance the sustainability and economic feasibility of the downstream PHA recovery process. One promising alternative recovery method is sodium dodecyl sulfate (SDS)-based cell lysis. As a detergent, SDS disrupts cell membranes by inserting its hydrophobic tail into the lipid bilayer, causing membrane destabilization and cell rupture to release intracellular PHA granules, while also breaking non-covalent protein bonds, leading to protein denaturation to facilitate impurity removal23. Although SDS is a chemical reagent, it is primarily derived from lauryl alcohol, which originates from plant-based sources such as coconut or palm kernel oil54. Since all carbon atoms in SDS are plant-derived rather than fossil-based, it is considered a more sustainable alternative. Additionally, SDS is readily biodegradable under both aerobic and anaerobic conditions, making it environmentally friendly55. In addition, physical disruption methods such as homogenization may offer another alternative for PHA recovery. High-pressure homogenization disrupts microbial cells by forcing cell suspensions through narrow orifices at high pressures, effectively breaking cell walls and releasing intracellular PHA granules56. This method eliminates the need for chemical reagents, but it requires significant energy input. A comprehensive economic comparison is needed to assess the viability of water-based osmotic lysis, SDS-based extraction, and physical methods for industrial-scale PHA downstream processes. 
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