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Abstract  29 

Silkworm pupae are continuously generated as a major byproduct of the silk industry and have 30 

long been consumed as inexpensive, high-energy snacks in Korea. However, consumer 31 

acceptance has become increasingly variable due to their distinctive appearance and odor. Gas 32 

chromatography�mass spectrometry (GC�MS) analysis revealed that silkworm pupa oil (SPO) 33 

consists of approximately 54% oleic acid, 29% linoleic acid, 17% palmitic acid, and minor 34 

amounts of cyclopropane fatty acids. Based on this composition, this study evaluated the 35 

feasibility of producing poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) [P(3HB-co-3HHx)] 36 

using engineered Cupriavidus necator H16 with SPO as a sustainable substrate. Compared with 37 

other carbon sources, SPO supported comparable growth and polyhydroxyalkanoate (PHA) 38 

content, which was 2.64-fold higher than fructose and 1.42-fold higher than bean oil in flask 39 

cultures, demonstrating its potential as an efficient substrate. Supplementation with 1.0% 40 

fructose as an auxiliary carbon source further increased dry cell weight (DCW) and total PHA 41 

accumulation by up to 20%. To improve emulsification, various emulsifiers were screened, and 42 

Tween 20 enhanced DCW and PHA yield by 1.4-fold and 1.55-fold, respectively. The resulting 43 

film exhibited a tensile strength of 6.0 ± 0.6 MPa and an elongation at break of 53.4 ± 4.6%, 44 

and showed approximately 90% degradation after 7 days by Microbulbifer sp. SOL66. Overall, 45 

this study demonstrates that SPO is a promising and sustainable carbon source for PHA 46 

production, highlighting the valorization of silk industry byproducts into high-value 47 

biopolymeric materials.  48 

Keywords: Silkworm pupa oil, Insect oil, P(3HB-co-3HHx), Polyhydroxyalkanoates, 49 

Cupriavidus necator, Biopolymer production 50 

51 
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1. Introduction 52 

Silkworm pupae are a major byproduct of the sericulture industry, which is primarily dedicated 53 

to silk fiber production. After silk is reeled from cocoons, substantial amounts of pupae remain 54 

and have traditionally been regarded as low-value residues [1,2]. However, silkworm pupae are 55 

rich in proteins and lipids, making them a valuable resource for nutritional and industrial 56 

applications [2,3]. In Korea, they have long been consumed as food, commonly in the form of 57 

beondegi-tang or canned snacks, and represent a distinctive component of traditional dietary 58 

culture [1,4]. Recently, they have gained attention as sustainable sources of proteins and 59 

bioactive ingredients, with expanding applications in the food, feed, and cosmetic industries 60 

[1�3]. However, consumer acceptance is increasingly polarized due to their distinctive 61 

appearance and odor, particularly among younger generations. These limitations suggest that 62 

reliance on food-based utilization alone may not be sustainable [4,5]. Silkworm pupa oil (SPO) 63 

is a valuable material owing to its nutritional and functional properties [2,3,5]. Its fatty acid 64 

profile is characterized by high levels of unsaturated fatty acids, including oleic acid (C18:1) 65 

and linoleic acid (C18:2), along with saturated fatty acids such as palmitic acid (C16:0) (Table 66 

2). As a result, SPO shares characteristics with conventional vegetable oils while retaining 67 

distinct nutritional and functional features. 68 

Polyhydroxyalkanoates (PHAs) are biodegradable and biocompatible polyesters synthesized 69 

by various microorganisms, including Cupriavidus necator, Halomonas spp., and 70 

Pseudomonas spp. [6,7]. These polymers accumulate as intracellular granules under excess 71 

carbon and limited nutrients such as nitrogen or phosphorus [6,7]. Due to their biodegradability, 72 

biocompatibility, and potential to replace petroleum-based plastics, PHAs have attracted 73 

significant attention as sustainable alternatives [7,8]. Among them, poly(3-hydroxybutyrate) 74 

(PHB) is the most extensively studied and the most commonly synthesized homopolymer. 75 
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However, large-scale commercialization remains limited due to high production costs, 76 

particularly those associated with expensive carbon substrates and energy-intensive 77 

downstream processing, which reduce competitiveness with petrochemical plastics [7,8]. To 78 

address this limitation, considerable effort has focused on inexpensive and renewable 79 

feedstocks, including agricultural residues, industrial byproducts, and food waste, as alternative 80 

carbon sources [6�8]. 81 

In this context, SPO is an attractive yet underexplored feedstock for producing value-added 82 

biopolymers. As a lipid-rich sericulture byproduct, it offers advantages in both waste 83 

valorization and cost reduction. Oil-based substrates are particularly suitable for PHA 84 

biosynthesis because fatty acid-derived carbon sources can support polymers accumulation 85 

with broader monomer compositions and improved material properties compared with PHB 86 

alone [9�16]. Among PHA-producing microorganisms, C. necator is widely recognized as an 87 

efficient and robust production host due to its high PHA productivity and ability to utilize 88 

diverse carbon sources, including plant oils and other lipid-based substrates [6,7,14]. However, 89 

the feasibility of using SPO as a carbon source for PHA production remains insufficiently 90 

explored.  91 

In this study, we evaluated SPO as a low-cost carbon source for PHA production by C. necator. 92 

To improve the availability of hydrophobic substrates in aqueous cultures, emulsification 93 

strategies were applied. The performance of SPO was compared with that of other oil-based 94 

substrates, and the resulting polymers were characterized in terms of physicochemical 95 

properties. This study demonstrates the feasibility of valorizing SPO for cost-effective PHA 96 

production and highlights its potential as a sustainable feedstock for the synthesis of value-97 

added biopolymers, including P(3HB-co-3HHx). 98 

 99 
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2. Methods and materials 100 

2.1. Strains and transformation 101 

The recombinant strain used was Cupriavidus necator H16 harboring pCB81. For 102 

routine cultivation, a pre-culture was prepared in 5 mL tryptic soy broth (TSB) and incubated 103 

for 24 h at 30 °C with gentamicin (50 µL/mL). Cells were harvested by 13,000rpm 104 

centrifugation, washed twice with sterile distilled water, and used as the inoculum. Unless 105 

otherwise stated, a 2% (v/v) seed culture was inoculated into Ralstonia eutropha minimal 106 

medium (ReMM). The medium was adjusted to pH 6.8 and contained 4 g/L NaH2PO4, 4.6 g/L 107 

Na2HPO4, 0.225 g/L K2SO4, 0.39 g/L MgSO4, 62 mg/L CaCl2, and 1 mL/L trace element 108 

solution. The trace element solution consisted of 15 g/L FeSO4·7H2O, 2.4 g/L MnSO4·H2O, 2.4 109 

g/L ZnSO4·7H2O, and 0.48 g/L CuSO4·5H2O dissolved in 0.1 M HCl. Carbon and nitrogen 110 

sources varied depending on the experiment. 111 

 112 

2.2. Fatty acid composition analysis by gas chromatography�mass spectrometry (GC�MS) 113 

 SPO was diluted in chloroform to obtain a 1% (v/v) solution. Fatty acids were 114 

derivatized by mild alkaline methanolysis. Briefly, 0.5 mL methanol, 0.5 mL toluene, and 1 mL 115 

of 0.3 M methanolic KOH were added and incubated at 37 °C for 15 min. Then, 2 mL hexane, 116 

0.3 mL 1 M acetic acid, and 2 mL of distilled water were supplemented, and the mixture was 117 

vortexed for phase separation. The upper hexane layer was collected, evaporated under nitrogen, 118 

resuspended in chloroform, dried over anhydrous Na2SO4, filtered through a 0.2 μm 119 

polyvinylidene fluoride (PVDF) membrane filter, and transferred to a vial. Analysis was 120 

performed using a Clarus 500 GC�MS system (PerkinElmer, Waltham, MA, USA) equipped 121 

with an Elite-5 ms capillary column (30 m × 0.25 mm i.d., 0.25 μm film thickness). The oven 122 

program was: 120 °C for 5 min, increased to 200 °C at 6 °C/min, increased to 220 °C at 2 °C/min, 123 
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and then increased to 300 °C at 10 °C/min. The injector temperature was set to 210 °C. Mass 124 

spectra were acquired using electron impact ionization at 70 eV over a scan range of 45�400 125 

m/z. 126 

 127 

2.3. Culture conditions  128 

 To compare the substrate suitability for PHA production, C. necator H16 harboring 129 

pCB81 was cultivated in ReMM containing fructose, bean oil, or SPO as the carbon source. To 130 

examine the effect of SPO concentration, SPO was supplied at concentrations ranging from 0 131 

to 3.0% (v/v) at 0.5% intervals. The nitrogen source in the medium was replaced with various 132 

inorganic or organic compounds concentration of 0.1% (w/v) to assess their effects, while SPO 133 

was supplied at the previously optimized condition of 1.5% (v/v).  Time-dependent 134 

experiments were conducted using three carbon source conditions: 1% (w/v) fructose, 1.5% 135 

(v/v) SPO, and a combination of 1% fructose and 1.5% SPO. Samples were collected at 136 

designated time points to determine dry cell weight (DCW), PHA production, and PHA content. 137 

Agitation speed and cultivation temperature were varied to evaluate their effects on polymer 138 

production, as assessed by DCW, PHB production, and PHB content. Unless otherwise stated, 139 

media components were obtained from Sigma-Aldrich (St. Louis, MO, USA). 140 

 141 

2.4. Fructose co-feeding optimization and residual fructose analysis 142 

For co-feeding optimization, C. necator H16 harboring pCB81 was cultivated in 143 

ReMM with 1.5% (v/v) SPO 0.1% urea, and fructose concentrations of 0, 0.5, 1.0, 1.5, 2.0, 2.5, 144 

and 3.0% (w/v). Cells were harvested and analyzed for DCW and PHA production. The effects 145 

of fructose concentration on biomass formation and polymer accumulation were compared to 146 

determine the optimal co-feeding conditions. For residual fructose analysis, culture broth was 147 
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centrifuged, washed once with distilled water and twice with hexane to remove residual oil, and 148 

the supernatants were filtered through a 0.22 μm PVDF membrane filter. Fructose concentration 149 

was measured by liquid chromatography equipped with a refractive index detector (LC-RID) 150 

with an Aminex HPX-87H column with 0.008 N H₂SO₄ as the mobile phase at 0.6 mL/min and 151 

60 °C. 152 

 153 

2.5. PHA analysis by gas chromatography�flame ionization detector (GC�FID) 154 

 For DCW and PHA analysis, 1 mL culture medium was harvested after 72h cultivation, 155 

centrifuged, washed once with distilled water and twice with hexane to remove residual oil, and 156 

then lyophilized. DCW was determined gravimetrically based on the weight difference before 157 

and after lyophyilization. PHA was quantified by subjecting the lyophilized biomass to 158 

methanolysis using 1 mL chloroform and 1 mL 15% (v/v) H2SO4 in methanol at 100 °C for 2 159 

h. Later then cooling, 1 mL of distilled water was added, and the organic phase was recovered. 160 

Residual water was removed with anhydrous Na2SO4, and the solution was filtered through a 161 

0.22 μm PVDF membrane filter. Samples (1 µL) were analyzed using a gas chromatograph 162 

equipped with a flame ionization detector (GC�FID; YL6500, Young In Chromass, Korea) and 163 

an HP-FFAP capillary column (30 m × 0.32 mm i.d., 0.25 μm film thickness). Helium was used 164 

as the carrier gas at a flow rate of 3 mL/min. The injector temperature was set to 210 °C, the 165 

FID temperature was 230 °C, and the oven temperature was programmed from 80 to 220 °C. 166 

PHB and P(3HB-co-3HHx) were quantified using standard calibration curves [14,17]. 167 

 168 

2.6. Effect of emulsifier type and concentration on SPO utilization and PHA production 169 

 To examine the effect of emulsification on the utilization of SPO during PHA 170 

production, Tween 20, Tween 80, Tween 85, and sodium dodecyl sulfate (SDS) were 171 
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individually added to ReMM at final concentrations of 0.05%, 0.10%, 0.15%, and 0.20% (w/v) 172 

with 1% fructose, 1.5% SPO, and 0.1% urea [18�21]. A culture without emulsifiers served as 173 

the control. Cultures were incubated at 37 °C for 72 h, after which DCW, PHA production, PHA 174 

content, and 3HHx mole fractions were measured. Effects were evaluated based on biomass, 175 

polymer accumulation, and copolymer composition. Light microscopy was used to compare oil 176 

droplet formation on the surface of the upper culture layer after 72h of cultivation in 100mL 177 

flask clutures, with or without emulsifier treatment.  178 

 179 

2.7. Film preparation and physical characterization 180 

2.7.1. Film production 181 

For film production, C. necator H16 harboring pCB81 was inoculated from a 100-mL 182 

flask culture into a 250-mL flask including ReMM-based medium with 1% fructose, 1.5% SPO, 183 

and 0.1% urea. After cultivation, the harvested cells were recovered by centrifugation and 184 

sequentially washed once with distilled water and twice with hexane to remove medium 185 

components and residual hydrophobic substrates. And then lyophilization was performed twice 186 

to ensure complete dryness. PHA was extracted by treating the dried biomass with 50 mL 187 

chloroform to the lyophilized cells for cell lysis, and extraction was performed at 60 °C for 2 h.  188 

Then filtered through Whatman No. 1 filter paper. The resulting PHA solution was poured into 189 

a glass Petri dish and allowed to dry at room temperature to form a film. For physicochemical 190 

characterization, 0.4 g of the prepared film was redissolved in 50 mL chloroform and recast 191 

using the same solvent evaporation method. The recast films were then subjected to gel 192 

permeation chromatography (GPC), universal testing machine (UTM), differential scanning 193 

calorimetry (DSC), water contact angle and thermogravimetric analysis (TGA) analyses [17,22]. 194 

 195 
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2.7.2. Gel permeation chromatography (GPC) 196 

Molecular weight analysis was performed using a GPC system (YL Chromass, Seoul, 197 

Korea) equipped with a loop injector (Rheodyne 7725i), dual-head isocratic pump (YL9112), 198 

column oven (YL9131), Shodex K-805 column (8.0 mm I.D. × 300 mm), and refractive index 199 

detector (YL9170). Samples were prepared by dissolving 10 mg PHA film in 2 mL chloroform 200 

and filtering through a 0.22 μm PVDF filter. A 20 μL air bubble-free sample was injected. 201 

Chloroform was used as the eluent at a constant flow rate of 1 mL/min, and the column 202 

temperature was kept at 40 °C. Molecular weight distributions were estimated relative to 203 

polystyrene standards with molecular weights of 5,000�2,000,000 Da using YL-Clarity 204 

software connected to the YL HPLC system[17,22]. 205 

 206 

2.7.3. Universal testing machine (UTM) 207 

 Mechanical characterization of H16-derived PHA films was performed using an EZ-208 

SX universal testing machine (UTM; Shimadzu, Kyoto, Japan). Rectangular film specimens 209 

were prepared at a size of 60 × 20 mm², and specimen thickness was measured with a 1111�210 

100 A mini digital caliper (Insize, Loganville, GA, USA). Tensile tests were carried out at a 211 

crosshead speed of 20 mm/min. The tensile strength, elongation at break, and Young�s modulus 212 

were calculated from the resulting stress�strain profiles using TRAPEZIUM X software [17,22]. 213 

 214 

2.7.4. Differential scanning calorimetry (DSC) 215 

Thermal characterization of the H16-derived films was performed using a NEXTA 216 

DSC 200 instrument (Hitachi, Tokyo, Japan). Glass transition temperature (Tg), crystallization 217 

temperature (Tc), and melting temperature (Tm) were determined using 5.0-5.5 mg samples. 218 
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The analysis was conducted from −60 °C to 180 °C at heating and cooling rates of 10 °C/min 219 

under a nitrogen atmosphere, and mean values were obtained from repeated measurements [17]. 220 

 221 

2.7.5. Water contact angle 222 

 The surface hydrophobicity of the PHA films was evaluated by water contact angle 223 

measurement using a Phoenix-MT (M) contact angle analyzer (SEO, Suwon, Republic of 224 

Korea). Distilled water was employed as the probe liquid, and the contact angle was recorded 225 

after carefully placing a droplet onto the film surface with a syringe. 226 

 227 

2.7.6. Thermogravimetric analysis (TGA) 228 

TGA was performed using a TGA N-1000 instrument (Scinco, Korea). Thermal 229 

stability was evaluated over 40�550 °C under a high-purity nitrogen atmosphere. Gas flow rates 230 

were set to 20 mL/min at the upper inlet and 10 mL/min at the lower inlet. 231 

 232 

2.8. Time-dependent biodegradation of P(3HB-co-3HHx) films     233 

 Time-dependent biodegradation was carried out using Microbulbifer sp. SOL66 in MB 234 

medium, with minor modifications to previously reported methods. This strain has been 235 

reported to exhibit high PHA-degrading activity, and its applicability for degrading P(3HB-co-236 

3HHx) films has been demonstrated previously [23,24]. Film samples were prepared by 237 

dissolving 0.1g of the previously prepared polymer film in 50 mL of chloroform, followed by 238 

recasting into  films. Aliquots corresponding to 20 mg film were added to MB medium and 239 

incubated for 3, 5, and 7 days. At each time point, films were recovered, washed to remove 240 

residual cells and medium components, and lyophilized. Recovered films were then subjected 241 

to methanolysis, followed by GC�FID analysis to determine residual polymer. The degradation 242 
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percentage was calculated based on the residual polymer amount relative to the initial film 243 

weight. 244 

 245 

2.9. Statistical analysis 246 

All experiments were carried out in biological triplicates unless stated otherwise, and 247 

the results are reported as the mean ± standard deviation (SD). Statistical differences among 248 

groups were evaluated using one-way analysis of variance (ANOVA) followed by Tukey�s post 249 

hoc multiple comparison test. A p-value of < 0.05 was considered statistically significant. 250 

  251 

3. Results  252 

3.1. Characterization of SPO and its suitability as a carbon source for PHA production 253 

GC�MS analysis was conducted to determine the major components of SPO and assess 254 

its suitability as a carbon source for PHA production. SPO was mainly composed of oleic acid 255 

(53.5%), linoleic acid (28.8%), and palmitic acid (16.8%), with a minor fraction of 256 

cyclopropane-containing fatty acids (Fig. 1A). This composition indicates that the oil contains 257 

a mixture of unsaturated and saturated fatty acids that can be effectively utilized for microbial 258 

PHA biosynthesis. Among the tested carbon sources, SPO supported the highest biomass 259 

formation and PHA production (Fig. 1B). Engineered C. necator H16 harboring pCB81, 260 

expressing enoyl-CoA hydratase (phaJ) from Pseudomonas sp., PHA synthase (phaC) from 261 

Rhodococcus sp., and β-ketothiolase (phaA), was used to produce poly(3-hydroxybutyrate-co-262 

3-hydroxyhexanoate) [P(3HB-co-3HHx)], composed of 3-hydroxybutyrate (3HB) and 3-263 

hydroxyhexanoate (3HHx) monomers [25]. Because C. necator H16 contains native phaA, 264 

acetoacetyl-CoA reductase (phaB), and phaC, fructose supports PHB production, whereas bean 265 

oil and SPO both enable the formation of a 3HHx-containing copolymer fraction of up to 9.6% 266 
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and 10.8%, respectively. Among these substrates, SPO yielded the highest DCW and P(3HB-267 

co-10.3 mol% 3HHx), demonstrating its potential as an effective feedstock for oil-based PHA 268 

production. 269 

 270 

3.2. Effect of SPO concentration and nitrogen source on PHB production 271 

To evaluate the effect of SPO concentration (0�3.0%, at 0.5% intervals) on polymer 272 

production was evaluated. Biomass formation and PHB production increased with SPO 273 

concentration up to 2.5%, indicating that increased carbon availability promoted both cell 274 

growth and polymer accumulation and increasing to 3.0% slightly reduced production. (Fig. 275 

2A). However, the improvement at higher SPO concentraions was not sufficiently pronounced 276 

when all production parameters were considered collectively. Therefore, 1.5% SPO was 277 

selected as an appropriate concentration for subsequent experiments, providing a balanced 278 

condition for biomass formation and PHA accumulation. Nitrogen source also significantly 279 

affected PHB production (Fig. 2B). Urea provided the best performance, supporting the highest 280 

biomass and PHB production with high polymer content. In contrast, complex nitrogen sources 281 

(tryptone, yeast extract, and peptone) resulted in lower PHB titers despite moderate biomass 282 

formation. These results identify urea as the most suitable nitrogen source under the present 283 

cultivation conditions.  284 

 285 

3.3. Evaluation of SPO as a substrate under different culture conditions 286 

As mixed-substrate feeding has been reported to improve biomass formation and 287 

polymer accumulation in C. necator grown on oil-based substrates, a time-dependent 288 

cultivation was performed to examine the effect of fructose supplementation on SPO-based 289 

PHA production (Fig. 3) [6,26]. Time-dependent cultivation experiments revealed distinct 290 
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growth and polymer accumulation patterns depending on the carbon source. Under fructose-291 

only conditions, cells exhibited rapid initial growth; however, final biomass and polymer 292 

accumulation remained limited, and only PHB was detected (Fig. 3A). In contrast, cultures 293 

supplied with 1.5% SPO showed higher biomass formation and production of both PHB and 294 

3HHx, reaching up to 5.5 g/L and 0.8 g/L, respectively, indicating that SPO and fructose co-295 

feedeing supported copolymer biosynthesis (Fig. 3B). The co-feeding condition (1% fructose + 296 

1.5% SPO) showed the most favorable performance, with PHA accumulation of 6.94 g/L, 3HHx 297 

accumulation of 0.87 g/L, and a final PHA content of 51.7%, along with the highest biomass 298 

(Fig. 3C). These findings are consistent with previous studies showing fructose supporting early 299 

growth, whereas lipid substrates contributing more strongly to polymer accumulation and 300 

copolymer formation [6,26]. Overall, fructose alone promoted early growth but limited final 301 

polymer accumulation, whereas SPO enabled copolymer production and higher biomass. Their 302 

combination integrates these advantages, improving both growth and polymer accumulation. 303 

 304 

3.4. Profile of fructose consumption and optimization of culture conditions  305 

To determine the effect of combinatorial carbon sources, fructose and SPO were used 306 

together. In addition, further experiments were conducted to identify the culture conditions most 307 

favorable for efficient polymer production. As fructose mainly supports the early growth phase, 308 

whereas the lipid substrate contributes more to subsequent polymer accumulation and 309 

copolymer formation, a positive synergy is expected. The fructose consumption profiles 310 

differed between the fructose-only and co-feeding conditions (Fig. 4A,B). In the fructose-only 311 

culture, residual fructose decreased rapidly and was depleted at approximately 30 h, after which 312 

biomass formation plateaued with little further increase. Under co-feeding conditions, residual 313 

fructose also declined during cultivation, indicating that fructose was primarily consumed 314 
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during the early growth phase. However, biomass continued to increase substantially even after 315 

fructose had decreased to a very low level, and this pattern was accompanied by greater polymer 316 

accumulation than that observed in the fructose-only culture. These observations suggest that 317 

fructose mainly supports early biomass formation, whereas SPO contributes to sustained 318 

growth and polymer accumulation during the later stages of cultivation. This complementary 319 

effect of fructose and oil co-feeding is consistent with previous reports on improved PHA 320 

production in C. necator under mixed carbon source conditions [6,26]. 321 

To optimize the co-feeding strategy, fructose concentration (0�3.0%, at 0.5% intervals) was 322 

varied while maintaining SPO at 1.5%. Increasing fructose concentration generally improved 323 

both biomass formation and PHB production, reaching up to 13.9 g/L and 6.07 g/L, respectively. 324 

Although 3.0% fructose yielded the highest values, the difference compared with 1.0% fructose 325 

was not substantial. Therefore, 1.0% fructose was selected as the optimal concentration for co-326 

feeding. These results indicate that fructose supplementation improved polymer production in 327 

pupa-oil-fed cultures, with 1.0% fructose providing the most balanced overall performance 328 

within the tested range. Because oxygen supply and cultivation temperature are known to affect 329 

PHA accumulation in C. necator, agitation speed and temperature were further evaluated under 330 

the selected conditions (Fig. 5). Agitation had a clear effect on PHB production. As agitation 331 

speed increased from 0 to 300 rpm, both biomass formation and PHB accumulation increased 332 

markedly, indicating that mixing and oxygen transfer strongly influenced production efficiency. 333 

The highest biomass was obtained at 300 rpm, and PHB titers were also highest at higher 334 

agitation speeds. PHB content remained high at both 200 and 300 rpm, indicating that these 335 

conditions were more favorable than lower agitation settings. Overall, elevated agitation 336 

improved PHB production, with 200�300 rpm representing the most effective range under the 337 

tested conditions. Temperature also affected both growth and polymer accumulation. Biomass 338 
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formation and PHB production increased from 25 to 30 °C but decreased at temperatures above 339 

30 °C. The lowest overall performance was observed at 37 °C. Although 28 °C and 33 °C still 340 

supported polymer production, neither exceeded the performance at 30 °C. These results 341 

indicate that 30 °C provided the most favorable balance between cell growth and PHB 342 

production under the present conditions. 343 

 344 

3.5. Effect of emulsification on oil dispersion, PHA production, and copolymer composition 345 

Because SPO is a hydrophobic substrate, it was mainly present as floating droplets in 346 

the upper layer of the culture medium and was not readily dispersed under normal shaking 347 

conditions, which likely limited its accessibility to microbial cells. Previous studies on oil-based 348 

PHA production in C. necator have shown that the accessibility of lipid substrates can markedly 349 

influence polymer production efficiency [6,14]. To examine this effect, three non-ionic 350 

surfactants (Tween 20, Tween 80, and Tween 85) and the anionic surfactant SDS were evaluated 351 

under the same cultivation conditions (Fig. 6A and Table 2). The production data showed clear 352 

differences among the tested emulsifiers. SDS exhibited a strong inhibitory effect and almost 353 

completely suppressed both cell growth and PHA production at all tested concentrations. In 354 

contrast, Tween 20, Tween 80, and Tween 85 supported biomass formation and copolymer 355 

production. Among them, Tween 20 showed the most favorable performance, particularly at 356 

0.10�0.15%, where the highest PHA content and one of the highest levels of biomass formation 357 

and PHB production were observed. Tween 80 and Tween 85 also supported copolymer 358 

formation, although their effects were generally lower or more variable than those of Tween 20. 359 

The 3HHx-containing copolymer fraction was consistently detected under Tween-360 

supplemented conditions, and the 3HHx mole fraction remained within a comparable range 361 

across treatments. Taken together, these results indicate that appropriate emulsification 362 
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improves SPO utilization and promotes both PHA production and copolymer formation, 363 

whereas SDS was unsuitable under the tested conditions. Therefore, 0.1% Tween 20 was 364 

considered the most effective emulsifier condition. 365 

Microscopic observations supported these trends (Fig. 6B,C). In the presence of emulsifiers, 366 

the oil phase was distributed as smaller and more uniformly dispersed droplets, whereas cultures 367 

without emulsifiers showed visible phase separation and larger droplets. These observations 368 

indicate that emulsification improves the physical availability of SPO in the aqueous medium, 369 

consistent with the improved production observed under Tween-based conditions. Similar 370 

relationships between oil utilization and substrate accessibility have been reported in previous 371 

studies on oil-fed C. necator cultures [14].  372 

 373 

3.6. Production of P(3HB-co-3HHx) from SPO under optimized conditions 374 

Under optimized cultivation conditions, time-dependent experiments demonstrated 375 

sustained biomass formation and copolymer production throughout cultivation (Fig. 7). Both 376 

PHB and 3HHx fractions accumulated progressively, and PHA content increased markedly 377 

during later stages. The 3HHx mole fraction remained detectable over time, indicating stable 378 

biosynthesis of P(3HB-co-3HHx) rather than simple PHB accumulation. After 72h a DCW of 379 

17.3 g/L was obtained, along with 11.84 g/L of 3HB and 1.63 g/L of 3HHx, corresponding to a 380 

PHA content of 70.2% and a 3HHx mole fraction of 11.25%. Collectively, these results indicate 381 

that SPO supports efficient copolymer production under the optimized conditions.  382 

 383 

3.7. Film properties and biodegradation of SPO-derived P(3HB-co-3HHx) 384 

The solvent-cast film prepared from the SPO-derived polymer showed a number-385 

average molecular weight (ܯ௡) of 9.3 ± 0.3 × 105, a weight-average molecular weight (ܯ௪) of 386 
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1.30 ± 0.04 × 106, and a polydispersity index (PDI) of 1.4 ± 0.01 (Table 3). The film showed a 387 

water contact angle of 81.4 ± 0.2°, indicating a relatively hydrophobic surface. Mechanical 388 

testing yielded a tensile strength of 6.0 ± 0.6 MPa, elongation at break of 53.4 ± 4.6%, and 389 

Young�s modulus of 127.09 ± 21.3 MPa. Thermal analysis showed a glass transition 390 

temperature (Tg ) of -4.2 ± 1.7 °C, melting temperature (Tm ) of 163.9 ± 2.4 °C, and 391 

crystallization temperature ( ௖ܶ) of 107.7 ± 2.6 °C, while thermogravimetric analysis showed a 392 

maximum degradation temperature (Tmax ) of 283.6 °C and a residual mass of 8.3%. These 393 

results indicate that the SPO-derived polymer can be processed into films with defined 394 

molecular, thermal, and mechanical properties. This interpretation is consistent with previous 395 

studies showing that oil-fermented P(3HB-co-3HHx) exhibits measurable physicochemical 396 

properties and that the 3HHx fraction contributes to thermal and mechanical behavior [17,22]. 397 

Compared with previously reported P(3HB-co-3HHx) films, in which increasing 3HHx content 398 

generally decreases tensile strength and Young�s modulus while improving flexibility, the SPO-399 

derived film exhibited a low-modulus character, suggesting that the incorporated 3HHx fraction 400 

contributed to chain mobility rather than high tensile resistance [25,27,28]. In addition, the 401 

observed Tg  and Tm  values were within the typical range reported for P(3HB-co-3HHx)-402 

based materials, supporting that SPO-derived polymerization retained the characteristic thermal 403 

behavior of 3HHx-containing PHA copolymers [25,28].  404 

The SPO-derived film also showed clear time-dependent biodegradation (Fig. 8). For 405 

biodegradation analysis, the film was incubated in MB medium with Microbulbifer sp. SOL66, 406 

a marine PHA-degrading strain previously reported to exhibit strong degradation activity 407 

toward PHA materials [23]. During incubation, the residual polymer decreased progressively, 408 

while degradation increased over time. Approximately 40% degradation was observed by day 409 

3, ~80% by day 5, and >90% by day 7, indicating near-complete degradation. These results 410 
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confirm that SPO-derived P(3HB-co-3HHx) retains high biodegradability, consistent with 411 

previous reports using Microbulbifer sp. SOL66 [23,24]. 412 

 413 

4. Discussion 414 

In this study, SPO was shown to be a suitable carbon source for producing P(3HB-co-3HHx) 415 

using C. necator H16 harboring pCB81. Compared with other carbon sources, SPO supported 416 

higher biomass formation and polymer production while enabling synthesis of a 3HHx-417 

containing copolymer, unlike fructose alone. Optimization of cultivation conditions 418 

demonstrated that production could be improved through control of substrate concentration, 419 

nitrogen source, fructose co-feeding, agitation speed, temperature, and emulsification. Fructose 420 

co-feeding enhanced both growth and polymer accumulation, whereas Tween-based 421 

emulsification improved oil utilization and copolymer production, and SDS showed inhibitory 422 

effects. These findings highlight that carbon source composition, cultivation strategy, and 423 

substrate accessibility are important determinants of PHA production efficiency.[6,7,26] 424 

The polymer produced from SPO was successfully processed into films with defined 425 

molecular, thermal, surface, and mechanical properties. The resulting P(3HB-co-3HHx) film 426 

exhibited rapid biodegradation by Microbulbifer sp. SOL66, confirming its biodegradable 427 

nature[17,22�24]. Although no pronounced odor or discoloration was observed, these features 428 

were not quantitatively evaluated. Overall, these results demonstrate that SPO can be effectively 429 

valorized as a sericulture-derived feedstock for producing value-added PHA copolymers, 430 

supporting its potential for sustainable polymer production.  431 

 432 
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Tables 547 

Table 1. Previous studies on oil-based substrates for PHA production 548 

Substrate 

Type 
Substrate Strain PHA Type 

Yield 

(g/L) 
Reference 

Animal oil 

Fish oil 
Cupriavidus 

necator B-10646 

P(3HB), P(3HB-co-3HV-

co-3HHx) 
3.31 [9] 

Tuna 

condensate 

waste 

C. necator 

TISTR 1095 
P(3HB-co-3HV) 3.8 [10] 

Crude fish 

oil 

Ralstonia sp. 

isolates 

P(3HB) 

0.72 

[11] 

Ralstonia sp. 

M19 
2.7 

Animal 

fats 

Ralstonia 

eutropha H16 
P(3HB) 4 

[12] 

Re2058/pCB113 P(3HB-co-3HHx) 3 

Waste 

pork fat 
Re2058/pCB113 P(3HB-co-3HHx) 45.6 [13] 

Vegetable 

oil 

Bean oil 
C. necator BM3-

1 
P(3HB-co-3HHx) 37.1 [14] 

palm oil, 

crude 

waste 

cooking 

oil 

H16ΔA3043/lip
AB 

P(3HB-co-3HV) 264 [15] 

Rapeseed 

oil 
C. necator H16 P(3HB) 105 [16] 

Insect oil Pupa oil 
C. necator 

H16/pCB81 

P(3HB) 

P(3HB-co-3HHx) 
20 

In This 

study 

549 
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Table 2. Silkworm Pupa oil(SPO) composition 550 

Fatty acid Abbreviation Composition (%) 

Hexadecanoic acid (Palmitic acid) C16:0 16.8 

9,12-Octadecadienoic acid (Linoleic acid) C18:2 28.8 

9-Octadecenoic acid (Oleic acid) C18:1 53.5 

Cyclopropane containing fatty acid  

Cyclopropanebutanoic acid 0.80 

  551 
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Table 3. Physical properties of P(3HB-co-10.3%3HHx) film 552 

Tensile 

strength 

(MPa) 

Elongation 

at break (%) 

Young�s 

modulus 

(Mpa) 

Mn 

(*105) 

Mw 

(*106) 
PDI 

6.0 ± 0.6 53.4 ± 4.6 
127.09 

± 21.3 
9.3 ± 0.3 

1.30 ± 

0.04 
1.4 ± 0.01 

Water 

contact 

angle (°) 

Tg (℃) Tm (℃) Tc (℃) Tmax 

(℃) 
Residual 

mass (%) 

81.4 ± 0.2 -4.2 ± 1.7 163.9 ± 2.4 
107.7  

± 2.6 
283.6 8.3 

           553 

  554 
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Table 4. Emulsifiers used, their chemical structures, and characteristics. 555 

Chemical structure Emulsifier Characteristics Reference 

 

SDS 

Strong anionic 

surfactant with high 

surface activity but 

potential cell toxicity 

[18] 

 

Tween 20 

Mild non-ionic 

surfactant widely used 

in biological and 

pharmaceutical 

systems 

[19] 

 

Tween 80 

Non-ionic surfactant 

widely used for 

emulsification and 

stabilization of 

hydrophobic 

compounds 

[20] 

 

Tween 85 

Non-ionic surfactant 

with relatively  

hydrophobic tail 

structure, suitable for 

oil-phase 

emulsification 

[21] 

 556 

  557 
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Figure Legends  558 

Figure 1.  Examination of SPO as a carbon source for PHA production. (a) Fatty acid 559 

composition of SPO analyzed by GC�MS. (b) Comparison of PHA production 560 

using different carbon sources. 561 

Figure 2.  PHB production in Cupriavidus necator H16 under different conditions. 562 

(a) Effect of oil concentration. (b) Effect of nitrogen sources. 563 

Figure 3.  Time-course analysis of growth and P(3HB-co-3HHx) accumulation in 564 

Cupriavidus necator H16 harboring pCB81 (a) 1% fructose as the sole 565 

carbon source. (b) 1.5% SPO as the sole carbon source. (c) Combined carbon 566 

sources (1% fructose + 1.5% SPO). 567 

Figure 4.  Fructose consumption rate and PHA production under different carbon 568 

source conditions. (a) 1% fructose as the sole carbon source. (b) 1% Fructose 569 

+ 1.5% SPO. (c) Optimization of fructose concentration for PHB production 570 

with 1.5% SPO. 571 

Figure 5.  Optimization of cultivation conditions for PHB production. (a) Effect of 572 

agitation speed. (b) Effect of temperature. 573 

Figure 6.  Effect of emulsifier type and concentration on PHA production and 574 

composition. (a) Microscopic observation of oil dispersion with and without 575 

emulsifiers. (b) Biomass growth and PHA production under different 576 

emulsifier types and concentrations. 577 

Figure 7.  Time dependent monitoring of PHA production under optimized 578 

conditions. 579 

Figure 8.  Time dependent analysis of biodegradation of P(3HB-co-3HHx) films. 580 

581 
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Figure 1.  582 

(a) 583 

 584 

 585 

 (b) 586 

Carbon source

Fructose Bean oil Pupa oil

D
C

W
 &

 P
H

A
 (

g
/L

)

0

2

4

6

8

10

12

14

16
P

H
A

 c
o

n
te

n
t 

(%
)

0

20

40

60

80

100

DCW (g/L)

3HHx (g/L)

PHB (g/L)

PHA content (%)

 587 

  588 



 

30 

 

Figure 2. 589 
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Figure 3. 597 
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(c) 603 
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Figure 4.  606 
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(c) 611 
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Figure 5. 614 
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