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Abstract 21 

Cell lines suitable for serum-free suspension culture remain limited for cultured meat 22 

production. Here, we established a spontaneously immortalized porcine 23 

muscle-derived cell line by adapting a satellite-cell-enriched primary culture to 24 

serum-free suspension without genetic modification. Cells completed more than 255 25 

population doublings by day 300. Longitudinal single-cell transcriptomics revealed 26 

shifts from myogenic to mesenchymal stromal-like and then adipogenic-like states 27 

during adaptation. The cells showed little basal lipid accumulation but inducible 28 

adipogenesis, with no detectable myogenic differentiation. They retained DNA 29 

damage recovery capacity and exhibited no detectable tumorigenicity. Compared to 30 

fed-batch or cell-retention perfusion culture, semi-continuous culture improved 31 

medium-use efficiency, requiring less dry medium per unit of wet biomass. Scale-up 32 

in a 2,000-litre bioreactor yielded 97.18 kg wet biomass with a medium conversion 33 

ratio of 0.63:1 (dry medium/wet biomass). These results provide a porcine cell source 34 

and a semi-continuous process for scalable production of cultured pork biomass. 35 

 36 
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Introduction 39 

 Meeting the growing global meat demand through conventional livestock 40 

production is challenging because of its environmental impacts, resource requirements 41 

and animal welfare concerns.1-4 Cultured meat, produced by expanding animal cells 42 

into edible biomass and/or tissues, has therefore emerged as a potential complement.5, 
43 

6 Realizing this potential at commercially relevant scales depends on resolving 44 

persistent bottlenecks in production cell-line development, serum-free medium design, 45 

bioprocess engineering, etc.6, 7 46 

Primary cells, including muscle stem cells, fibro-adipogenic progenitors, 47 

adipose-derived stem cells, and fibroblasts, are potential cell sources.8-10 However, 48 

their proliferative capacity and differentiation potential decline during extended 49 

passaging.11 Pluripotent stem cells have greater self-renewal and multilineage 50 

potential, but require complex species-specific culture and differentiation protocols.6 51 

Immortalization of primary cells has been achieved by targeting the cell-cycle 52 

inhibitors p15 and p16, or by introducing TERT with CDK4. Such genetic 53 

modification requires careful assessment of genomic stability and cellular properties 54 

and may also raise regulatory considerations.12-14 Spontaneous immortalization could 55 

provide a non-transgenic alternative. Such cell lines have been reported in avian, 56 

bovine, and porcine cells.13, 15-17 However, in porcine muscle-derived cells, 57 

spontaneous immortalization during serum-free suspension adaptation and the 58 

accompanying changes in cell states remain poorly understood. 59 

For large-scale production, a suitable cell source must also support serum-free 60 

culture and efficient expansion. Eliminating animal serum reduces dependence on a 61 

costly and variable component.7, 18 Serum-free media have supported the sustained 62 



expansion of bovine satellite cells.19, 20 Fed-batch, cell-retention perfusion and 63 

continuous culture strategies differ in nutrient supply, metabolite removal and biomass 64 

recovery, making biomass yield and medium consumption important considerations 65 

for process development.21, 22 Perfusion culture has enabled repeated harvesting of 66 

chicken biomass in animal-free medium.19 Scale-up introduces additional constraints, 67 

including metabolite accumulation and limitations in oxygen transfer and mixing, that 68 

can impair cell growth and biomass productivity. 69 

Here, we obtained a spontaneously immortalized porcine muscle-derived cell 70 

line by adapting a satellite-cell-enriched primary culture to serum-free suspension 71 

without genetic modification. Single-cell transcriptomics across nine stages showed 72 

that the adapted cells gradually acquired adipogenic features during long-term culture. 73 

After replating under adherent conditions, the cells could differentiate into adipocytes, 74 

whereas myogenic differentiation was not detected. We assessed safety-related 75 

cellular properties and compared fed-batch, cell-retention perfusion, and 76 

semi-continuous culture for biomass production. The semi-continuous culture was 77 

further tested in a 2,000-litre bioreactor. We quantified biomass output and medium 78 

consumption, examined the effect of medium price on medium cost per kilogram of 79 

biomass, and incorporated the harvested biomass into a hybrid food product. Together, 80 

these results establish a cell source and an experimentally evaluated process for 81 

scalable production of cultured pork biomass. 82 

 83 

Results 84 

Spontaneous immortalization during serum-free suspension adaptation 85 

We expanded our primary porcine skeletal muscle satellite cell-enriched population in 86 

adherent monolayers (P1-P8) and on porous microcarriers (P9; Fig. 1a, b). Cells were 87 



then transferred to serum-free medium under orbital agitation, and initially formed 88 

aggregates progressively dispersed into a single-cell suspension by day 141 (SD141; 89 

Fig. 1b). Two major proliferative bottlenecks were observed during adaptation. The 90 

population-doubling time (PDT) increased from 26.9 h before adaptation to 192.4 h at 91 

SD6 and peaked at 603.1 h at SD56 (Fig. 1c, d). Proliferation subsequently recovered, 92 

with cumulative population doublings exceeding 102 by SD141, surpassing the 93 

operational threshold of 100 cumulative PDs used to define immortalization, and 255 94 

by SD300, calculated from P0 (Fig. 1e). The PDT decreased to 23.4 h by SD175 and 95 

thereafter remained between 18 and 26 h, without subsequent proliferative decline 96 

(Fig. 1c, d). This process did not involve genetic modification. Therefore, cells after 97 

SD300 were designated as a spontaneously immortalized porcine muscle-derived cell 98 

line. 99 

To characterize the molecular features of the SD300 line, we compared TERT 100 

and transcripts related to TP53 signalling and cell-cycle regulation between P5 and 101 

SD300 cells. TERT expression was 2.6-fold higher in SD300 cells (Fig. 1f), while 102 

telomerase activity was maintained (Extended Data Fig. 1). TP53 expression was also 103 

increased, whereas TP53RK and TP53I3 showed no differences (P > 0.05). Among the 104 

cell-cycle-related genes examined, CDK4 expression was higher, whereas CCNB1, 105 

CCND1, and CDK1 expression was lower in SD300 cells (Fig. 1f).  106 

 107 

Cell-state remodelling during suspension adaptation 108 

We conducted a systematic scRNA-seq analysis to resolve cell-state remodelling 109 

during suspension adaptation. Four transcriptional states, myogenic (Myo), 110 

mesenchymal stromal-like (Mes), extracellular matrix-remodelling (ECM-R), and 111 

adipogenic-like (Adip), were identified (Fig. 2a,b,c; Extended Data Fig. 2a). The Myo 112 



fraction decreased from 98% at P5 to 17% at P7, whereas Mes cells accounted for 88% 113 

at P9. ECM-R cells predominated at SD7 (86%) but declined to 55% at SD17. Adip 114 

cells increased from 13% at SD7 to 99% at SD38 and remained dominant through 115 

SD300 (Fig. 2c and Extended Data Fig. 2b). This state was enriched for 116 

lipid-metabolic processes (Extended Data Fig. 2a). 117 

Pseudotime analysis placed Mes between the loss of the Myo programme and the 118 

emergence of the Adip-associated programme (Extended Data Fig. 3a). Among 119 

surviving cells at SD7 and SD17, pseudotime and RNA velocity suggested divergence 120 

from an Adip-associated region towards ECM-R or within Adip (Fig. 2d,e and 121 

Extended Data Fig. 3b). By SD38, trajectories were largely confined to Adip. The 122 

ECM-R-associated path showed matrix-remodelling, stress- and apoptosis-related 123 

programmes (Extended Data Fig. 4a). Along the Adip-retaining path, 124 

cell-cycle-associated Module 2 expression peaked near the root, preceding increased 125 

lipid-metabolic Module 1 expression (Fig. 2f,g and Extended Data Fig. 4b,c). 126 

Culture from SD38 to SD300 involved nutrient enrichment followed by transfer 127 

to a food-compatible medium. Cell cycle scoring showed that the G1 fraction declined 128 

from 93% at SD17 to 5% at SD300, whereas G2/M increased from 3% to 74% 129 

(Extended Data Fig. 5c). Temporal clustering of the 100 most variable genes 130 

identified declining signalling, adhesion, stress-response, and matrix-remodelling 131 

programmes, alongside increasing lipid-metabolic gene expression, including LPL, 132 

FASN, FABP4 and ADIPOQ (Extended Data Fig. 5d-h). These genes showed broadly 133 

similar expression patterns at SD277 and SD300, before and after transfer to 134 

food-compatible medium, respectively. 135 

 136 

SD300 cells lose myogenic ability but acquire inducible adipogenic potential 137 



The stable Adip-like state and elevated lipid-metabolic features suggested an altered 138 

lineage of adapted cells. Compared to the parental P5 cells, PAX7 staining was nearly 139 

undetectable, vimentin staining was reduced, and PDGFRA staining was increased in 140 

SD300 cells after replating under adherent conditions (Fig. 3a). Expression of PAX7, 141 

MYF5, MYOD1, and MYOG was also dramatically lower (Fig. 3b). Consistently, 142 

scRNA-seq showed lower PAX7 and ITGB1 but higher PDGFRA and VCAM1 143 

expression in Adip than in Myo cells (Extended Data Fig. 6a,b). After myogenic 144 

induction, P5 cells formed MyHC-positive multinucleated myotubes, whereas SD300 145 

cells showed no detectable myotube formation and a near-zero differentiation index 146 

(Fig. 3c). Induced SD300 cells also showed lower MYOD1 and nearly undetectable 147 

MYOG expression than P5 cells (Fig. 3d). 148 

Under non-inducing conditions, SD300 cells showed modest lipid accumulation 149 

despite higher basal CEBPA, PPARγ, and FABP4 expression than P5 cells (Fig. 3e 150 

and Extended Data Fig. 6c). Following adipogenic induction, SD300 cells 151 

accumulated abundant lipid droplets, whereas P5 cells responded weakly (Fig. 3f). 152 

PPARγ and FABP4 expression was also higher in induced SD300 cells than in 153 

induced P5 cells (Fig. 3g). 154 

We next compared SD300 transcriptomes with those of porcine tissues and 155 

primary cell cultures. Principal component analysis (PCA) positioned SD300 cells 156 

near subcutaneous and visceral adipose tissues, separate from skeletal muscle and 157 

liver (Fig. 3h). However, heatmap analysis showed distinct gene-expression patterns 158 

between SD300 cells and both adipose tissues (Extended Data Fig. 6d). Further 159 

comparisons with satellite cells and intramuscular and subcutaneous preadipocytes 160 

before and after differentiation revealed a distinct profile from these primary cells 161 

(Fig. 3i). The gene expression pattern of SD300 more closely resembled that of 162 



parental P5 cells (Fig. 3j). Together, these findings supported an adipogenic-primed 163 

state with inducible adipogenic potential but no detectable myogenic competence. 164 

 165 

Authentication and safety characterization of the SD300 cell line 166 

We confirmed the species origin of the SD300 cell line and determined the 167 

microbiological condition and safety characteristics. The PCR products of 168 

mitochondrial D-loop and cytochrome b amplicons from porcine but not from chicken 169 

were detected in SD300 cells (Fig. 4a). Independent third-party testing found no 170 

bacterial, fungal, mycobacterial or Mycoplasma contamination and no evidence of the 171 

adventitious agents included in the testing panel (Extended Data Table 1). Additional 172 

testing for porcine viruses, including African swine fever virus (ASFV), classical 173 

swine fever virus (CSFV) and foot-and-mouth disease virus (FMDV), was also 174 

negative (Fig. 4b and Extended Data Table 1). SD300 cells also expressed lower 175 

levels of selected prion- and amyloid-related genes, including PRNP, APP, PSEN1, 176 

and BACE1 compared to P5 cells (Fig. 4c). 177 

We measured DNA damage kinetics by quantifying nuclear γH2AX foci. Their 178 

quantity increased in both P5 and SD300 cells following DNA-damaging treatment 179 

and decreased after recovery, with no differences from untreated controls (Fig. 4d,e).  180 

Finally, potential tumorigenicity was evaluated using complementary in vitro and 181 

in vivo assays. HeLa cells formed readily detectable colonies after 21 days in soft agar. 182 

In contrast, neither P5 nor SD300 cells formed colonies (Fig. 4f). Consistently, mice 183 

injected with SD300 cells showed no evidence of tumor formation during the 184 

observation period, while obvious tumors developed in the positive-control group (Fig. 185 

4g). Histological examination of brain, heart, liver, lung, spleen, and kidney sections 186 



revealed no detectable metastatic lesions in either the SD300 or positive-control group 187 

(Extended Data Fig. 7a-f).  188 

These findings support the microbiological quality and non-tumorigenic 189 

phenotype of SD300 cells and provide an initial safety-related characterization for 190 

their further development as a production cell line for cultured pork. 191 

 192 

Semi-continuous culture supports sustained biomass production 193 

Using the stable and food-compatible immortalized SD300 cell line, we next 194 

compared three serum-free production configurations in 50-litre bioreactors to select a 195 

process for further scale-up (Fig. 5a-g). Fed-batch culture reached a maximum viable 196 

cell density of 103.70 × 105 cells ml−1 on day 5, then declined in density and viability 197 

as ammonium built up (Fig. 5a,b). The process generated 935.13 g of accumulated 198 

biomass using 33.85 litres of medium in total, equivalent to 900.02 g of dry medium. 199 

This corresponded to a dry-medium-to-wet-biomass ratio of 0.96 kg kg−1, defined 200 

here as the medium conversion ratio (Fig. 5g). 201 

Cell-retention perfusion in rocking-motion bioreactors reached 562.67 × 105 202 

cells ml−1 on day 12 while maintaining high viability (Fig. 5c,d). Medium exchange 203 

limited the progressive accumulation of lactate and ammonium during the monitoring 204 

period, although glucose was nearly depleted late in culture (Fig. 5d). The process 205 

produced 1028.15 g of wet biomass using 256.37 litres of medium, corresponding to 206 

3640.38 g of dry medium with a medium conversion ratio of 3.54 (Fig. 5g).  207 

Semi-continuous culture in stirred-tank bioreactors maintained high viability and 208 

provided ten consecutive 24-h harvests with a target harvest density of 6.0 × 106 209 

viable cells  ml−1 during a 13-d run, without progressive lactate or ammonium 210 

accumulation (Fig. 5e,f). The process generated 6585.30 g of wet cell biomass using 211 



287.18 litres of medium, equivalent to 5077.40 g of dry medium and a medium 212 

conversion ratio of 0.77, the lowest among the three processes examined (Fig. 5g). 213 

Consequently, semi-continuous culture showed the lowest dry medium requirement 214 

per unit biomass, the highest cumulative biomass output, and sustained harvesting 215 

among the three configurations, even though perfusion achieved the highest cell 216 

density. 217 

 218 

Scale-up of semi-continuous culture in a 2,000-litre bioreactor and cost analysis 219 

For scale-up, SD300 cells were further adapted to serum-free production medium 220 

DP19421812 and banked as JF108-SWCB-FB2. Starting with 40× 106 cells, cells 221 

were expanded through 125-ml and 1-litre shake flasks and 3-, 20–50-, 50- and 222 

200-litre bioreactors before transfer to the 2,000-litre production vessel (Fig. 6a). The 223 

seed train generated 2.15 × 1012 cells while maintaining viability above 90%, with a 224 

mean doubling time of 20.68 ± 3.86 h (Extended Data Fig. 8a,b). 225 

The production vessel was inoculated with 1.75 × 1012 viable cells at an initial 226 

density of 19.9 × 105 cells ml−1, corresponding to an initial working volume of 227 

approximately 880 litres. Semi-continuous culture continued for 6 d, with collections 228 

on days 18, 20 and 22 (Fig. 6b, c). Cumulative wet biomass reached 97.18 kg by day 229 

22 (Fig. 6d). Glucose remained available and lactate low, whereas ammonium reached 230 

approximately 14 mM by day 22 (Extended Data Fig. 8c). Cells retained a 231 

predominantly round morphology at the sampled stages (Extended Data Fig. 8d). 232 

Protein and fat contents were comparable across the three harvests, averaging 59.56 g 233 

and 10.24 g per 100 g of dry biomass, respectively (Fig. 6e).  234 

The complete process consumed 2,925 litres of medium (61.02 kg dry medium), 235 

corresponding to a cumulative wet biomass yield of 3.32% (w/v) and a medium 236 



conversion ratio of 0.63 kg kg−1 (Fig. 6c, Extended Data Fig. 8e). Medium nutrients 237 

and single-use consumables dominated the estimated cost of goods (Fig. 6f). At the 238 

current medium price of US$9.41   l−1, medium use contributed US$283.23 per 239 

kilogram of wet biomass. At a reduced medium price of US$0.63 l−1, as projected for 240 

a 50,000-litre production facility, the medium cost contribution would decrease to 241 

US$18.96 kg−1, assuming unchanged medium consumption and biomass output. 242 

The collected biomass was then mixed with high-moisture extruded soy protein 243 

and formed into a hybrid spring roll, demonstrating its compatibility with downstream 244 

food processing (Fig. 6g). Electronic-nose PCA placed the 47% biomass formulation 245 

closer to the positive control than the 20% formulation (Fig. 6h). Electronic-tongue 246 

responses showed that the responses of bitter and astringent aftertaste were lower 247 

(47%) and the responses of richness, umami, and saltiness were higher than the 248 

negative control (Fig. 6i). 249 

 250 

Discussion 251 

Serum-free suspension production has been demonstrated with spontaneously 252 

immortalized chicken fibroblasts,13 whereas porcine FaTTy cells were expanded in 253 

serum-containing adherent culture,16 and spontaneously immortalized porcine 254 

myoblasts and fibroblasts were maintained in suspension with 1% serum.23 Our 255 

previous studies achieved prolonged serum-free expansion of porcine myogenic cells 256 

through CDKN2A disruption or TERT/CDK4 co-expression, while retaining 257 

myogenic potential.24, 25 Here, spontaneous immortalization during serum-free 258 

suspension adaptation yielded an adipogenic-primed line that showed inducible 259 

adipogenesis but no detectable myogenesis and supported semi-continuous culture in 260 

a 2,000-litre production vessel. 261 



The major change in cell state shifts occurred early in adaptation. Myogenic 262 

features declined during adherent expansion, and Adip predominated by SD38 263 

following extensive cell death during early suspension adaptation. Similar 264 

compositional changes were also reported in bovine satellite-cell cultures, where FAP 265 

abundance increased from 1% to 93.6% over six passages.26-29 Adipogenic 266 

differentiation of sorted porcine CD45- CD56+ myogenic cells,30 and our previous 267 

inference of density-dependent FAP-like transitions also raise the possibility of 268 

phenotypic plasticity.31 Selection and plasticity may therefore both contribute to Adip 269 

predominance, although lineage tracing is needed to distinguish their contributions.32  270 

The lipid metabolic characteristic continued to strengthen from SD38 to SD300 271 

during spontaneous immortalization and sustained proliferation. Suspension 272 

adaptation of DF-1 chicken fibroblasts was also accompanied by changes in PPAR 273 

signalling and increased adipogenic potential.33 Studies in other cell systems link lipid 274 

metabolism to redox control and survival after loss of matrix attachment.34, 35 Whether 275 

these pathways support survival or proliferation in the present line remains to be 276 

determined. 277 

 Despite their proximity to adipose tissues in principal-component space, SD300 278 

cells accumulated little lipid without induction. They were transcriptionally distinct 279 

from parental P5 cells and primary myogenic and adipogenic reference populations. 280 

This phenotype could allow separate optimization of biomass expansion and lipid 281 

accumulation, as proposed for other adipogenic cell systems.29, 36, 37 However, the loss 282 

of myogenesis limits their direct use for muscle-tissue formation. Incorporation of the 283 

harvested biomass into a hybrid food prototype is consistent with previous use of 284 

cultured adipocyte-like cells in soy-based products.13  285 



Production data for immortalized cells remain limited in cultured meat. 286 

Fed-batch operation is relatively simple but does not continuously remove metabolites, 287 

which can limit culture duration and requires culture restart for subsequent production 288 

cycles. Perfusion enables medium exchange and higher cell densities but requires 289 

additional cell-retention equipment and may increase medium consumption.38 290 

Immortalized chicken fibroblasts reached 108 × 106 cells ml⁻¹ in serum-free perfusion 291 

culture.13 More recently, perfusion in animal-component-free medium supported 12 292 

harvests over 20 days, yielding 1.7 kg of wet biomass at a working volume of 1.8 293 

litres.21 In our comparison, cell-retention perfusion achieved the highest cell density 294 

but consumed more medium per unit biomass. Semi-continuous culture allowed 295 

repeated harvesting without restarting the culture, reducing the need for repeated seed 296 

preparation and associated consumables. Although it achieved a lower cell density 297 

than perfusion, semi-continuous culture produced the highest cumulative biomass 298 

output with the lowest dry medium consumption per kilogram of wet biomass. Its 299 

subsequent scale-up in a 2,000-litre vessel yielded 97.18 kg of wet biomass with a 300 

medium conversion ratio (MCR) of 0.63:1 (dry medium/wet biomass). This ratio was 301 

numerically lower than the feed conversion ratio (FCR) of approximately 2-3 kg feed 302 

per kg live-weight gain reported for growing-finishing pigs, although differences in 303 

input materials and biomass composition preclude direct comparison.39 The low ratio 304 

nevertheless indicates the potential for efficient conversion of medium nutrients into 305 

cultured meat biomass. 306 

Medium price remained a major constraint for cultured meat production.19, 21 At 307 

US$9.41 l⁻¹, medium contributed US$283.23 per kilogram of wet biomass. The 308 

projected contribution of US$18.96 kg−1 assumes a medium price of US$0.63 l⁻¹, as 309 

reported for cultured chicken,21 with unchanged biomass output and medium 310 



consumption. The wet biomass yield in our 2,000-litre semi-continuous production 311 

run was 3.32% (w/v), compared with 36% (w/v) reported for immortalized chicken 312 

fibroblasts in perfusion culture.13 Although the cultivation strategies differ, this 313 

comparison suggests room for improving biomass yield. Doubling biomass yield 314 

without increasing medium consumption would further reduce the medium cost to 315 

US$9.48 kg−1. Recently, PARIMA reported multi-tonne cultivated duck production 316 

using Vow's 22,000-litre bioreactor, with a stated production cost target below €10 317 

kg−1. Although this target cannot be directly compared with our medium-only 318 

estimate, it illustrates the progress towards lower-cost production at larger scales.  319 

The cellular origin of the adapted state and its stability across independent 320 

cultures remain to be established. Lineage tracing and genomic characterization, 321 

together with independent adaptation and production runs, would help establish how 322 

reproducibly this phenotype can be obtained and maintained. This study provides a 323 

porcine cell source and measured process requirements for serum-free suspension 324 

production of cultured pork biomass. 325 

 326 

Methods 327 

Materials 328 

DMEM/F12 (C11330500BT), foetal bovine serum (10091-148), 329 

penicillin-streptomycin solution (15140-22), ITS-X (51500056), Anti-Clumping 330 

Agent (0010057AE), TrypLE Express enzyme (12604054), lipid supplement 331 

(11905031), NEAA (11140050), yeast extract (212750), BCA assay kit (A55860) and 332 

Phusion Plus DNA polymerase (F630) were purchased from Thermo Fisher Scientific. 333 

Collagen I, rat tail, 0.05% (254236) was purchased from Corning. Microcarriers 334 

(P0-100) and digestion reagent (R001-500) were purchased from CytoNiche. Bovine 335 



HGF (Z03803), bFGF (Z03230-5), IGF-1 (Z03688), LIF (Z03802) and porcine EGF 336 

(Z03777-1) were purchased from GenScript. Zinc sulfate heptahydrate (Z0251), 337 

vitamin C (A5960), vitamin E (258024), and sodium selenite (S9133) were obtained 338 

from Sigma-Aldrich. Cortisol (M3451) was purchased from AbMole, and CD02C 339 

medium (A11002) was purchased from QuaCell. The RNA Isolation Kit (RC101-01), 340 

HiScript III RT SuperMix (+gDNA wiper; R323-01), and SYBR Master Mix for 341 

qPCR (Q311-02) were obtained from Vazyme. The DNA extraction kit (9765) was 342 

purchased from Takara Bio. Etoposide (12092) was purchased from Wuhan Aimeijie, 343 

and GelGreen (D0143) was purchased from Beyotime. 344 

 345 

Primary cell isolation and 2D adherent culture 346 

Porcine muscle-derived primary cells were isolated from skeletal muscle of 347 

1-week-old pigs as we previously reported.40 CD31-CD45-CD56+CD29+ cells were 348 

enriched by fluorescence-activated cell sorting. After isolation, cells were maintained 349 

on collagen I-coated dishes in F10 medium supplemented with 20% FBS, 5 ng ml−1 350 

bFGF, and 1% penicillin–streptomycin. Cells were passaged every 3 days and 351 

transferred to microcarrier culture at P9. 352 

  353 

3D microcarrier-based adherent culture 354 

At P9, cells were transferred into a bioreactor containing DMEM/F12 supplemented 355 

with 1-5 mg ml−1 microcarrier tablets and 15-20% fetal bovine serum.41 Half of the 356 

culture medium was replaced with fresh medium after 2-4 days. After 6-7 days, half 357 

of the medium was removed, and microcarrier dissolution reagent was added to a final 358 

concentration of 1-2 mg ml-1. Following complete microcarrier dissolution, cells were 359 



harvested by centrifugation and cryopreserved as seed cells for subsequent suspension 360 

adaptation.  361 

 362 

Serum-free suspension adaptation and step-wise medium optimization 363 

Cryopreserved microcarrier-cultured cells were thawed and inoculated into 125-ml 364 

shake flasks at 0.5 × 106 cells ml−1. Cells were initially cultured in serum-free 365 

medium-1 (SFM-1), comprising A24 serum-free medium25 supplemented with 366 

forskolin, anti-clumping agent and Pluronic F-68 from SD0 to SD7. To promote 367 

suspension adaptation, AM-2395 and yeast extract were added to SFM-1 to prepare 368 

SFM-2, which was used after SD7. From SD38 to SD277, the A24 basal medium in 369 

SFM-2 was replaced with CD02C medium (SFM-3), to provide enhanced nutrient 370 

support for spontaneous immortalization and long-term proliferation. From SD277 to 371 

SD300, SFM-3 was reformulated without Y-27632·2HCl, AM-2394, dexamethasone, 372 

Trolox or N-acetylcysteine (SFM-4) to reduce the potential carryover of medium 373 

additives into the harvested biomass and improve its suitability for food production.42, 
374 

43 The SD300 cells were banked as S-WCB for relevant testing. 375 

Flasks were agitated at 90 rpm initially and at 120 rpm after SD18. Cell 376 

aggregates gradually decreased in size, and the culture was predominantly a 377 

single-cell suspension by approximately SD141. Cell growth, viability and metabolite 378 

concentrations were monitored throughout adaptation. Cells were maintained in 379 

serum-free suspension culture through SD300 before establishment of the working 380 

cell bank. 381 



 382 

Single-cell RNA sequencing and analysis 383 

Cells collected for scRNA-seq included adherent cells at P7, microcarrier-cultured 384 

cells at P9, and cells collected after 7, 17, 38, 147, 277 and 300 days of suspension 385 

adaptation. P5 data were obtained from our previous study using the same 386 

library-preparation workflow.31 Single-cell suspensions were assessed for viability 387 

and concentration before loading onto a Chromium Controller. cDNA libraries were 388 

constructed using the Chromium Single Cell 3’ Library & Gel Bead Kit v3 according 389 

to the manufacturer’s instructions (10x Genomics). Libraries were sequenced on an 390 

Illumina NovaSeq 6000 S4. Reads were processed using cellranger (v.9.0.0) against 391 

Sus_scrofa 11.1. 392 

Datasets from the nine samples were integrated and analysed in R using Seurat 393 

(v.5.3.0).44 After quality control, 108,960 cells and 17,093 features were retained, 394 

with median values of 3,712 detected genes and 12,403 unique molecular identifier 395 

(UMI) counts per cell. Data were normalized and scaled using SCTransform (v.0.4.2), 396 

and batch effects among samples were corrected using Harmony (v.2.0.5). Cell-cycle 397 

phases were assigned using the cell-cycle scoring functions implemented in Seurat. 398 

Differential gene expression was analysed using the FindMarkers function with the 399 

Wilcoxon rank-sum test, and genes with Bonferroni-adjusted P < 0.05 were 400 

considered differentially expressed. 401 

UMAP embedding generated in Seurat was implemented in Monocle 3 for 402 

pseudotime trajectory analysis. Loom files with spliced and unspliced transcript 403 



counts were used for RNA velocity analysis using scVelo (v.0.3.4) in Python, and 404 

velocity streamlines were also projected onto the UMAP embedding. Gene Ontology 405 

(GO) enrichment analysis and gene set enrichment analysis (GSEA) were performed 406 

using clusterProfiler v.4.12.6. Terms with nominal P < 0.05 and false discovery 407 

rate-adjusted q < 0.05 were considered significantly enriched. 408 

 409 

Bulk RNA sequencing and analysis 410 

Bulk RNA-seq data generated from P5 and SD300 cells were analysed together with 411 

publicly available porcine RNA-seq datasets. Raw reads from all datasets were 412 

processed using the same pipeline. Reads were filtered using SOAPnuke (v.2.2.1) and 413 

aligned to the porcine reference genome using HISAT2 (v.2.2.1). Clean reads were 414 

also mapped to the reference gene set using Bowtie2 (v.2.4.5), and gene expression 415 

was quantified using RSEM (v.1.3.1) as fragments per kilobase of transcript per 416 

million mapped reads (FPKM). PCA was performed in R using the princomp function 417 

after centring and scaling the FPKM expression matrix. Heatmaps were generated 418 

from the FPKM expression matrix using pheatmap (v.1.0.12). 419 

Two comparisons were performed. First, SD300 cells were compared with 420 

reference datasets from liver,45 skeletal muscle,46 visceral adipose tissue,47 and 421 

subcutaneous adipose tissue.47 Second, SD300 cells were compared with P5 cells and 422 

publicly available datasets representing primary satellite cells,48 myogenically 423 

differentiated satellite cells,49 and subcutaneous fat-derived and intramuscular 424 

fat-derived adipogenic cells before and at days 4 and 8 of adipogenic differentiation.50 425 



Three biological replicates were included for each cell type or condition. Accession 426 

numbers and sample details are provided in Supplementary Table 1. 427 

 428 

Myogenic and adipogenic induction 429 

For myogenic induction, P5 and SD300 cells (1 × 105 cells per dish) were seeded onto 430 

Matrigel-coated dishes. After reaching 90% confluence, the proliferation medium was  431 

replaced with serum-free myogenic differentiation medium (JFMYOINS3, Joes 432 

Future, Nanjing), which was refreshed every 2 days. Cells were collected after 6 days 433 

of induction.24 434 

For adipogenic induction, P5 and SD300 cells were seeded separately onto 435 

collagen-coated dishes at 0.1×106 cells per dish. At approximately 90% confluence, 436 

proliferation medium was replaced with serum-free adipogenic induction medium 1 437 

(Joes Future Food; JFAPC3-1). Medium 1 was renewed every 2 days during the first 438 

5 days. On day 5, cells were transferred to 2 ml of medium 2 (JFAPC3-2) per dish. On 439 

day 7, this was replaced with 2 ml of medium 3 (JFAPC3-3). Medium 3 was renewed 440 

on day 9, and differentiation ended on day 10.51 441 

 442 

Quantitative RT-PCR 443 

The FastPure Cell/Tissue Total RNA Isolation Kit (Vazyme, RC101-01) was used for 444 

total RNA extraction. Subsequently, cDNA was reverse-transcribed with HiScript III 445 

RT SuperMix for qPCR. qRT-PCR was performed on a BIO-RAD CFX Opus 96 446 



real-time PCR system using ChamQ SYBR qPCR Master Mix . Primer sequences are 447 

listed in the Supplementary Table 2. 448 

 449 

Telomerase activity assay 450 

The telomeric repeat amplification protocol (TRAP) was followed.52, 53 Cells were 451 

washed with cold PBS and lysed in 500 μl CHAPS-based lysis buffer for 30 min. 452 

Lysates were centrifuged at 13,000 × g for 40 min at 4 °C, and protein concentrations 453 

were determined using a BCA assay kit. For each reaction, 5 μg protein was used for 454 

TRAP amplification with TS, ACX, NT and TSNT primers (Supplementary Table 2). 455 

PCR products were separated on 12% non-denaturing polyacrylamide gels, stained 456 

with GelGreen and imaged using a UVP imaging system. 457 

 458 

Immunofluorescence staining 459 

Cells were fixed with 4% paraformaldehyde for 15-30 min, permeabilized with 0.5% 460 

Triton X-100 for 15 min and blocked with 5% BSA or goat serum. Primary antibodies 461 

include PAX7 (AB528428, DSHB), vimentin (ab8978, Abcam), PDGFRA (ab203491, 462 

Abcam), and γH2AX (9718T, Cell Signaling Technology). Appropriate Alexa 463 

Fluor-conjugated secondary antibodies (A11034 and A11029, Thermo Fisher 464 

Scientific) was used. Nuclei were counterstained with DAPI. Fluorescence images 465 

were acquired using a confocal microscope (DMi8, Leica). 466 

 467 

Species identification  468 



Genomic DNA was isolated from SD300 cells using the Takara DNA extraction kit  469 

following manufacturer’s instructions. Species-specific PCR was performed in a 470 

50-μL system with 100 ng template DNA using Phusion Plus DNA polymerase. 18S 471 

rRNA was used as internal control. Primer sequences are provided in the 472 

Supplementary Table 2. 473 

 474 

DNA-damage induction and recovery 475 

P5 and SD300 cells were seeded on collagen-coated glass-bottom dishes at 1 × 104 
476 

cells per well. After 48 h, cells were treated with 2.5 μM etoposide for 2 h and 477 

collected immediately or after 10 h of recovery in fresh medium without etoposide. 478 

Untreated cells served as controls. For immunofluorescence staining, cells were fixed 479 

with 4% paraformaldehyde, permeabilized with 0.5% Triton X-100 and blocked with 480 

5% BSA. Cells were incubated with an antibody against γH2AX (9718T, Cell 481 

Signaling Technology), followed by an Alexa Fluor-conjugated anti-rabbit secondary 482 

antibody. Nuclei were counterstained with DAPI. γH2AX foci were imaged by 483 

confocal microscopy (DMi8, Leica).54 484 

 485 

Soft agar colony formation assay  486 

For the soft agar colony formation assay, a bottom layer containing 0.5% agar in 487 

culture medium was added to 6-well plates (1.5 ml per well) and allowed to solidify 488 

for 30 min. SD300 cells were seeded at 1.2 × 104 cells per well in 0.3% agar as a 489 

1.5-ml top layer, with HeLa cells (CL-0001, Wuhan Pricella Biotechnology Co., Ltd.) 490 



included as the positive control. A cell-free preparation instead of the cell suspension 491 

was used as the negative control. After solidification, 100 μl culture medium was 492 

added to each well and replaced twice weekly. Cells were cultured for 21 days, and 493 

colony formation was monitored by microscopy. On day 21, colonies were stained 494 

with 200 μl Nitro Blue Tetrazolium (NBT) solution overnight at 37 °C and 495 

photographed. 496 

 497 

In vivo tumorigenicity and histological examination   498 

In vivo tumorigenicity was assessed by an independent testing laboratory (Wuhan 499 

Canvest Biotechnology Co., Ltd.). SD300 cells (1 × 107 viable cells per mouse) were 500 

inoculated into ten nude mice and monitored for up to 125 days. The 2BS cell line and 501 

H22 cells were included as negative and positive controls, respectively, with ten mice 502 

per group. One mouse in the SD300 group died during the observation period. At the 503 

end of the study, major organs were collected and examined histologically for tumour 504 

formation. Histopathological examination was performed on major organs. 505 

 506 

Fed-batch, cell-retention perfusion and semi-continuous culture 507 

SD300 cells from the working cell bank were expanded in serum-free medium in 508 

shake flasks at an initial density of 2 ± 0.5 × 105 cells ml-1. Detailed culture 509 

parameters and process data for the three bioreactor configurations are provided in 510 

Supplementary Table 3. Fed-batch and semi-continuous cultures were performed in 511 

50-litre stirred-tank bioreactors, whereas cell-retention perfusion used 50-litre 512 



rocking-motion bioreactors. Cultures were maintained at 37 ± 0.5 °C, pH 7.2 ± 0.2, 513 

CO₂ at 5 ± 1 % and dissolved oxygen at 40 ± 2 %. Stirred-tank agitation was set to 514 

120 ±10 rpm, and the rocking angle was 7 ± 1°, 20-25 rpm. Three independent 515 

production runs were performed for each configuration. 516 

For fed-batch culture, the feed media consisted of QuaCell® CHO Feed02 517 

Supplement and SFM-4 factor kit. Both feeds were supplemented at 5% of the culture 518 

working volume on day 3, followed by identical feeding every two days until the end 519 

of culture.. For cell-retention perfusion, spent medium was continuously removed 520 

through a cell-retention membrane integrated into the single-use WAVE cellbag and 521 

replaced with fresh medium, while cells were retained in the vessel. Perfusion was 522 

initiated on day 3 at 0.5 vessel volumes per day (VVD) and increased to 2 VVD from 523 

day 5. VVD was defined as the daily medium-exchange volume divided by the culture 524 

working volume. For semi-continuous culture, harvesting was initiated on day 3 when 525 

the viable cell density reached approximately 6 × 106 cells ml⁻¹.Cell-containing 526 

culture was withdrawn and replaced with an equal volume of fresh medium to 527 

maintain the working volume. Ten harvests were collected during the 13-day run. 528 

Viable cell density and viability were measured using an automated cell counter 529 

(Countstar Mira FL, Shanghai Ruiyu Biotechnology, China). Cell suspensions were 530 

mixed with trypan blue and loaded into counting chambers for automated 531 

enumeration of live and dead cells. Culture samples were centrifuged to remove cells 532 

before metabolite analysis. Glucose, lactate and ammonia concentrations in the 533 

supernatants were measured using an automated biochemical analyser (AU200, 534 



Beijing Aipscience Biotechnology, China). Measurements used commercial assay kits 535 

according to the manufacturers’ instructions. 536 

 537 

Seed-train expansion and production in a 2,000-litre bioreactor 538 

SD300 cells were subsequently adapted to serum-free medium DP19421812 539 

(Joes Futurefood, Nanjing), formulated to reduce medium cost and growth-factor use 540 

while addressing potential safety concerns. The adapted cells were banked as 541 

JF108-SWCB-FB2. Seed-train expansion began with two JF108-SWCB-FB2 542 

cryovials containing 40 × 106 cells. Cells were expanded in 125-ml and 1-litre shake 543 

flasks, a 3-litre stirred-tank bioreactor, a 20–50-litre Wave bioreactor, and 50- and 544 

200-litre stirred-tank bioreactors before transfer to the 2,000-litre production vessel. 545 

Serum-free conditions were maintained throughout expansion and production.The 546 

production vessel was inoculated with 1.75 × 1012 viable cells at an initial density of 547 

1.99 × 106 cells ml⁻¹ and an initial working volume of approximately 880 litres. Three 548 

harvests were collected on process days 18, 20 and 22. Process day 0 was defined as 549 

the start of seed-train expansion. Cell density, viability, and glucose, lactate, and 550 

ammonia concentrations were monitored throughout cultivation using the methods 551 

described above. 552 

Harvested cell suspensions were transferred to an Alfa Laval MB20 disc-stack 553 

centrifuge operated at 3,500 rpm and concentrated to 10% of their original volume. 554 

Four volumes of washing solution (JFWASH-Y, Joes Futurefood, Nanjing) were then 555 

added, and the suspension was reconcentrated to 20% of the combined volume. This 556 



washing and concentration procedure was repeated four times. The recovered biomass 557 

was weighed, and cumulative wet biomass was calculated as the sum of biomass from 558 

the three harvests. 559 

 560 

Medium consumption and cost analysis 561 

Accumulated medium volume was recorded across the entire run for each process 562 

configuration, and the corresponding medium dry weight was calculated from the 563 

formulated powder mass used to prepare the medium. Accumulated biomass was 564 

determined by harvesting and weighing the cell slurry. The medium conversion ratio 565 

was calculated as the dry medium consumed divided by the wet biomass harvested (g 566 

g−1). Medium cost per kilogram of wet biomass was calculated from the total medium 567 

volume consumed, medium price, and biomass output. For the 2,000-litre production 568 

run, medium costs were calculated using the current medium price of US$9.41 l−1 and 569 

a reduced-price scenario of US$0.63 l−1 reported for a 50,000-liter production 570 

facility,21 assuming unchanged medium consumption and biomass output. 571 

 572 

Hybrid food product preparation 573 

Four spring-roll formulations were prepared: a negative control in which cell biomass 574 

was replaced with 225g water, a positive control containing 225 g of conventional 575 

pork (17.5 g protein and 3 g fat), and two experimental groups containing 95.74 g 576 

(20%, w/w) or 225 g (47%, w/w; 17.5 g protein and 3 g fat) of cell biomass relative to 577 

the total spring-roll weight. Each formulation contained 75 g of textured soy protein. 578 



Fresh shepherd’s purse was washed, blanched, cooled, drained and chopped. Textured 579 

soy protein and the corresponding amount of pork, cell biomass or water were 580 

stir-fried. Chopped shepherd’s purse (80 g) was then added, followed by minced 581 

ginger, scallions, salt, vegetable oil and egg. The filling was mixed, wrapped in 582 

spring-roll wrappers, sealed with a flour-based slurry and shaped. The spring rolls 583 

were deep-fried at 160-170 °C for 4-5 min and drained before analysis.  584 

 585 

Electronic-nose and electronic-tongue analyses 586 

Volatile profiles were analysed using a PEN3 electronic nose (Airsense Analytics, 587 

Schwerin, Germany). About 3 g samples were placed in 20-ml headspace vials and 588 

sealed. The vials were incubated at 37 °C for 30 min and then equilibrated at 25 °C 589 

for 30 min. Headspace gas was introduced into the sensor chamber through a needle, 590 

with a second needle used to maintain pressure. The instrument was set as previously 591 

reported.55 Taste profiles were analysed using an SA402B electronic tongue (Insent 592 

Intelligent Sensor Technology Inc., Kanagawa, Japan). About 30 g samples were 593 

mixed with 200 ml ultrapure water at 40 °C, homogenized at 5,000 rpm for 2 min and 594 

centrifuged at 10,000 × g for 20 min. The supernatant was filtered through three 595 

layers of medical gauze before analysis. The five sensors were activated and 596 

calibrated before measurement. Three independent replicates were analysed, with two 597 

parallel measurements for each replicate. Sensor characteristics for both analysis are 598 

provided in Supplementary Table 4. 599 

 600 

Statistical analysis 601 



Cell culture experiments were performed in three independent batches. Bulk RNA-seq 602 

included three biological replicates per group. Each production configuration was 603 

tested in three independent runs. Two-group comparisons were performed using 604 

two-tailed t-tests. Comparisons among more than two groups were performed using 605 

one-way ANOVA followed by Tukey’s multiple-comparisons test. Data are presented 606 

as mean ± SD. P < 0.05 was considered statistically significant. 607 

 608 

Data availability 609 

Single-cell RNA sequencing data are available at GEO of NCBI  (GSE350516). 610 

Bulk RNA sequencing data of P5 and SD300 are available at SRA of NCBI 611 

(BioProject ID PRJNA1542153) . All data generated or analyzed during this study are 612 

included in this article (and its supplementary information files).  613 

 614 

Code availability 615 

Our custom single cell analysis pipeline is available at 616 

https://github.com/wsunjau/porcine-suspension-cell-state-analysis. 617 
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Figures 792 

 793 

Fig. 1 | Establishment of a spontaneously immortalized porcine muscle-derived 794 

cell line through serum-free suspension adaptation. 795 

a, Schematic of cell isolation, adherent expansion, cryopreservation and suspension 796 

adaptation. b, Representative phase images of cells at the indicated stages. Scale bars, 797 

200 μm. c, Population-doubling time. d, Theoretical cumulative cell number. e, 798 

Cumulative population doublings (PDs). f, Relative gene expression in P5 and SD300 799 

cells. Data are mean ± SD; n = 3. ***P < 0.001. P, passage; SD, suspension day. 800 

Images in part a were created with BioGDP.com. 801 



 802 

Fig. 2 | Cell-state remodelling and transcriptional trajectories during serum-free 803 

suspension adaptation analyzed by scRNA-seq. 804 

a, Uniform manifold approximation and projection (UMAP) of the integrated 805 

single-cell RNA-sequencing dataset, coloured by transcriptional state: myogenic 806 

(Myo), mesenchymal stromal-like (Mes), extracellular matrix-remodelling (ECM-R) 807 

and adipogenic-like (Adip). b, Expression of representative marker genes. c, UMAPs 808 

separated by culture stage, spanning adherent expansion (P5 and P7), microcarrier 809 



culture (P9) and suspension culture (SD7 - SD300). Colours correspond to the states 810 

in a. d, RNA-velocity streamlines projected onto UMAPs at SD7, SD17 and SD38. 811 

Streamlines indicate inferred directions of transcriptional change, and red circles 812 

highlight regions of local divergence. e, Selected pseudotime paths at SD7 originating 813 

from a shared root (①). f, Heatmap of gene-expression dynamics along the two paths 814 

in e, grouped into four modules. g, Selected Gene Ontology biological processes 815 

enriched among Module 2 genes. P, passage; SD, suspension day. 816 



 817 

Fig. 3 | Loss of myogenic potential and acquisition of adipogenic features after 818 

long-term suspension culture. 819 

a, Immunofluorescence staining of PAX7, vimentin and PDGFRA in parental P5 cells 820 

and SD300 cells replated under adherent conditions. Nuclei were counterstained with 821 

DAPI. b, Relative mRNA expression under non-inducing conditions. c, Myosin heavy 822 



chain (MyHC) immunofluorescence and quantification of the differentiation index 823 

after myogenic induction. d, Relative mRNA expression after myogenic induction. e,f, 824 

Oil Red O staining and quantification of the stained area (%) under non-inducing 825 

conditions (e) and after adipogenic induction (f). g, Relative mRNA expression after 826 

adipogenic induction. h, Principal component analysis (PCA) comparing SD300 827 

transcriptomes with reference bulk RNA-seq datasets from porcine skeletal muscle, 828 

liver, and subcutaneous and visceral adipose tissues. i, PCA comparing SD300 and 829 

parental P5 cells with primary porcine myogenic and adipogenic reference 830 

populations at different stages of differentiation. j, Heatmap of gene-expression 831 

profiles across cell populations in i. Data are mean ± SD; n = 3. Scale bars, 100 μm 832 

(a,c) and 50 μm (e, f). * P < 0.05, ***P < 0.001. 833 



 834 

Fig. 4 | Species authentication and safety-related characterization of SD300 cells. 835 

a, PCR-based species authentication of SD300 cells. b, Summary of independent 836 

third-party sterility and adventitious-agent testing. The complete testing panel and 837 

results are provided in Extended Data Table 1. c, Relative mRNA expression of 838 

selected prion- and amyloid-related genes. d, Representative immunofluorescence 839 



images of γH2AX (red) and DAPI-stained nuclei (blue) in P5 and SD300 cells under 840 

untreated conditions, after DNA-damage induction and following recovery. Scale bar, 841 

5 μm. e, Quantification of γH2AX foci per cell. f, Soft-agar colony formation assay of 842 

HeLa, P5 and SD300 cells, showing initial cultures (day 0) and stained cultures after 843 

21 d. HeLa cells served as a positive control. g, Endpoint images of mice in the 844 

negative-control, positive-control and SD300 groups in the in vivo tumorigenicity 845 

assay. Data are mean ± SD; n = 3 for c, f; n = 50 for e, n = 10 for g. 846 



 847 

Fig. 5 | Comparison of serum-free bioprocesses for porcine cell biomass 848 

production. 849 

a,b, Viable cell density and viability (a) and metabolite concentrations (b) during 850 

fed-batch culture. c,d, Corresponding profiles during cell-retention perfusion. 851 

Perfusion was initiated at 0.5 vessel volumes per day (VVD) on day 3 and increased 852 



to 2 VVD from day 5. e,f, Corresponding profiles during repeated harvesting, with the 853 

cell-containing outflow collected as ten consecutive 24-h harvest fractions. g, 854 

Comparison of process parameters, biomass output and medium conversion ratio 855 

across the three configurations. The medium conversion ratio was calculated as dry 856 

medium mass divided by wet biomass. Each configuration was tested in three 857 

independent production runs. Data are mean ± SD. 858 



859 

Fig. 6 | Scale-up of repeated-harvest culture and evaluation of the harvested 860 

biomass. 861 

a, Schematic of seed-train expansion from a working-cell-bank to a 2,000-litre 862 

production vessel. b, Cell-density profiles during sequential expansion and repeated 863 

harvesting. c, Summary of process inputs and biomass output. The medium 864 



conversion ratio was calculated as dry medium mass consumed divided by wet 865 

biomass produced. d, Cumulative wet biomass output. e, Protein and fat contents of 866 

biomass harvested on days 18, 20 and 22, expressed per 100 g of dry biomass. f, 867 

Estimated cost-of-goods (COGS) breakdown for the 2,000-litre process, a large-scale 868 

scenario and an industry forecast. g, Preparation workflow and representative images 869 

of hybrid spring rolls incorporating harvested cell biomass and 870 

high-moisture-extruded soy protein. h,i Electronic-nose (h) and electronic-tongue (i) 871 

response profiles (left) and principal component analysis biplots (right) for the 872 

negative control, positive control and formulations containing 20% or 47% cell 873 

biomass. Images in part a and g were created with BioGDP.com. 874 
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