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​Abstract​

​Cultured​ ​cells​ ​are​ ​usually​ ​described​ ​by​ ​thousands​ ​of​ ​molecular​ ​measurements,​ ​yet​ ​few​
​quantities​​provide​​a​​general​​and​​interpretable​​summary​​of​​cellular​​state​​across​​experiments.​​Here,​​we​
​evaluated​​Liberality,​​calculated​​as​​the​​Shannon​​entropy​​of​​relative​​raw​​RNA-seq​​counts,​​using​​public​
​transcriptomic​ ​datasets​ ​involving​ ​extracellular​ ​matrices,​ ​three-dimensional​ ​scaffolds,​ ​substrate​
​stiffness,​ ​endothelial​ ​differentiation,​ ​and​ ​serial​ ​passage.​ ​Across​ ​heterogeneous​ ​systems,​ ​Liberality​
​showed​ ​reproducible​ ​condition-associated​ ​differences​ ​linked​ ​to​ ​hepatocyte​ ​maturation,​
​matrix-dependent​ ​responses,​ ​hepatic​ ​stellate-cell​ ​activation,​ ​lineage​ ​commitment,​ ​and​ ​adaptation​ ​to​
​prolonged​ ​culture.​ ​Differentiation​ ​and​ ​maturation​ ​were​ ​generally​ ​associated​ ​with​ ​lower​ ​Liberality,​
​whereas​​culture​​adaptation​​and​​dedifferentiation​​were​​associated​​with​​higher​​values.​​Scaffold​​effects​
​depended​​on​​cellular​​background​​and​​were​​often​​smaller​​than​​changes​​accompanying​​major​​shifts​​in​
​cell​ ​identity.​ ​These​ ​findings​ ​suggest​ ​that​ ​Liberality​ ​may​ ​capture​ ​a​ ​broad​​property​​of​​transcriptomic​
​organization​​rather​​than​​the​​activity​​of​​any​​single​​pathway.​​Historically,​​tissue​​culture​​developed​​both​
​to​ ​isolate​ ​cells​ ​from​ ​systemic​ ​variation​ ​and,​ ​more​ ​recently,​​to​​reconstruct​​in​​vivo​​-like​​environments​
​through​ ​scaffolds​ ​and​ ​microphysiological​ ​systems.​​Liberality​​may​​help​​quantify​​movement​​between​
​these​ ​poles.​ ​It​ ​should​ ​be​ ​regarded​ ​as​ ​a​ ​candidate​ ​descriptor​ ​rather​ ​than​ ​a​ ​universal​ ​measure​ ​and​
​requires prospective validation against related entropy metrics and technical confounders.​

​1. Introduction​

​There is more cheese in cow's milk than in goat's milk; for herdsmen say that from three medimni of​
​goat's milk nineteen cheeses are obtained, whereas from cow's milk thirty are obtained.​

​— Aristotle, Historia Animalium 3.19, 522a29–32​​[1]​

​Biology​​has​​long​​sought​​quantitative​​variables​​that​​enable​​comparisons​​among​​living​​systems.​
​The​ ​Aristotelian​ ​example​ ​above​ ​illustrates​ ​an​ ​early​ ​attempt​ ​to​ ​characterize​ ​biological​ ​differences​
​using​ ​general​ ​quantitative​ ​descriptors.​ ​More​ ​than​ ​two​ ​millennia​ ​later,​ ​Kelvin​ ​argued​ ​that​ ​scientific​
​understanding​ ​depends​ ​fundamentally​ ​on​ ​measurement​ ​and​​numerical​​expression​​[2,3]​​.​​Biology​​has​
​subsequently​ ​become​ ​increasingly​ ​quantitative,​ ​yet​ ​the​ ​identification​ ​of​ ​broadly​ ​interpretable​
​quantities​​remains​​an​​unresolved​​problem.​​In​​multicellular​​organisms,​​quantities​​such​​as​​age​​and​​body​
​weight​​provide​​broadly​​interpretable​​descriptions​​that​​retain​​their​​meanings​​across​​diverse​​biological​
​contexts.​ ​Such​ ​variables​​are​​useful​​precisely​​because​​they​​transcend​​particular​​experimental​​systems​
​and​ ​individual​ ​measurements​ ​[4,5]​​.​ ​By​ ​contrast,​ ​cultured​ ​cells​ ​are​ ​routinely​ ​characterized​ ​using​
​thousands​​of​​genes,​​proteins,​​and​​molecular​​pathways​​[6]​​.​​Although​​these​​measurements​​provide​​rich​
​information,​ ​few​ ​quantities​ ​have​ ​been​ ​proposed​ ​that​ ​summarize​ ​cellular​ ​states​ ​in​ ​a​ ​generally​
​interpretable​ ​manner.​ ​The​ ​increasing​ ​availability​ ​of​ ​transcriptomic​ ​data​ ​has​ ​further​ ​amplified​ ​this​
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​problem,​​as​​cellular​​states​​are​​often​​described​​by​​high-dimensional​​representations​​that​​are​​difficult​​to​
​compare​ ​across​ ​experiments.​ ​Contemporary​ ​transcriptomic​ ​analyses​ ​frequently​ ​rely​ ​on​
​dimensionality-reduction​ ​approaches​ ​such​ ​as​ ​principal​ ​component​ ​analysis​ ​(PCA),​ ​t-distributed​
​stochastic​ ​neighbor​ ​embedding​ ​(t-SNE),​ ​and​ ​uniform​ ​manifold​ ​approximation​ ​and​ ​projection​
​(UMAP).​ ​These​ ​methods​ ​have​ ​proven​ ​useful​ ​for​ ​visualization​ ​and​ ​classification,​ ​yet​ ​the​ ​biological​
​meanings​ ​of​ ​the​ ​resulting​ ​coordinates​ ​are​ ​generally​ ​context​ ​dependent​ ​and​ ​must​ ​be​ ​interpreted​ ​a​
​posteriori​ ​[7]​​.​ ​Similarly,​ ​concepts​ ​such​ ​as​ ​pseudotime​ ​and​ ​trajectory​ ​inference​ ​are​ ​usually​ ​defined​
​relative​​to​​particular​​developmental​​or​​experimental​​settings.​​Attempts​​to​​establish​​more​​interpretable​
​quantitative​ ​variables​ ​have​ ​therefore​ ​attracted​ ​increasing​ ​attention.​ ​Transcriptomic​ ​entropy​ ​was​ ​not​
​originally​ ​introduced​ ​with​ ​the​ ​intention​ ​of​ ​measuring​ ​stemness,​ ​differentiation,​ ​or​ ​developmental​
​potency.​ ​Rather,​ ​it​ ​was​ ​employed​ ​as​ ​a​ ​numerical​ ​descriptor​ ​of​ ​differences​ ​between​ ​transcriptomic​
​distributions​​observed​​under​​distinct​​biological​​conditions,​​such​​as​​before​​and​​after​​tissue​​culture​​[8]​​.​
​Subsequent​ ​studies​ ​revealed​ ​that​ ​this​ ​quantity​ ​is​ ​associated​ ​with​ ​biological​ ​processes​ ​including​
​differentiation, dedifferentiation, stemness, and maturation​​[9–24]​​.​

​RNA-seq​ ​data​ ​are​ ​commonly​ ​represented​ ​as​ ​count​ ​matrices​ ​in​ ​which​ ​rows​ ​correspond​ ​to​
​genes​ ​and​ ​columns​ ​correspond​ ​to​ ​biological​ ​samples.​ ​Information-theoretic​ ​quantities​ ​can​ ​be​
​calculated​ ​along​ ​either​ ​dimension.​​The​​Shannon​​entropy​​calculated​​across​​samples​​for​​an​​individual​
​gene​ ​describes​ ​the​ ​distribution​ ​of​ ​that​ ​gene​ ​among​ ​samples,​ ​whereas​ ​the​ ​entropy​ ​calculated​ ​across​
​genes​ ​within​ ​an​ ​individual​ ​sample​ ​summarizes​ ​the​ ​distribution​ ​of​ ​transcript​ ​abundance​ ​within​ ​that​
​sample.​​The​​latter​​has​​sometimes​​been​​described​​as​​transcriptome​​diversity​​[10]​​.​​However,​​this​​term​
​is​​difficult​​to​​distinguish​​in​​literature​​searches​​from​​broader​​uses​​of​​transcriptomic​​diversity​​,​​including​
​variation​ ​among​ ​cells,​ ​individuals,​ ​populations,​ ​and​ ​species.​ ​We​ ​introduced​ ​the​ ​term​ ​Liberality​ ​in​
​2022​ ​to​ ​denote​ ​this​ ​sample-level​ ​property​​of​​the​​transcriptome.​​Liberality​​is​​intended​​to​​refer​​to​​the​
​biological​ ​quantity​ ​under​ ​investigation​ ​rather​ ​than​ ​to​ ​a​ ​single​ ​mathematical​ ​estimator.​ ​In​ ​previous​
​work,​ ​it​ ​was​​estimated​​using​​the​​Shannon​​entropy​​of​​relative​​gene​​counts,​​and​​related​​changes​​were​
​also​ ​detected​ ​using​ ​sequence-complexity​ ​measures​ ​such​ ​as​ ​Lempel–Ziv​ ​complexity​ ​[25,26]​​.​ ​In​ ​the​
​present​ ​study,​ ​Liberality​ ​was​ ​estimated​ ​as​ ​the​ ​Shannon​ ​entropy​ ​of​ ​the​ ​relative​ ​raw​​RNA-seq​​count​
​distribution​​within​​each​​sample.​​This​​formulation​​raises​​the​​possibility​​that​​Liberality​​may​​serve​​as​​a​
​general​​quantitative​​descriptor​​of​​cellular​​state.​​We​​examine​​this​​possibility​​through​​the​​reanalysis​​of​
​publicly​ ​available​ ​transcriptomic​ ​datasets​ ​related​ ​to​ ​cell​ ​culture​ ​scaffolds.​ ​Scaffold​ ​materials​
​themselves​ ​are​ ​not​​regarded​​as​​the​​principal​​object​​of​​investigation.​​Rather,​​they​​are​​used​​as​​diverse​
​perturbations​​of​​cellular​​state​​and​​as​​case​​studies​​for​​testing​​whether​​heterogeneous​​cellular​​states​​can​
​be​​compared​​using​​a​​common​​quantitative​​variable.​​We​​argue​​that​​the​​resulting​​observations​​support​
​the​ ​broader​ ​possibility​ ​that​ ​cultured​ ​cells​ ​possess​ ​generally​ ​interpretable​ ​quantitative​ ​properties​
​analogous,​​in​​a​​limited​​sense,​​to​​age​​and​​body​​weight​​in​​organisms,​​and​​that​​Liberality​​may​​represent​
​one candidate for such a property.​
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​2. Methods​

​Liberality​ ​was​ ​calculated​ ​directly​ ​from​ ​raw​ ​RNA-seq​​count​​tables​​without​​additional​
​normalization.​​For​​each​​sample,​​the​​read​​count​​of​​each​​gene​​was​​divided​​by​​the​​total​​number​​of​
​mapped reads to obtain the relative abundance​​[27–29]​​,​

​where​​c​​i​ ​is​​the​​raw​​read​​count​​of​​gene​​i​​.​​Liberality​​was​​then​​calculated​​as​​the​​Shannon​​entropy​
​of the resulting probability distribution,​

​No​​gene​​filtering,​​transformation,​​or​​normalization​​procedures,​​such​​as​​TPM,​​RPKM,​​FPKM,​
​or​ ​CPM,​ ​were​ ​applied​ ​before​ ​the​ ​entropy​ ​calculation.​ ​Consequently,​ ​Liberality​ ​reflects​ ​the​
​information​ ​content​ ​of​ ​the​ ​observed​ ​transcriptome​ ​directly​ ​derived​ ​from​ ​the​ ​raw​ ​RNA-seq​
​count distribution. Gene counts of zero contributed nothing to the entropy.​
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​3. Results​
​3.1 Overview of analyzed scaffold-related transcriptomic datasets​

​To​​investigate​​whether​​a​​general​​quantitative​​variable​​of​​cellular​​state​​can​​be​​detected​​beyond​
​specific​ ​experimental​ ​systems,​ ​we​​analyzed​​publicly​​available​​transcriptomic​​datasets​​encompassing​
​diverse​ ​scaffold​ ​materials,​ ​extracellular​ ​matrices,​ ​matrix​ ​stiffnesses,​ ​and​ ​cellular​ ​systems​​(Table​​1).​
​These​ ​datasets​ ​included​ ​both​​positive​​examples​​showing​​scaffold-associated​​alterations​​in​​Liberality​
​and​ ​boundary​ ​cases​ ​that​ ​enabled​ ​discrimination​ ​between​ ​differentiation-driven​ ​and​ ​extracellular​
​matrix-driven effects​​[30–35]​​.​

​Table 1. Overview of transcriptomic datasets analyzed in this study.​
​Dataset​ ​Cell type /​

​biological​
​system​

​Scaffold or​
​ECM​

​conditions​

​Transcriptomic​
​platform​

​Experimental​
​design​

​Main role in​
​this study​

​GSE166256​
​[31]​

​Primary human​
​hepatocytes​

​LiverChip®​
​bioreactor,​
​PEG hydrogel​
​scaffolds,​
​spheroids​

​Bulk RNA-seq​ ​Comparison of​
​multiple culture​
​environments and​
​maturation states​

​Representative case​
​demonstrating​
​scaffold-associated​
​changes in Liberality​

​GSE142206​
​[32]​

​Huh7 hepatoma​
​cells​

​Collagen I,​
​Matrigel and bare​
​TCPS​

​Bulk RNA-seq​ ​Comparison of​
​extracellular​
​matrix-dependent​
​transcriptional​
​responses​

​Evaluation of​
​ECM-associated effects​
​on cellular state​

​GSE101209​
​[33]​

​HT1080​
​fibrosarcoma,​
​MDA-MB-231​
​breast cancer​
​cells, and​
​human foreskin​
​fibroblasts​

​Collagen​
​matrices of two​
​concentrations​
​(2.5 and 6.0​
​mg/mL)​

​Bulk RNA-seq​ ​Scaffold-induced​
​transcriptional​
​alterations​

​Independent validation​
​dataset from a distinct​
​biological system​

​GSE220703​
​[34]​

​Hepatic stellate​
​cells (LX-2)​

​Polyacrylamide​
​(PA) hydrogels​
​with normal (~2​
​kPa) and cirrhotic​
​(~40 kPa)​
​stiffness​

​Bulk RNA-seq​ ​Analysis of recent​
​scaffold-based culture​
​systems​

​Validation using a​
​contemporary dataset​
​and assessment of​
​generalizability​

​GSE85784​
​[35]​

​Human​
​pluripotent stem​
​cell-derived​
​endothelial​
​differentiation​

​Endothelial​
​differentiation​
​under distinct​
​ECM conditions​

​Single-cell RNA-seq​ ​Endothelial​
​differentiation across​
​distinct ECM​
​conditions​

​Boundary case​
​demonstrating that​
​differentiation-associated​
​changes exceeded​
​ECM-associated​
​differences​

​PMID 30678371​
​(supplementary​
​count table)​​[30]​

​Human​
​chondrocytes​

​Synoviocyte​
​matrix or bare​
​TCPS​

​Bulk RNA-seq​ ​Additional scaffold​
​dataset without GEO​
​accession​

​Supplementary evidence​
​supporting the​
​robustness of observed​
​trends​

​3.2.1 Liberality varies in response to scaffold-associated alterations​

​To​​investigate​​whether​​Liberality​​can​​capture​​biologically​​meaningful​​alterations​​induced​​by​
​scaffold​ ​environments,​ ​we​ ​first​ ​analyzed​ ​primary​ ​human​ ​hepatocytes​ ​cultured​ ​under​ ​distinct​
​three-dimensional​ ​culture​ ​systems​ ​and​ ​medium​ ​conditions​ ​(Figure​ ​1).​ ​Liberality​ ​is​ ​a​
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​transcriptome-derived​ ​quantity​ ​intended​ ​to​ ​summarize​ ​the​ ​breadth​ ​and​ ​evenness​ ​of​ ​the​ ​observed​
​transcript-count​ ​distribution​ ​which​ ​may​ ​reflect​ ​the​ ​degree​ ​of​ ​constraint​ ​on​ ​cellular​ ​state.​ ​Higher​
​Liberality​ ​values​ ​indicate​ ​transcriptionally​ ​broader​ ​and​ ​potentially​ ​less​ ​constrained​ ​cellular​ ​states,​
​whereas​ ​lower​ ​values​ ​indicate​ ​more​ ​restricted​ ​or​ ​specialized​ ​states.​ ​Previous​ ​studies​​suggested​​that​
​Liberality​ ​changes​ ​during​ ​processes​ ​such​ ​as​ ​differentiation,​ ​dedifferentiation,​ ​and​​long-term​​culture​
​adaptation.​ ​Primary​ ​human​ ​hepatocytes​ ​exhibited​ ​coherent​ ​alterations​ ​in​ ​Liberality​ ​across​ ​culture​
​conditions​ ​(Figure​ ​1).​​In​​LiverChip®​​cultures,​​supplementation​​with​​enhanced​​liver​​culture​​medium​
​(eLCM)​​produced​​a​​modest​​decrease​​in​​Liberality​​(11.43​​±​​0.11​​to​​11.28​​±​​0.14).​​Similarly,​​spheroid​
​cultures​​showed​​only​​minor​​changes​​following​​eLCM​​supplementation​​(11.51​​±​​0.08​​to​​11.45​​±​​0.04).​
​In​​contrast,​​hydrogel​​cultures​​exhibited​​a​​pronounced​​reduction​​in​​Liberality,​​decreasing​​from​​11.95​​±​
​0.09​​to​​10.96​​±​​0.06​​following​​eLCM​​supplementation.​​The​​magnitude​​of​​this​​reduction​​substantially​
​exceeded​ ​the​ ​variability​ ​observed​ ​among​ ​biological​ ​replicates​ ​and​ ​represented​ ​one​ ​of​ ​the​ ​largest​
​changes​ ​observed​ ​among​ ​the​ ​analyzed​ ​human​ ​cell​ ​culture​ ​datasets.​ ​Nevertheless,​ ​these​ ​changes​
​remained​​smaller​​than​​those​​observed​​in​​more​​drastic​​biological​​transitions​​previously​​reported,​​such​
​as​​the​​adaptation​​of​​intact​​silkworm​​fat​​body​​tissues​​to​​ex​​vivo​​culture​​conditions,​​in​​which​​Liberality​
​increased​​by​​more​​than​​two​​units​​during​​culture​​adaptation​​[8]​​.​​These​​results​​suggest​​that​​Liberality​​is​
​sensitive​ ​to​ ​biologically​ ​meaningful​ ​alterations​ ​in​ ​cellular​ ​state​​induced​​by​​culture​​conditions​​while​
​remaining​ ​relatively​ ​stable​ ​against​ ​minor​ ​experimental​ ​perturbations.​ ​Furthermore,​ ​the​ ​marked​
​response​ ​observed​ ​specifically​ ​in​ ​hydrogel​ ​cultures​ ​indicates​ ​that​ ​the​ ​effects​ ​of​ ​soluble​ ​culture​
​components may depend strongly on the underlying scaffold environment.​

​Figure​ ​1.​ ​Liberality​ ​changes​ ​in​ ​primary​ ​human​ ​hepatocytes​ ​cultured​ ​under​ ​distinct​ ​scaffold​
​and medium conditions.​
​Primary​​human​​hepatocytes​​were​​cultured​​using​​LiverChip®,​​hydrogel,​​and​​spheroid​​systems​​in​​the​​presence​​or​
​absence​ ​of​ ​enhanced​ ​liver​ ​culture​ ​medium​ ​(eLCM).​ ​Individual​​biological​​replicates​​are​​shown​​as​​circles,​​while​
​horizontal​ ​bars​ ​and​ ​error​ ​bars​ ​indicate​ ​the​ ​mean​ ​±​​SD,​​respectively.​​Lines​​connect​​the​​mean​​values​​of​​paired​
​conditions​​within​​each​​culture​​system.​​Supplementation​​with​​eLCM​​resulted​​in​​modest​​reductions​​in​​Liberality​​in​
​LiverChip®​ ​and​ ​spheroid​ ​cultures​ ​but​ ​induced​ ​a​ ​pronounced​ ​decrease​ ​in​ ​hydrogel​ ​cultures.​ ​These​ ​results​
​indicate​ ​that​ ​Liberality​ ​sensitively​ ​captures​ ​biologically​ ​meaningful​​alterations​​in​​cellular​​state​​and​​suggest​​that​
​the effects of soluble culture components depend strongly on the underlying scaffold environment.​
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​3.2.2 Extracellular matrix composition alters Liberality in Huh7 cells​

​To​​determine​​whether​​the​​observations​​obtained​​in​​primary​​hepatocytes​​could​​be​​reproduced​
​in​ ​an​ ​independent​​system,​​we​​next​​analyzed​​Huh7​​hepatoma​​cells​​cultured​​on​​different​​extracellular​
​matrices​ ​(Figure​ ​2).​ ​Compared​ ​with​ ​bare​ ​TCPS,​ ​collagen​ ​I​ ​coatings​ ​resulted​ ​in​ ​lower​ ​Liberality​
​values,​ ​whereas​ ​Matrigel​ ​consistently​ ​increased​ ​Liberality.​ ​Notably,​ ​these​ ​effects​ ​were​ ​observed​
​across​ ​multiple​ ​matrix​ ​concentrations,​ ​suggesting​ ​that​ ​Liberality​ ​sensitively​ ​captures​ ​extracellular​
​matrix-dependent alterations in cellular state.​

​Figure 2. Liberality changes in Huh7 cells cultured on distinct extracellular matrices.​
​Huh7​​cells​​were​​cultured​​on​​bare​​tissue​​culture​​polystyrene​​(TCPS),​​collagen​​I​​(ColA),​​or​​Matrigel​​(Mgel)​​at​​the​
​indicated​​concentrations.​​Symbols​​represent​​individual​​biological​​replicates.​​Collagen​​I​​coating​​resulted​​in​​lower​
​Liberality​ ​values​​compared​​with​​bare​​TCPS,​​whereas​​Matrigel​​increased​​Liberality.​​These​​findings​​indicate​​that​
​Liberality sensitively reflects alterations in cellular state induced by extracellular matrix composition.​



​3.2.3 Cell type-dependent responses to collagen concentration​

​To​​investigate​​whether​​Liberality​​reflects​​cellular​​responses​​to​​changes​​in​​extracellular​​matrix​
​properties,​​we​​analyzed​​bulk​​RNA-seq​​data​​from​​HFF,​​HT1080,​​and​​MDA-MB-231​​cells​​cultured​​in​
​suspended​ ​collagen​​matrices​​at​​concentrations​​of​​2.5​​and​​6.0​​mg/mL​​(Figure​​3).​​Increasing​​collagen​
​concentration​ ​reduced​ ​Liberality​ ​in​ ​HFF​ ​cells,​ ​whereas​ ​only​​minimal​​changes​​were​​observed​​in​​the​
​two​​immortalized​​cancer​​cell​​lines,​​HT1080​​and​​MDA-MB-231.​​Thus,​​the​​transcriptomic​​response​​to​
​alterations​ ​in​ ​the​ ​collagen​ ​environment​ ​appeared​ ​to​ ​be​ ​markedly​​attenuated​​in​​the​​cancer​​cell​​lines.​
​Because​​this​​experimental​​system​​was​​originally​​established​​to​​investigate​​cell​​migration​​in​​collagen​
​matrices,​ ​these​ ​findings​ ​suggest​ ​that​ ​Liberality​ ​captures​ ​cellular​ ​responses​ ​to​ ​changes​ ​in​ ​the​
​extracellular​​environment.​​The​​absence​​of​​a​​comparable​​response​​in​​the​​cancer​​cell​​lines​​may​​reflect​
​the​ ​loss​ ​of​ ​environmental​ ​responsiveness​ ​accompanying​ ​immortalization​ ​and​ ​malignant​
​transformation.​

​Figure 3. Cell type-dependent changes in Liberality in response to collagen concentration.​
​Liberality​​was​​calculated​​from​​bulk​​RNA-seq​​data​​obtained​​from​​HFF,​​HT1080,​​and​​MDA-MB-231​​cells​​cultured​​in​
​suspended​​collagen​​matrices​​at​​concentrations​​of​​2.5​​or​​6.0​​mg/mL.​​Individual​​biological​​replicates​​are​​shown​​as​
​circles,​ ​horizontal​ ​bars​ ​indicate​ ​the​ ​mean,​ ​and​ ​error​ ​bars​ ​represent​ ​standard​ ​deviations.​ ​Increasing​ ​collagen​
​concentration​ ​reduced​ ​Liberality​ ​in​​HFF​​cells​​but​​produced​​only​​minor​​changes​​in​​the​​two​​immortalized​​cancer​
​cell lines.​



​3.2.4​ ​Liberality​ ​reflects​ ​both​ ​matrix​ ​stiffness​ ​and​ ​culture​ ​duration​ ​in​ ​hepatic​ ​stellate​
​cells​

​To​​examine​​whether​​Liberality​​reflects​​cellular​​responses​​to​​the​​mechanical​​properties​​of​​the​
​extracellular​​environment,​​we​​analyzed​​the​​GSE220703​​dataset​​associated​​with​​Zhao​​et​​al.​​(2025).​​In​
​this​ ​experiment,​ ​LX-2​ ​human​ ​hepatic​ ​stellate​ ​cells​​were​​cultured​​on​​polyacrylamide​​hydrogels​​with​
​stiffnesses​​of​​2​​or​​40​​kPa,​​and​​transcriptomes​​were​​measured​​on​​days​​2​​and​​4​​(Figure​​4).​​At​​both​​time​
​points,​​Liberality​​was​​lower​​in​​cells​​cultured​​on​​the​​stiffer​​40-kPa​​substrate​​than​​in​​those​​cultured​​on​
​the​​softer​​2-kPa​​substrate.​​The​​difference​​was​​relatively​​modest​​on​​day​​2​​but​​became​​more​​apparent​
​on​​day​​4.​​Because​​increased​​matrix​​stiffness​​promotes​​the​​activation​​of​​hepatic​​stellate​​cells​​toward​​a​
​specialized,​ ​fibrogenic​ ​myofibroblast-like​ ​state,​ ​the​ ​reduction​ ​in​ ​Liberality​ ​is​ ​consistent​ ​with​
​increasing​​restriction​​of​​the​​cellular​​state​​during​​stiffness-induced​​activation.​​Liberality​​also​​decreased​
​between​ ​days​ ​2​ ​and​ ​4​ ​under​ ​both​ ​stiffness​ ​conditions.​ ​Thus,​ ​Liberality​ ​reflected​ ​not​ ​only​​substrate​
​stiffness​​but​​also​​the​​progression​​of​​the​​culture​​itself.​​LX-2​​cells​​are​​reported​​to​​reach​​approximately​
​80%​ ​confluence​ ​within​ ​3–4​ ​days​ ​under​ ​the​ ​culture​ ​conditions​ ​recommended​ ​by​ ​the​ ​supplier.​
​Accordingly,​ ​the​ ​lower​ ​Liberality​ ​on​ ​day​ ​4​ ​may​ ​reflect​ ​increased​ ​cell​ ​density​ ​or​ ​the​ ​approach​ ​to​
​confluence,​ ​although​ ​the​​actual​​culture​​surface​​area​​and​​resulting​​density​​could​​not​​be​​reconstructed​
​from​ ​the​ ​reported​ ​seeding​ ​concentration​ ​alone.​ ​These​ ​results​ ​suggest​ ​that​ ​Liberality​ ​may​ ​provide​
​information​ ​about​​culture​​history​​even​​when​​experimental​​metadata​​are​​insufficient​​to​​determine​​the​
​cellular state directly.​

​Figure​ ​4.​​Effects​​of​​matrix​​stiffness​​and​​culture​​duration​​on​​Liberality​​in​​LX-2​​hepatic​​stellate​
​cells.​
​Liberality​ ​was​ ​calculated​ ​from​ ​bulk​ ​RNA-seq​ ​data​​obtained​​from​​LX-2​​human​​hepatic​​stellate​​cells​​cultured​​on​
​polyacrylamide​ ​hydrogels​ ​with​ ​stiffnesses​ ​of​ ​2​ ​or​ ​40​ ​kPa​ ​and​ ​collected​ ​on​ ​days​ ​2​​and​​4.​​Individual​​biological​
​replicates​​are​​shown​​as​​circles,​​horizontal​​bars​​indicate​​the​​mean,​​and​​error​​bars​​represent​​standard​​deviations.​
​Liberality​ ​was​ ​lower​ ​on​ ​the​​stiffer​​substrate​​at​​both​​time​​points​​and​​decreased​​from​​day​​2​​to​​day​​4​​under​​both​
​stiffness conditions.​



​3.2.5​ ​Progressive​ ​reduction​ ​of​ ​Liberality​ ​during​ ​endothelial​ ​differentiation​ ​at​ ​the​
​single-cell level​

​To​ ​determine​ ​whether​ ​Liberality​ ​changes​ ​during​ ​endothelial​ ​differentiation​ ​at​ ​single-cell​
​resolution,​ ​we​ ​reanalyzed​ ​a​ ​published​ ​scRNA-seq​ ​dataset​ ​of​ ​human​ ​pluripotent​ ​stem​ ​cells​
​differentiated​ ​toward​ ​endothelial​ ​cells​ ​on​ ​either​ ​Matrigel​ ​or​ ​LM411-E8​ ​substrates.​ ​Individual​ ​cells​
​from​ ​each​ ​differentiation​ ​stage​ ​were​ ​analyzed​ ​independently.​ ​Liberality​ ​decreased​ ​progressively​
​during​ ​differentiation,​ ​from​ ​undifferentiated​ ​cells​ ​(Day​​0)​​through​​mesoderm​​induction​​(Day​​3)​​and​
​endothelial​​progenitor​​stages​​(Days​​5​​and​​7)​​(Figure​​5).​​In​​contrast,​​differences​​between​​Matrigel​​and​
​LM411-E8​​were​​comparatively​​small.​​At​​both​​Day​​5​​and​​Day​​7,​​the​​distributions​​of​​Liberality​​largely​
​overlapped​​between​​the​​two​​extracellular​​matrix​​conditions,​​whereas​​the​​temporal​​decrease​​associated​
​with​ ​differentiation​ ​was​​consistently​​observed.​​These​​results​​indicate​​that​​the​​reduction​​in​​Liberality​
​primarily​​reflects​​progression​​of​​cellular​​differentiation​​rather​​than​​differences​​in​​extracellular​​matrix​
​substrate.​

​Figure 5. Progressive reduction of single-cell Liberality during endothelial differentiation.​
​Liberality​ ​was​ ​calculated​ ​for​​individual​​cells​​from​​a​​published​​single-cell​​RNA-seq​​dataset​​of​​human​​pluripotent​
​stem​ ​cells​ ​undergoing​ ​endothelial​ ​differentiation.​ ​Cells​ ​were​ ​cultured​ ​on​ ​Matrigel​ ​(open​ ​circles)​ ​or​ ​LM411-E8​
​(filled​ ​circles).​ ​Horizontal​ ​bars​ ​indicate​ ​group​ ​means,​ ​and​ ​error​ ​bars​ ​represent​ ​standard​ ​deviations.​ ​Liberality​
​decreased​ ​progressively​ ​from​ ​Day​ ​0​​to​​Day​​7,​​whereas​​differences​​between​​Matrigel​​and​​LM411-E8​​remained​
​relatively​​modest,​​indicating​​that​​differentiation​​stage​​exerted​​a​​stronger​​influence​​on​​Liberality​​than​​extracellular​
​matrix composition.​



​3.2.6 Liberality increases during serial passage​

​Liberality​ ​increased​ ​during​ ​serial​ ​passage​ ​under​ ​both​​plastic​​and​​scaffold​​culture​​conditions​
​(Figure​ ​6).​​Mean​​Liberality​​increased​​from​​passage​​1​​to​​passage​​4​​in​​both​​groups.​​The​​increase​​was​
​more​ ​pronounced​ ​under​ ​plastic​​culture,​​whereas​​the​​difference​​between​​scaffold​​and​​plastic​​cultures​
​became minimal by passage 4.​

​Figure​ ​6.​ ​Changes​ ​in​ ​Liberality​ ​during​ ​serial​ ​passage​ ​under​ ​plastic​ ​and​ ​scaffold​ ​culture​
​conditions.​
​Individual​ ​biological​ ​replicates​ ​are​ ​shown​ ​as​ ​open​ ​circles.​ ​Horizontal​ ​bars​ ​indicate​ ​the​ ​mean,​ ​and​ ​error​ ​bars​
​represent​​±​​SD​​(n​​=​​3).​​Solid​​lines​​represent​​plastic​​culture​​and​​dashed​​lines​​represent​​scaffold​​culture.​​Liberality​
​increased from passage 1 to passage 4 under both culture conditions.​



​3.3 Beyond Differentiation​

​Liberality​ ​changed​ ​across​ ​a​ ​diverse​ ​range​ ​of​ ​biological​ ​processes​ ​beyond​ ​classical​
​differentiation​ ​(Figure​ ​7).​ ​Forest​ ​plot​ ​analysis​ ​showed​ ​that​ ​changes​ ​in​ ​Liberality​ ​were​ ​observed​ ​in​
​response​​to​​serial​​passage,​​extracellular​​matrix​​composition,​​scaffold​​materials,​​substrate​​stiffness,​​and​
​endothelial​ ​differentiation.​ ​Although​ ​the​ ​magnitude​ ​and​ ​direction​ ​of​ ​the​ ​changes​ ​differed​ ​among​
​studies,​ ​Liberality​ ​responded​ ​consistently​ ​to​ ​alterations​ ​in​ ​cellular​ ​state​ ​rather​ ​than​ ​to​ ​a​ ​single​
​biological process.​

​Figure 7. Summary of Liberality changes across independent scaffold-related datasets.​
​Forest​ ​plot​ ​summarizing​ ​the​ ​mean​ ​differences​ ​in​ ​Liberality​ ​between​ ​the​ ​compared​ ​experimental​ ​conditions.​
​Horizontal​ ​lines​ ​indicate​ ​the​ ​95%​ ​confidence​ ​intervals​ ​calculated​ ​from​ ​biological​ ​replicates.​ ​Positive​ ​values​
​indicate​ ​an​ ​increase​ ​in​ ​Liberality​ ​relative​ ​to​ ​the​ ​corresponding​ ​reference​ ​condition.​ ​The​ ​datasets​ ​include​
​hepatocyte​ ​scaffolds,​ ​extracellular​ ​matrix​ ​culture,​ ​collagen​ ​matrices,​ ​substrate​ ​stiffness,​ ​endothelial​
​differentiation, and serial passage.​



​4. Discussion​
​4.1​ ​Scaffold​ ​systems​ ​as​ ​case​ ​studies​ ​for​ ​general​ ​quantitative​ ​properties​ ​of​ ​cellular​
​state​

​Cell​ ​culture​ ​scaffolds​ ​were​ ​selected​ ​in​ ​the​ ​present​ ​study​ ​not​ ​because​ ​particular​ ​scaffold​
​materials​ ​constitute​ ​a​ ​uniquely​ ​important​ ​biological​ ​problem,​ ​but​ ​because​ ​they​ ​provide​ ​a​ ​diverse​
​collection​ ​of​ ​experimentally​ ​tractable​ ​perturbations​​of​​cellular​​state.​​Public​​transcriptomic​​databases​
​contain​ ​datasets​ ​examining​ ​extracellular​ ​matrix​ ​composition,​ ​hydrogel​ ​stiffness,​ ​laminins,​ ​collagen​
​matrices,​​three-dimensional​​culture​​systems,​​and​​serial​​passage.​​These​​heterogeneous​​systems​​offer​​an​
​opportunity​​to​​ask​​whether​​a​​common​​quantitative​​variable​​can​​detect​​reproducible​​changes​​in​​cellular​
​state​ ​across​ ​experiments​ ​that​ ​differ​ ​substantially​ ​in​ ​biological​ ​purpose​ ​and​ ​technical​ ​design.​ ​The​
​practical​ ​significance​​of​​an​​individual​​scaffold​​is​​highly​​context​​dependent.​​Its​​effects​​vary​​with​​cell​
​type,​​culture​​medium,​​passage​​history,​​cell​​density,​​duration​​of​​culture,​​and​​the​​intended​​application.​
​Particular​​scaffold​​products​​and​​culture​​techniques​​may​​also​​be​​replaced​​as​​new​​technologies​​emerge.​
​Consequently,​ ​conclusions​ ​concerning​ ​a​ ​specific​ ​material​ ​may​ ​have​ ​a​ ​limited​ ​period​ ​or​ ​domain​ ​of​
​applicability.​ ​A​ ​quantitative​ ​variable​ ​that​ ​remains​ ​interpretable​ ​across​ ​such​ ​heterogeneous​ ​and​
​changing​ ​experimental​ ​settings​ ​may​ ​have​ ​broader​ ​biological​ ​significance.​ ​From​ ​this​ ​perspective,​
​scaffold​​materials​​are​​not​​the​​principal​​object​​of​​investigation​​in​​the​​present​​study.​​Rather,​​they​​serve​
​as​ ​case​ ​studies​ ​for​ ​examining​ ​whether​ ​diverse​ ​cellular​ ​states​ ​can​ ​be​ ​organized​ ​using​ ​common​
​quantitative descriptors.​

​Across​ ​the​ ​datasets​ ​examined​ ​here,​ ​Liberality​ ​showed​ ​reproducible​ ​condition-associated​
​differences​ ​during​ ​hepatocyte​ ​maturation,​ ​extracellular​ ​matrix​ ​responses,​ ​stiffness-dependent​
​stellate-cell​ ​activation,​​endothelial​​differentiation,​​and​​adaptation​​to​​prolonged​​culture.​​The​​direction​
​and​ ​magnitude​ ​of​ ​these​ ​changes​ ​were​ ​not​ ​identical​​among​​experiments,​​and​​the​​present​​data​​do​​not​
​imply​ ​that​ ​all​ ​cellular​ ​processes​ ​can​ ​be​ ​arranged​ ​along​ ​a​ ​single​ ​monotonic​ ​axis.​ ​They​​nevertheless​
​indicate​ ​that​ ​a​ ​statistic​ ​calculated​ ​directly​ ​from​ ​transcriptomic​ ​count​ ​distributions​ ​can​ ​retain​
​interpretable​​relationships​​with​​cellular​​state​​across​​mechanistically​​distinct​​systems.​​Liberality​​should​
​therefore​ ​be​ ​regarded​ ​at​ ​this​ ​stage​ ​as​ ​a​ ​candidate​ ​descriptor​ ​rather​ ​than​ ​as​ ​an​​established​​universal​
​quantity.​ ​The​ ​central​ ​question​ ​raised​ ​by​ ​the​ ​present​ ​study​ ​is​ ​not​ ​whether​ ​every​ ​aspect​ ​of​ ​cellular​
​identity​ ​can​​be​​reduced​​to​​one​​number,​​but​​whether​​some​​quantitative​​properties​​of​​cells​​can​​remain​
​meaningful​ ​beyond​ ​the​ ​particular​ ​genes,​ ​pathways,​ ​platforms,​ ​and​ ​experimental​ ​objectives​ ​through​
​which the cells were originally studied.​

​4.2 Biological interpretation of Liberality across heterogeneous cellular phenomena​

​The​​datasets​​analyzed​​in​​this​​study​​encompassed​​several​​mechanistically​​distinct​​phenomena,​
​including​ ​hepatocyte​ ​maturation,​ ​extracellular​ ​matrix-dependent​ ​responses,​ ​hepatic​ ​stellate-cell​
​activation,​ ​endothelial​ ​lineage​ ​commitment,​ ​and​ ​adaptation​ ​to​ ​serial​ ​culture.​ ​Each​ ​process​ ​involves​
​different​ ​signaling​ ​pathways​ ​and​ ​gene​ ​sets.​ ​Nevertheless,​ ​Liberality​ ​showed​ ​systematic​ ​differences​
​among​ ​experimentally​ ​defined​ ​states​ ​in​ ​each​ ​system.​ ​Conditions​ ​associated​ ​with​ ​hepatocyte​
​maturation​​were​​generally​​accompanied​​by​​lower​​Liberality.​​Similarly,​​endothelial​​differentiation​​was​
​characterized​ ​by​ ​a​ ​progressive​ ​reduction​ ​in​ ​Liberality​ ​from​ ​pluripotent​ ​cells​ ​toward​ ​more​
​lineage-committed​ ​endothelial​ ​states.​ ​These​ ​observations​ ​are​ ​consistent​ ​with​ ​previous​ ​findings​ ​in​
​which​​differentiation​​was​​associated​​with​​a​​reduction​​in​​transcriptomic​​entropy​​or​​Liberality,​​whereas​
​dedifferentiation​​and​​adaptation​​to​​culture​​were​​associated​​with​​an​​increase.​​The​​hepatic​​stellate-cell​
​dataset​ ​extended​ ​this​ ​observation​ ​beyond​ ​classical​ ​developmental​ ​differentiation.​ ​Culture​ ​on​ ​a​ ​stiff​
​matrix​ ​representing​ ​a​ ​cirrhotic​ ​mechanical​ ​environment​ ​was​ ​associated​ ​with​ ​lower​ ​Liberality​ ​than​



​culture​ ​on​ ​a​ ​softer​ ​matrix​ ​representing​ ​normal​ ​liver.​ ​Activated​ ​hepatic​ ​stellate​ ​cells​​acquire​​a​​more​
​specialized​ ​fibrogenic​ ​phenotype,​ ​and​ ​the​ ​observed​ ​reduction​ ​in​ ​Liberality​ ​is​ ​therefore​ ​compatible​
​with​​a​​transition​​toward​​a​​more​​constrained​​transcriptional​​state.​​However,​​this​​interpretation​​remains​
​correlative.​​Matrix​​stiffness​​may​​alter​​proliferation,​​cell​​density,​​cytoskeletal​​tension,​​metabolic​​state,​
​and numerous other factors, any of which may contribute to the observed transcriptomic distribution.​

​Culture​​duration​​also​​affected​​Liberality.​​In​​the​​stellate-cell​​dataset,​​values​​decreased​​between​
​days​ ​2​ ​and​ ​4​ ​under​ ​both​ ​stiffness​ ​conditions.​​Factors​​associated​​with​​culture​​progression,​​including​
​increasing​ ​cell​ ​density,​ ​confluency,​ ​nutrient​ ​use,​ ​and​ ​adaptation​ ​to​ ​the​ ​substrate,​ ​may​ ​therefore​
​influence​ ​Liberality​ ​independently​​of​​the​​nominal​​experimental​​variable.​​This​​observation​​illustrates​
​both​ ​a​ ​potential​ ​strength​ ​and​ ​a​ ​limitation​ ​of​ ​the​ ​measure:​ ​Liberality​ ​may​ ​detect​ ​biologically​
​consequential​​changes​​that​​are​​incompletely​​represented​​in​​experimental​​metadata,​​but​​it​​does​​not​​by​
​itself​ ​identify​ ​the​ ​mechanism​ ​responsible​ ​for​ ​those​ ​changes.​ ​The​ ​collagen-matrix​ ​dataset​ ​provided​
​evidence​ ​that​ ​responses​ ​may​ ​also​ ​depend​ ​strongly​ ​on​ ​cellular​ ​background.​ ​Increasing​ ​collagen​
​concentration​​reduced​​Liberality​​in​​normal​​HFF​​fibroblasts​​but​​produced​​smaller​​changes​​in​​HT1080​
​and​​MDA-MB-231​​cells.​​These​​differences​​may​​reflect​​altered​​responsiveness​​to​​extracellular​​cues​​in​
​the​ ​particular​ ​cancer​ ​cell​ ​lines​ ​examined.​ ​However,​ ​the​ ​comparison​ ​does​ ​not​ ​distinguish​ ​malignant​
​transformation​ ​or​ ​immortalization​ ​from​ ​tissue​ ​of​ ​origin,​ ​receptor​ ​expression,​ ​proliferative​ ​state,​
​migratory​ ​strategy,​ ​or​ ​other​ ​cell-line-specific​ ​properties.​ ​The​ ​findings​ ​should​ ​therefore​ ​not​ ​be​
​interpreted​ ​as​ ​demonstrating​ ​a​ ​general​ ​loss​ ​of​​environmental​​responsiveness​​in​​cancer​​cells.​​Rather,​
​they​​indicate​​that​​the​​effect​​of​​a​​scaffold​​on​​Liberality​​is​​conditional​​on​​the​​regulatory​​architecture​​of​
​the​ ​responding​​cell.​​An​​informative​​boundary​​case​​was​​provided​​by​​the​​comparison​​of​​Matrigel​​and​
​LM411-E8​ ​during​ ​endothelial​ ​differentiation.​ ​LM411-E8​ ​has​ ​practical​ ​advantages​ ​for​ ​the​
​reproducibility​ ​and​ ​efficiency​ ​of​ ​endothelial​ ​differentiation,​ ​yet​​the​​difference​​in​​Liberality​​between​
​the​​two​​substrates​​was​​modest​​relative​​to​​the​​pronounced​​decline​​accompanying​​differentiation​​itself.​
​Liberality​ ​may​ ​therefore​ ​be​ ​more​ ​sensitive​ ​to​ ​major​ ​changes​ ​in​ ​cellular​ ​identity​ ​than​ ​to​ ​every​
​improvement​ ​in​ ​protocol​ ​performance.​ ​A​ ​culture​ ​system​ ​can​ ​improve​ ​yield,​ ​reproducibility,​
​morphology,​​or​​physiological​​function​​without​​necessarily​​producing​​a​​correspondingly​​large​​change​
​in the global transcript-count distribution summarized by Liberality.​

​Taken​ ​together,​​these​​observations​​suggest​​that​​Liberality​​is​​not​​a​​direct​​measure​​of​​scaffold​
​quality,​ ​differentiation​ ​efficiency,​ ​physiological​ ​function,​ ​or​ ​any​ ​single​ ​molecular​ ​mechanism.​ ​It​ ​is​
​more​ ​conservatively​ ​interpreted​ ​as​ ​a​ ​summary​ ​property​ ​of​ ​the​ ​observed​ ​transcriptomic​ ​count​
​distribution​​that​​may​​covary​​with​​broad​​changes​​in​​cellular​​organization.​​Determining​​what​​biological​
​features​ ​are​ ​shared​ ​by​ ​states​ ​with​ ​similar​ ​Liberality​ ​will​ ​require​ ​controlled​ ​experiments​ ​in​ ​which​
​differentiation,​ ​proliferation,​ ​cell​ ​density,​ ​sequencing​ ​depth,​ ​and​ ​environmental​ ​conditions​ ​can​ ​be​
​varied independently.​

​4.3 Cell culture between separation from and reconstruction of the organism​

​The​​conceptual​​history​​of​​cell​​culture​​provides​​a​​useful​​framework​​for​​interpreting​​the​​present​
​results.​ ​In​ ​1809,​ ​Lamarck​ ​emphasized​ ​the​ ​physiological​​dependence​​of​​the​​constituent​​systems​​of​​a​
​complex​ ​organism,​ ​writing​ ​that​ ​“none​ ​of​ ​these​ ​systems​ ​of​ ​organs​ ​could​ ​preserve​ ​its​ ​particular​ ​life​
​separately”:​

​“aucun​ ​de​ ​ces​ ​systèmes​ ​d’organes​ ​ne​ ​pourrait​ ​conserver​ ​sa​ ​vie​ ​particulière​
​séparément”​

​—Lamarck,​​Philosophie zoologique​​, 1809, p. 405​​[36]​​.​
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​Approximately​ ​a​ ​century​ ​later,​ ​the​ ​emergence​ ​of​ ​tissue​ ​culture​ ​demonstrated​ ​that​ ​portions​ ​of​
​multicellular​ ​organisms,​ ​tissues,​ ​and​ ​eventually​ ​relatively​ ​homogeneous​ ​cell​ ​populations​ ​could​ ​be​
​maintained​​outside​​the​​individual​​for​​substantial​​periods.​​Murray​​and​​Kopech​​later​​summarized​​tissue​
​culture as:​

​“the​​maintenance​​of​​isolated​​portions​​of​​multicellular​​organisms​​in​​artificial​​containers​
​outside the individual for considerable periods of time”​

​—Murray & Kopech, A Bibliography of Research in Tissue Culture, 1953, p. iii​​[37]​​.​

​The​ ​historical​ ​importance​ ​of​ ​tissue​ ​culture​ ​therefore​ ​lies​ ​partly​ ​in​ ​a​ ​practical​ ​reversal​ ​of​ ​the​
​dependence​ ​described​ ​by​ ​Lamarck.​ ​Biological​ ​components​​that​​ordinarily​​exist​​within​​an​​integrated​
​organism​ ​became​ ​experimentally​ ​maintainable​ ​as​ ​partially​ ​autonomous​ ​systems.​​This​​did​​not​​prove​
​that​ ​an​ ​isolated​ ​cell​ ​or​ ​tissue​ ​retains​ ​every​ ​property​ ​it​ ​possessed​ ​in​ ​vivo​​.​ ​It​ ​established​​instead​​that​
​living​ ​material​ ​could​ ​be​ ​separated​ ​from​ ​systemic​ ​organization​ ​while​ ​remaining​ ​viable​ ​and​
​experimentally​ ​accessible.​ ​Freshney​ ​described​ ​the​​original​​experimental​​purpose​​of​​tissue​​culture​​as​
​the study of animal cells:​

​“free​​of​​systemic​​variations​​that​​might​​arise​​in​​vivo​​both​​during​​normal​​homeostasis​​and​
​under the stress of an experiment”​

​—Freshney, Culture of Animal Cells, 2005, p.1.​​[38]​

​This​ ​formulation​​identifies​​separation​​from​​the​​organism​​not​​merely​​as​​a​​technical​​consequence,​​but​
​as​​a​​source​​of​​experimental​​control.​​Removal​​of​​systemic​​variation​​permits​​environmental​​conditions​
​to​​be​​specified,​​reproduced,​​and​​manipulated​​more​​directly​​than​​is​​generally​​possible​​in​​vivo​​.​​Modern​
​cell​ ​culture​ ​has​ ​subsequently​ ​developed​ ​in​​two​​apparently​​opposing​​directions.​​In​​one​​direction,​​the​
​autonomy​ ​acquired​ ​outside​ ​the​ ​organism​ ​is​ ​exploited.​ ​Chinese​ ​hamster​ ​ovary​ ​cells​ ​and​ ​other​
​production​​cell​​lines​​are​​selected,​​adapted,​​and​​engineered​​as​​systems​​for​​manufacturing​​recombinant​
​proteins,​ ​viral​ ​vectors,​ ​and​ ​other​ ​biological​ ​products​ ​[39–41]​​.​ ​In​ ​this​ ​context,​ ​the​ ​cell​ ​is​ ​valuable​
​partly​ ​because​ ​it​ ​can​​be​​separated​​from​​its​​original​​tissue​​function​​and​​redirected​​toward​​production​
​under​​highly​​artificial​​but​​controllable​​conditions.​​In​​the​​other​​direction,​​modern​​culture​​technologies​
​attempt​ ​to​ ​restore​ ​properties​ ​lost​ ​through​ ​isolation.​ ​Extracellular​ ​matrices,​ ​three-dimensional​
​scaffolds,​ ​organoids,​ ​co-culture​ ​systems,​ ​organs-on-chips,​ ​and​ ​microphysiological​ ​systems​ ​seek​ ​to​
​reproduce​ ​selected​ ​aspects​ ​of​ ​tissue​ ​architecture,​ ​mechanics,​ ​gradients,​ ​flow,​ ​intercellular​
​communication,​ ​and​ ​systemic​ ​physiology.​ ​The​ ​purpose​ ​is​ ​no​ ​longer​ ​simply​ ​to​ ​eliminate​ ​in​ ​vivo​
​variation,​ ​but​ ​to​ ​reconstruct​ ​defined​ ​components​ ​of​ ​the​ ​in​ ​vivo​ ​environment​ ​in​ ​an​ ​experimentally​
​controllable form.​

​Cell​ ​culture​ ​thus​ ​occupies​ ​a​ ​productive​ ​tension​ ​between​ ​two​ ​operations:​ ​separation​ ​from​
​biological​ ​organization​ ​and​ ​partial​ ​reconstruction​ ​of​ ​biological​ ​organization.​ ​Production​ ​cell​ ​lines​
​extend​​the​​first​​operation​​by​​exploiting​​cellular​​autonomy.​​Microphysiological​​and​​in​​vivo​​-like​​culture​
​systems​​extend​​the​​second​​by​​returning​​selected​​constraints​​and​​interactions​​that​​conventional​​culture​
​removed.​ ​The​ ​present​ ​scaffold​ ​analysis​ ​lies​ ​within​ ​the​ ​second​ ​direction.​ ​The​ ​analyzed​ ​studies​
​attempted,​ ​in​ ​different​ ​ways,​ ​to​ ​provide​ ​cells​ ​with​ ​extracellular,​ ​mechanical,​ ​or​ ​three-dimensional​
​conditions​ ​that​ ​more​ ​closely​ ​approximate​ ​those​ ​encountered​ ​in​ ​tissues.​ ​By​ ​contrast,​ ​Liberality​ ​was​
​initially​​identified​​through​​the​​opposite​​transition:​​cells​​or​​tissues​​were​​transferred​​from​​an​​organized​
​biological​ ​context​ ​into​ ​culture,​ ​where​ ​they​ ​exhibited​ ​dedifferentiation​ ​and​ ​an​ ​increase​ ​in​
​transcriptomic​ ​entropy.​ ​These​ ​two​ ​lines​ ​of​ ​research​ ​are​ ​therefore​ ​complementary.​ ​The​ ​earlier​ ​work​
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​asked​ ​what​ ​happens​ ​when​ ​cells​ ​are​ ​released​ ​from​ ​tissue-level​ ​organization.​ ​Scaffold​ ​and​
​microphysiological​ ​studies​ ​ask​ ​what​ ​happens​ ​when​ ​selected​ ​components​ ​of​ ​that​ ​organization​ ​are​
​restored.​ ​If​​transfer​​into​​culture​​increases​​Liberality​​through​​the​​loss​​of​​tissue-associated​​constraints,​
​then​​differentiation-promoting​​matrices​​or​​physiologically​​relevant​​environments​​may,​​in​​some​​cases,​
​reduce​ ​Liberality​ ​by​​re-establishing​​constraints​​on​​cellular​​state.​​The​​present​​results​​do​​not​​establish​
​this​ ​mechanism,​ ​but​ ​they​ ​make​ ​it​ ​experimentally​ ​testable.​​This​​relationship​​also​​clarifies​​why​​an​​in​
​vivo​​-like​ ​scaffold​ ​study​ ​and​ ​a​ ​study​ ​of​ ​culture-induced​ ​dedifferentiation​ ​should​ ​not​ ​be​ ​regarded​ ​as​
​unrelated​​applications​​of​​the​​same​​statistic.​​They​​examine​​opposite​​directions​​of​​a​​common​​transition​
​between an integrated biological system and an experimentally isolated cellular system.​

​4.4​ ​Lamarck’s​ ​tissu​ ​cellulaire​​,​ ​tissue​ ​hardening,​ ​and​ ​the​ ​quantification​ ​of​ ​living​
​organization​

​Lamarck’s​​discussion​​of​​biological​​organization​​contains​​two​​additional​​observations​​relevant​
​to the present study. The first concerns what he called​​tissu cellulaire​​. He wrote:​

​“le​ ​tissu​ ​cellulaire​ ​est​ ​la​ ​matrice​ ​générale​ ​de​ ​toute​ ​organisation,​ ​et​ ​que​ ​sans​​ce​​tissu​
​aucun corps vivant ne pourroit exister et n’auroit pu se former”​

​—Lamarck,​​Philosophie zoologique​​, 1809, pp. 46–47.​​[36]​

​which may be translated as:​

​“cellular​​tissue​​is​​the​​general​​matrix​​of​​all​​organization,​​and​​without​​this​​tissue​​no​​living​
​body could exist or could have formed itself”​

​Whether​​Lamarck’s​​tissu​​cellulaire​​was​​identical​​to​​the​​twenty-first-century​​concept​​of​​the​​cell​​cannot​
​be​ ​established​ ​from​ ​this​ ​passage​ ​alone.​ ​Early​ ​nineteenth-century​ ​anatomical​ ​terminology​ ​was​ ​not​
​stable,​ ​and​​tissu​​cellulaire​​could​​be​​used​​for​​an​​anatomical​​or​​reticular​​tissue​​rather​​than​​for​​a​​tissue​
​defined​ ​according​ ​to​ ​modern​ ​cell​ ​theory.​ ​The​ ​subsequent​ ​use​ ​of​ ​the​ ​same​ ​expression​ ​during​ ​the​
​formative​​period​​of​​cell​​theory​​is​​nevertheless​​informative.​​Schwann,​​one​​of​​the​​principal​​founders​​of​
​cell​ ​theory,​ ​discussed​ ​observations​ ​by​ ​Pierre​ ​Jean​ ​François​ ​Turpin​ ​in​ ​which​ ​tissu​ ​cellulaire​ ​was​
​explicitly described as an aggregate of distinct living vesicles. Turpin wrote of:​

​“un​ ​tissu​ ​cellulaire​ ​bien​ ​organisé​ ​…​ ​d’un​ ​agglomérat,​ ​par​ ​simple​ ​contiguïté,​ ​de​
​vésicules distinctes et vivant individuellement chacune pour leur propre compte”​

​—Turpin, Annales des sciences naturelles. Zoologie, vol. 7, 1837, pp. 207-16.​​[42]​

​that is:​

​“a​ ​well-organized​ ​cellular​ ​tissue​ ​…​ ​an​ ​aggregate,​ ​formed​ ​by​ ​simple​ ​contiguity,​ ​of​
​distinct vesicles, each living individually on its own account”​

​Turpin further compared an animal​​tissu cellulaire​​with plant cellular tissues:​
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​“Ce​ ​tissu​ ​cellulaire​ ​animal​ ​…​ ​peut​ ​être​ ​rigoureusement​ ​comparé​ ​à​ ​celui​ ​de​​plusieurs​
​tissus cellulaires végétaux”​

​or:​

​“This​ ​animal​ ​cellular​ ​tissue​​…​​may​​be​​rigorously​​compared​​with​​several​​plant​​cellular​
​tissues.”​

​In​ ​this​ ​usage,​ ​tissu​ ​cellulaire​ ​clearly​ ​refers​ ​to​ ​an​ ​organization​ ​composed​ ​of​ ​discrete​ ​living​ ​units​
​corresponding​ ​closely​ ​to​ ​cells​ ​in​ ​the​ ​emerging​ ​cell-theoretical​ ​sense.​ ​This​ ​evidence​ ​does​ ​not​​prove​
​that​​Lamarck​​used​​the​​expression​​in​​precisely​​the​​same​​microscopic​​sense​​in​​1809.​​It​​does,​​however,​
​show​ ​that​ ​his​ ​terminology​ ​belongs​ ​to​ ​a​ ​historical​ ​lineage​ ​that​ ​became​ ​continuous​ ​with​ ​the​ ​cellular​
​conception​​of​​animal​​and​​plant​​organization.​​Lamarck’s​​phrase​​should​​therefore​​not​​be​​treated​​either​
​as​ ​a​ ​straightforward​ ​statement​ ​of​ ​modern​ ​cell​ ​theory​ ​or​ ​as​ ​a​ ​concept​ ​wholly​ ​unrelated​ ​to​ ​cells.​ ​It​
​occupies​ ​a​ ​transitional​ ​position​ ​between​ ​a​ ​general​ ​anatomical​ ​matrix​ ​and​ ​the​ ​later​ ​recognition​ ​of​
​discrete cellular units.​

​The second relevant observation concerns physical changes in tissues. Lamarck wrote:​

​“la​ ​cause​ ​qui​ ​amène​ ​la​ ​vieillesse,​ ​la​ ​décrépitude,​ ​et​ ​enfin​ ​la​ ​mort​ ​…​ ​réside​ ​…​ ​dans​
​l’indurescence progressive des organes”​

​—Lamarck,​​Philosophie zoologique​​, 1809, p. 125.​​[36]​

​which may be translated as:​

​“the​​cause​​that​​brings​​about​​old​​age,​​decrepitude,​​and​​finally​​death​​…​​resides​​…​​in​​the​
​progressive hardening of the organs”​

​This​​statement​​should​​not​​be​​interpreted​​as​​a​​prediction​​of​​the​​modern​​cellular​​and​​molecular​​theory​
​of​ ​fibrosis.​ ​Lamarck​ ​did​ ​not​ ​possess​ ​contemporary​ ​concepts​ ​of​ ​hepatic​ ​stellate​ ​cells,​ ​extracellular​
​matrix​ ​deposition,​ ​mechanotransduction,​ ​or​ ​cirrhosis.​ ​Nevertheless,​ ​the​ ​passage​ ​records​ ​an​ ​early​
​attempt​ ​to​ ​connect​ ​the​ ​physical​ ​hardening​ ​of​ ​tissues​ ​with​ ​changes​ ​in​ ​living​ ​function.​ ​The​ ​hepatic​
​stellate-cell​ ​dataset​ ​examined​ ​here​ ​provides​ ​a​ ​modern​ ​experimental​ ​instance​ ​of​ ​this​ ​general​
​relationship.​ ​A​​stiff​​substrate​​representing​​a​​cirrhotic​​mechanical​​environment​​was​​associated​​with​​a​
​fibrogenic​ ​cellular​ ​state​ ​and​ ​a​ ​change​ ​in​ ​Liberality.​ ​The​ ​conceptual​ ​continuity​ ​is​ ​not​ ​that​ ​Lamarck​
​described​ ​hepatic​ ​fibrosis​​in​​its​​modern​​sense,​​but​​that​​both​​the​​historical​​text​​and​​the​​contemporary​
​experiment​ ​concern​ ​the​ ​relationship​ ​between​ ​physical​ ​constraint,​​tissue​​organization,​​and​​biological​
​state.​

​These​​observations​​lead​​to​​a​​broader​​question.​​If​​living​​phenomena​​are​​sustained​​only​​through​
​biologically​ ​organized​ ​systems,​ ​then​​the​​most​​experimentally​​accessible​​route​​to​​their​​quantification​
​may​ ​be​ ​the​ ​quantification​ ​of​ ​cellular​ ​state.​ ​Molecules​ ​are​ ​indispensable​ ​components​ ​of​ ​life,​ ​but​
​isolated​​molecules​​are​​not​​ordinarily​​described​​as​​living.​​Whole​​organisms​​are​​unambiguously​​living​
​but​ ​differ​ ​enormously​ ​in​ ​anatomy,​ ​scale,​ ​generation​ ​time,​ ​and​ ​environmental​ ​dependence.​ ​Cells​
​occupy​ ​an​ ​intermediate​ ​and​ ​experimentally​ ​tractable​ ​level:​ ​they​ ​can​ ​be​ ​isolated,​ ​maintained,​
​perturbed,​​observed,​​and​​measured​​using​​increasingly​​standardized​​molecular​​methods.​​The​​cell​​may​
​therefore​ ​be​ ​the​ ​most​ ​convenient​ ​unit​ ​through​ ​which​ ​general​ ​quantitative​ ​properties​ ​of​ ​living​
​organization​ ​can​ ​be​ ​investigated.​ ​This​ ​does​ ​not​ ​imply​ ​that​ ​the​ ​cell​ ​is​ ​independent​ ​of​ ​tissues​ ​or​

https://paperpile.com/c/f0Sum5/Zrcw


​organisms,​​nor​​that​​one​​quantity​​can​​fully​​describe​​cellular​​life.​​It​​means​​that​​a​​quantitative​​theory​​of​
​living​ ​systems​ ​is​ ​likely​ ​to​ ​require​ ​variables​ ​that​ ​describe​ ​the​ ​state​ ​of​ ​cells,​ ​because​ ​cells​ ​are​ ​the​
​smallest​ ​biological​ ​systems​ ​that​ ​can​ ​routinely​ ​be​ ​maintained,​ ​manipulated,​ ​and​ ​observed​ ​as​ ​living​
​experimental entities.​

​Liberality​​is​​proposed​​here​​as​​one​​possible​​variable​​of​​this​​type.​​Its​​potential​​significance​​does​
​not​ ​rest​ ​solely​ ​on​ ​its​ ​relationship​ ​with​ ​differentiation.​ ​It​ ​lies​ ​in​ ​the​ ​possibility​ ​that​ ​it​ ​may​ ​describe​
​changes​​occurring​​when​​cells​​move​​between​​stronger​​and​​weaker​​forms​​of​​biological​​constraint:​​from​
​tissue​ ​to​ ​culture,​ ​from​ ​undifferentiated​ ​to​ ​differentiated​ ​states,​ ​from​ ​artificial​ ​surfaces​ ​toward​
​reconstructed​​extracellular​​environments,​​or​​from​​responsive​​primary​​cells​​toward​​adapted​​cell​​lines.​
​Kepler​​initially​​formulated​​empirical​​laws​​describing​​planetary​​motion​​within​​the​​Solar​​System.​​Only​
​later​​was​​it​​recognized​​that​​these​​relationships​​reflected​​more​​general​​physical​​principles​​extending​​far​
​beyond​​the​​original​​observations.​​Similarly,​​Liberality​​was​​first​​introduced​​as​​a​​quantitative​​descriptor​
​of​ ​differentiation​ ​and​ ​dedifferentiation.​ ​Whether​ ​it​ ​ultimately​ ​represents​ ​a​ ​broader​ ​quantitative​
​property​​of​​cellular​​state​​remains​​unknown.​​Further​​data​​across​​diverse​​biological​​phenomena​​will​​be​
​required to determine the generality of Liberality.​

​4.5 Limitations and alternative interpretations​

​The​ ​present​ ​study​ ​has​ ​several​ ​limitations.​ ​First,​ ​the​ ​number​ ​of​ ​analyzed​ ​datasets​ ​remains​
​limited.​ ​Although​ ​the​​datasets​​encompass​​multiple​​cell​​types​​and​​experimental​​contexts,​​they​​do​​not​
​represent​​the​​full​​range​​of​​cellular​​states,​​scaffold​​systems,​​sequencing​​methods,​​or​​culture​​conditions.​
​Additional​ ​analyses​ ​involving​ ​controlled​ ​perturbations​ ​and​ ​independent​ ​datasets​ ​will​ ​be​ ​necessary​
​before​ ​broad​ ​generality​ ​can​ ​be​ ​claimed.​ ​Second,​ ​the​ ​analyses​ ​are​ ​primarily​ ​correlative.​ ​Changes​​in​
​Liberality​ ​were​ ​associated​​with​​biological​​interpretations​​established​​in​​the​​source​​studies,​​including​
​maturation,​ ​differentiation,​ ​activation,​ ​matrix​ ​response,​ ​and​ ​culture​ ​adaptation.​ ​The​ ​causal​
​relationships​ ​between​ ​these​ ​processes​ ​and​ ​the​ ​transcript-count​ ​distribution​ ​remain​ ​unknown.​
​Liberality​​may​​reflect​​underlying​​regulatory​​constraints,​​or​​it​​may​​emerge​​indirectly​​from​​changes​​in​
​proliferation,​ ​cell​ ​size,​ ​RNA​ ​content,​ ​expression​ ​breadth,​ ​dominance​ ​of​ ​highly​ ​expressed​ ​genes,​ ​or​
​other​ ​properties​ ​of​ ​the​ ​transcriptome.​ ​Third,​ ​technical​ ​factors​ ​may​ ​influence​ ​the​ ​measurement.​
​Sequencing​ ​depth,​ ​library​ ​complexity,​ ​RNA​ ​quality,​ ​batch​ ​effects,​ ​transcript​ ​annotation,​ ​mapping​
​strategy,​ ​and​ ​the​ ​number​ ​of​ ​detected​​genes​​can​​all​​alter​​an​​observed​​count​​distribution.​​Because​​the​
​present​ ​analysis​ ​calculated​ ​Liberality​ ​directly​ ​from​ ​raw​ ​gene-count​ ​tables,​ ​the​ ​measure​ ​used​ ​here​
​remains​ ​dependent​ ​on​ ​the​ ​construction​ ​of​ ​those​ ​tables.​ ​Its​ ​robustness​ ​should​ ​be​ ​evaluated​ ​by​
​downsampling,​ ​alternative​​annotations,​​cross-platform​​comparisons,​​and​​explicit​​modeling​​of​​library​
​size​ ​and​ ​detection​ ​rate.​ ​The​ ​relationship​ ​between​ ​Liberality​ ​and​ ​previously​ ​proposed​ ​measures​ ​of​
​transcriptomic​ ​entropy​​also​​requires​​clarification.​​In​​the​​present​​study,​​Shannon​​entropy​​was​​used​​as​
​the​ ​estimator​ ​of​ ​Liberality.​ ​Liberality​ ​is​ ​therefore​ ​numerically​ ​identical​ ​here​ ​to​ ​the​ ​sample-wise​
​Shannon​ ​entropy​ ​of​ ​relative​ ​gene​ ​counts,​ ​a​ ​quantity​ ​that​ ​has​ ​also​ ​been​ ​described​ ​as​ ​transcriptome​
​diversity​ ​or​ ​transcriptomic​ ​entropy.​ ​The​ ​term​ ​Liberality​ ​was​ ​introduced​ ​to​ ​identify​ ​the​ ​biological​
​quantity​ ​independently​ ​of​ ​the​ ​particular​ ​estimator​ ​and​ ​to​ ​distinguish​ ​it​ ​from​ ​other​ ​meanings​ ​of​
​transcriptomic​ ​diversity.​ ​Whether​ ​Shannon​ ​entropy​ ​and​​Lempel–Ziv​​complexity​​provide​​equivalent,​
​complementary,​ ​or​ ​condition-dependent​ ​estimates​ ​of​ ​Liberality​ ​remains​ ​to​ ​be​ ​determined.​ ​Direct​
​comparisons​​under​​controlled​​conditions​​will​​be​​required​​to​​establish​​whether​​these​​estimators​​capture​
​the​ ​same​ ​underlying​ ​biological​ ​property​ ​and​ ​whether​ ​either​ ​provides​ ​information​ ​not​ ​captured​ ​by​
​simpler​ ​features​ ​such​ ​as​ ​the​ ​number​ ​of​ ​detected​ ​genes​ ​or​ ​the​ ​dominance​ ​of​ ​highly​ ​expressed​
​transcripts.​ ​Fourth,​ ​changes​ ​in​ ​Liberality​ ​do​ ​not​ ​have​ ​a​ ​universal​ ​direction​ ​across​​all​​perturbations.​
​Differentiation​ ​and​ ​maturation​ ​were​ ​generally​ ​associated​ ​with​ ​lower​ ​values,​ ​whereas​ ​prolonged​



​culture​​or​​dedifferentiation​​may​​produce​​higher​​values.​​Other​​environmental​​changes​​may​​increase​​or​
​decrease​ ​Liberality​ ​depending​ ​on​ ​the​ ​cell​ ​type​ ​and​ ​the​ ​state​ ​from​ ​which​ ​the​ ​transition​ ​begins.​
​Liberality​ ​should​ ​therefore​ ​not​ ​be​ ​interpreted​ ​as​ ​a​ ​simple​ ​scale​ ​on​ ​which​ ​“higher”​ ​or​ ​“lower”​ ​is​
​intrinsically​​better,​​healthier,​​more​​physiologically​​relevant,​​or​​more​​functional.​​Fifth,​​the​​uniqueness​
​of​​Liberality​​has​​not​​been​​established.​​Cellular​​states​​may​​require​​several​​general​​descriptors,​​just​​as​
​organisms​​are​​characterized​​simultaneously​​by​​age,​​body​​mass,​​temperature,​​metabolic​​rate,​​and​​other​
​variables.​​Liberality​​should​​be​​treated​​as​​one​​candidate​​member​​of​​a​​broader​​quantitative​​vocabulary​
​rather than as the sole descriptor of cellular state.​

​A​ ​more​ ​fundamental​ ​possibility​ ​is​ ​that​ ​no​ ​generally​​interpretable​​quantities​​of​​cellular​​state​
​exist.​ ​Cellular​ ​behavior​ ​may​ ​be​ ​too​ ​dependent​ ​on​ ​lineage,​​environment,​​developmental​​history,​​and​
​experimental​ ​context​ ​to​ ​be​ ​represented​​by​​variables​​that​​preserve​​the​​same​​meaning​​across​​systems.​
​The​ ​existence​ ​of​ ​cellular​ ​analogues​ ​of​ ​age​ ​or​ ​body​ ​mass​ ​should​ ​not​ ​be​ ​assumed​ ​in​ ​advance.​
​Nevertheless,​ ​the​ ​repeated​ ​occurrence​ ​of​ ​condition-associated​ ​Liberality​ ​differences​ ​across​
​independently​ ​generated​ ​and​ ​mechanistically​ ​distinct​ ​datasets​ ​indicates​ ​that​ ​the​ ​question​ ​can​ ​be​
​investigated​ ​empirically.​ ​Controlled​ ​experiments​ ​can​ ​test​ ​whether​ ​particular​ ​transitions​ ​produce​
​reproducible​ ​changes,​ ​whether​ ​those​ ​changes​ ​are​ ​reversible,​ ​and​ ​whether​ ​equal​ ​Liberality​ ​values​
​correspond to shared biological properties across cell types.​

​4.6 Toward general quantitative properties of living cells​

​Cultured​ ​cells​ ​are​ ​commonly​ ​described​ ​through​ ​the​ ​expression​​of​​thousands​​of​​genes.​​Such​
​descriptions​ ​are​ ​information-rich​​but​​difficult​​to​​compare​​across​​experiments,​​because​​the​​biological​
​meaning​ ​of​ ​individual​ ​genes​ ​varies​ ​with​ ​lineage,​ ​developmental​ ​stage,​ ​environment,​ ​and​ ​research​
​purpose.​ ​Transcriptomic​ ​datasets​ ​can​ ​also​ ​retain​ ​value​ ​beyond​ ​the​ ​questions​ ​for​ ​which​ ​they​ ​were​
​originally​ ​generated.​ ​Each​ ​dataset​ ​analyzed​ ​here​ ​was​ ​produced​ ​to​ ​investigate​ ​a​ ​particular​ ​scaffold,​
​extracellular​​matrix,​​differentiation​​method,​​or​​culture​​condition.​​Reanalysis​​made​​it​​possible​​to​​ask​​a​
​different​​question:​​whether​​the​​resulting​​cellular​​states​​share​​quantitative​​properties​​that​​were​​not​​part​
​of​​the​​original​​experimental​​design.​​Biology​​has​​long​​benefited​​from​​variables​​such​​as​​age​​and​​body​
​mass.​​These​​measures​​do​​not​​fully​​describe​​an​​organism,​​but​​their​​meanings​​remain​​sufficiently​​stable​
​to​​support​​comparisons​​across​​populations,​​environments,​​and​​disciplines.​​An​​analogous​​quantitative​
​vocabulary​ ​for​ ​cells​ ​could​ ​provide​ ​a​ ​bridge​ ​between​ ​high-dimensional​ ​molecular​ ​descriptions​ ​and​
​general biological interpretation.​

​The​​present​​study​​does​​not​​establish​​Liberality​​as​​such​​a​​universal​​quantity.​​It​​shows​​instead​
​that​ ​searching​ ​for​ ​general​ ​quantitative​ ​descriptors​ ​of​ ​cellular​ ​state​ ​is​ ​scientifically​ ​plausible​ ​and​
​experimentally​ ​testable.​ ​Scaffold​ ​systems​ ​are​ ​useful​ ​for​ ​this​ ​purpose​ ​because​ ​they​ ​perturb​ ​cellular​
​organization​ ​through​ ​chemically,​ ​mechanically,​​and​​biologically​​diverse​​mechanisms.​​The​​history​​of​
​cell​​culture​​makes​​this​​search​​particularly​​significant.​​Tissue​​culture​​first​​made​​it​​possible​​to​​separate​
​living​ ​material​ ​from​ ​the​ ​systemic​ ​organization​ ​of​ ​the​ ​organism.​ ​Industrial​ ​cell​ ​culture​ ​exploits​ ​that​
​separation,​​whereas​​scaffolds​​and​​microphysiological​​systems​​attempt​​to​​reconstruct​​selected​​aspects​
​of​​the​​organization​​that​​was​​lost.​​Liberality​​was​​initially​​identified​​in​​association​​with​​culture-induced​
​dedifferentiation​​and​​is​​examined​​here​​in​​systems​​designed,​​at​​least​​partly,​​to​​restore​​differentiated​​or​
​in​ ​vivo​​-like​ ​conditions.​ ​The​ ​two​ ​approaches​ ​therefore​ ​examine​ ​opposite​ ​directions​ ​of​ ​the​ ​same​
​biological​​transition.​​If​​cells​​are​​experimentally​​accessible​​units​​of​​living​​organization,​​then​​quantities​
​that​​remain​​interpretable​​across​​such​​transitions​​may​​contribute​​to​​a​​more​​general​​quantitative​​biology​
​of​ ​life.​ ​Liberality​ ​is​ ​one​ ​candidate.​ ​Whether​ ​it​ ​measures​ ​a​ ​genuinely​ ​general​ ​property,​ ​a​ ​family​ ​of​
​context-dependent​ ​properties,​ ​or​ ​merely​ ​a​ ​useful​ ​summary​ ​of​ ​transcriptomic​ ​distributions​ ​remains​



​unresolved.​ ​Resolving​ ​this​ ​question​ ​will​ ​require​ ​prospective​ ​experiments​ ​rather​ ​than​ ​further​
​retrospective​ ​association​ ​alone.​ ​Such​ ​experiments​ ​should​ ​manipulate​ ​differentiation,​ ​matrix​
​composition,​ ​stiffness,​ ​cell​ ​density,​ ​passage​ ​number,​ ​and​​culture​​adaptation​​independently;​​compare​
​bulk​​and​​single-cell​​measurements;​​test​​reversibility;​​and​​evaluate​​Liberality​​alongside​​related​​entropy​
​and complexity measures.​

​The​ ​principal​ ​conclusion​ ​is​​therefore​​not​​that​​a​​general​​quantity​​of​​cellular​​state​​has​​already​
​been​ ​identified.​ ​It​ ​is​ ​that​ ​the​ ​existence​ ​of​ ​such​ ​quantities​ ​can​ ​be​ ​formulated​ ​as​ ​a​​concrete​​research​
​problem.​ ​The​ ​growing​ ​availability​ ​of​ ​transcriptomic​ ​data​ ​now​ ​makes​ ​it​ ​possible​ ​to​ ​test​ ​whether​
​diverse​ ​manifestations​ ​of​ ​cellular​ ​life​ ​can​ ​be​ ​organized​ ​by​ ​quantitative​ ​variables​ ​whose​ ​meanings​
​extend beyond the experiments in which they were observed.​



​Supplemental Text​

​Aristotle, Historia Animalium 3.19, 522a29–32​​[1]​​.​

​Ἔστι δὲ καὶ ἐν τῷ βουτύρῳ πλείονα τυρὸν ἢ ἐν τῷ αἰγεῖῳ· λέγουσι γὰρ οἱ νομῆς ἐκ τριῶν​
​μεδίμνων τοῦ αἰγείου τυρὸν εἶναι ἐννεακαίδεκα, ἕκαστον ἀπ᾿ ὀβολοῦ, ἐκ δὲ τοῦ βοείου​
​τριάκοντα.​
​(There is more cheese in cow's milk than in goat's milk; for herdsmen say that from three medimni of​
​goat's milk nineteen cheeses are obtained, whereas from cow's milk thirty are obtained.)​

​Lamarck,​​PHILOSOPHIE ZOOLOGIQUE​​, OU EXPOSITION, Des Considérations relatives à​
​l'histoire naturelle des Animaux, 1809​​[36]​​.​

​p.405,​​aucun de ces systèmes d'organes ne pourrait conserver sa vie particulière séparément,​

​pp.46,​ ​47,​ ​Cependant,​ ​il​ ​ne​ ​paroît​ ​pas​ ​qu'on​ ​ait​ ​vu​ ​autre​ ​chose​ ​dans​ ​cette​ ​multitude​ ​de​ ​faits​
​concordans​ ​,​ ​que​ ​les​ ​faits​ ​eux-mêmes​ ​;​ ​et​ ​personne​ ​,​ ​que​ ​je​ ​sache,​ ​n'a​ ​encore​ ​aperça​ ​que​ ​le​ ​tissu​
​cellulaire​ ​est​ ​la​ ​matrice​ ​générale​ ​de​ ​toute​​organisation​​,​​et​​que​​sans​​ce​​tissu​​aucun​​corps​​vivant​​ne​
​pourroit exister et n’auroit pu se former.​

​p.125,​​En​​un​​mot​​,​​je​​vois​​que​​cette​​cause​​qui​​amène​​la​​vieillesse​​,​​la​​décrépitude​​,​​et​​enfin​​la​​mort​​,​
​réside , par suite de ce que je viens d'exposer, dans l'indurescence progressive des organes ;​

​Par​​M.​​TURPIN,​​de​​l’Institut.,​​Sécréfion​​des​​membranes​​muqueuses,​​Annales​​des​​sciences​​naturelles.​
​Zoologie, vol.7, 1837, pp.207-16​​[42]​​.​

​Ce​ ​tissu​ ​cellulaire​ ​animal,​ ​produit​ ​à​ ​la​ ​paroi​ ​de​ ​la​ ​membrane​ ​muqueuse​ ​vaginale,​ ​et​ ​dont​ ​il​ ​n’est​
​qu’une​ ​simple​ ​extension​ ​organique,​ ​peut​ ​être​ ​rigoureusement​ ​comparé​ ​à​ ​celui​ ​de​ ​plusieurs​ ​tissus​
​cellulaires,​​végétaux,​​qui,​​également​​pariétaux,​​résultent​​par​​extension​​de​​la​​face​​interne​​de​​certaines​
​feuilles​ ​terminales​ ​destinées​​à​​protéger​​et​​à​​vêtir​​l'embryon​​jusqu’à​​l’époque​​de​​sa​​germination,​​où,​
​confié au sol, il peut se passer de ses enveloppes.​

​Turpin’s​ ​importance​ ​here​ ​lies​ ​not​ ​in​​his​​prominence​​in​​the​​later​​historiography​​of​​cell​​theory,​​but​​in​
​Schwann’s​​own​​use​​of​​this​​passage.​​Schwann​​cited​​Turpin​​while​​summarizing​​“the​​state​​of​​the​​matter​
​at​ ​the​ ​beginning​ ​of​ ​my​ ​investigation”​ ​(​​Die​ ​Lage​ ​der​ ​Sache​ ​im​ ​Anfange​ ​meiner​ ​Untersuchung​ ​war​
​demnach​​folgende,​​p.XI).​​Turpin’s​​use​​of​​tissu​​cellulaire​​therefore​​represents,​​in​​Schwann’s​​historical​
​reconstruction,​​part​​of​​the​​conceptual​​background​​that​​Schwann​​himself​​identified​​as​​the​​state​​of​​the​
​field at the beginning of his investigations.​

​Schwann,​​T.​​(1839).​​Mikroskopische​​Untersuchungen​​über​​die​​Übereinstimmung​​in​​der​​Struktur​​und​
​dem Wachstum der Tiere und Pflanzen. Berlin: G. Reimer​​[43]​​.​
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