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Abstract 

Human induced pluripotent stem cell (iPSC)-derived nociceptors (iNocs) are valuable tools for 

modelling sensory neurobiology and pain, while achieving maturation and reproducibility 

remains challenging. Currently available differentiation protocols focus on soluble factors, but 

the role of the extracellular matrix is insufficiently understood. In this study we investigated 

how widely used plastic surface coatings including laminin, poly-L-lysine/laminin and 

MatrigelTM influenced the morphology, transcriptional identity, and functional activity of 

human iNocs combining indirect immune fluorescence microscopy, RNA sequencing, multi-

electrode array recordings and single-cell patch-clamp techniques. Significant differences were 

obtained in iNocs morphology, the size of cellular clusters, and transcriptomic signatures. 

Matrigel coating promoted biological gene ontologies related to “extracellular matrix 

remodelling” and “mesenchymal pathways” whereas laminin coating enhanced neuronal and 

synaptic processes and enriched proliferative gene sets. Spontaneous discharge activity was 

increased in iNocs cultured on poly-L-lysine/laminin exhibiting the highest firing rates. Single 

cell patch clamp recordings revealed minor effects of coating materials on passive membrane 

properties and basic electrophysiological parameters of individual iNocs. These findings 

introduce coating specific extracellular matrix compositions as a critical regulator of iNoc 

phenotypes. Optimizing surface coating substrates offers a powerful strategy to improve the 

physiological relevance and maturation of translational human pain models. 
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1. Introduction 

Somatosensory primary afferent neurons form the first processing level in the pain pathway, 

with nociceptors whose cell bodies are located in dorsal root (DRG) and trigeminal ganglia 

(TG), representing a heterogeneous neuronal population, specialized to detect noxious thermal, 

mechanical, and chemical stimuli and transmit signals to the spinal dorsal horn and higher brain 

centres. Nociceptor diversity is reflected by distinct molecular markers, neurotrophin receptor 

expression, ion channel profiles, and transcriptional signatures which characterise multiple 

mechanoreceptor, proprioceptor, and peptidergic or non-peptidergic nociceptor subtypes1–4. 

However, human nociceptor transcriptomes differ substantially from those of rodents, with 

broader neurofilament heavy polypeptide (NEFH) expression, enrichment of peptidergic 

phenotypes, and conserved TrkA and Nav1.8 expression defining major human nociceptor 

populations5–9. Research on human nociception has historically been limited by restricted 

accessibility and species-specific differences between animal models and humans. Human 

induced pluripotent stem cell (iPSC)-derived nociceptors (iNocs) provide a powerful platform 

to overcome these limitations10,11. Differentiation protocols typically rely on dual-SMAD 

inhibition combined with small-molecule signalling modulation (CHIR99021, SU5402, 

DAPT), followed by neurotrophic factor-mediated maturation11,12. These approaches generate 

neurons expressing sensory lineage markers such as BRN3A and ISL1 and nociceptor-

associated ion channels including SCN9A, SCN10A, and TRPV110,12–14. Although the protocol 

developed by Chambers et al. is considered the gold standard, variations in differentiation 

timing, growth factor composition, or additional signalling pathways can generate diverse 

sensory neuron subtypes including mechanoreceptors and proprioceptors. 12. Despite recent 

advances, iNoc models remain limited by incomplete maturation, heterogeneous subtype 

composition, and variability between differentiation protocols. Importantly, most 

differentiation strategies focus on soluble signalling cues, whereas the physical and 

biochemical microenvironment is often underappreciated as a determinant of neuronal identity 

and function.  

In vivo, neurons interact with a complex extracellular matrix (ECM) environment and 

perineuronal nets that regulate neuronal survival, maturation, synapse formation, and 

electrophysiological properties 15. Sensory neurons express subtype-specific integrin profiles, 

and different neuronal populations respond differently to ECM substrates 16. ECM composition 

is increasingly recognized as a regulator of synapse development and neuronal maturation for 

iPSC-derived cortical neurons17–20. Integrin-mediated interactions with ECM ligands such as 
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laminin, collagen, and fibronectin may directly influence neuronal maturation programs18. 

However, little is known about ECM–interactions in human sensory neuron differentiation and 

phenotypes21,22. If critical extracellular interactors are absent, iNocs may fail to initiate or 

maintain essential maturation programs, resulting in transcriptomic and functional deficits 

compared to native nociceptors6,11,13. Consistent with this concept, iNocs frequently show low 

levels of spontaneous discharge activity, whereas native sensory neurons typically remain 

electrically silent in the absence of stimulation10. 

In vitro, various surface coating materials are widely used to support neuronal adhesion and 

differentiation. Commonly used substrates include ECM proteins such as laminin, collagen, 

and fibronectin, complex mixtures such as Matrigel, and synthetic polycations such as poly-L-

lysine (PLL) or poly-L-ornithine (PLO). These coatings influence surface charge, topography, 

and cell–substrate interactions and thereby modulate cell attachment, morphological 

properties, neuronal survival and neurite outgrowth23,24. Although these materials are widely 

used in neuronal culture systems, their specific effects on nociceptor differentiation and 

maturation remain poorly characterized. Various studies differentiate iNocs using Matrigel12,25, 

poly-L-ornithine/laminin26, or alternative matrix coatings27,28, but systematic comparisons 

remain limited. 

We hypothesize that the physical and chemical microenvironment plays a critical role in 

regulating nociceptor phenotype, ion channel expression, and excitability. Specifically, ECM 

composition and surface coating materials may directly influence transcriptional programs 

governing neuronal maturation, signal propagation, and responsiveness to physiological 

stimuli. Optimizing substrate composition may therefore represent a key strategy to improve 

the functional maturation and physiological relevance of iPSC-derived nociceptors. In this 

study, we investigated the effects of different culture surface coatings on the morphology, 

differentiation, and functional maturation of human iPSC-derived nociceptors. We specifically 

compared three commonly used coating materials in neuronal cell cultures, which are Matrigel, 

laminin, and PLL/laminin (LA), and compared their impact on transcriptomic profiles, ion 

channel expression, and neuronal excitability. By systematically evaluating how extracellular 

microenvironmental factors influence nociceptor development, this work aims to improve the 

physiological relevance of iPSC-derived nociceptor models and improve the functional 

similarity of human iPSC derived in vitro systems and native human sensory neurons.
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Experiments 

All methods were carried out in accordance with relevant guidelines and regulations. 

All iPSC clones were obtained by and used under the ethical regulations of the STEMBANCC con-

sortium. All animal procedures followed the guidelines of the International Association for the Study 

of Pain, the EU Directive 2010/63/EU for animal experiments and the National Institutes of Health 

Guide for the care and use of laboratory animals and were approved by the Austrian Bundesministerium 

für Frauen, Wissenschaft und Forschung BMFWF (BMWF-66.011/0102-WF/V/3b/2015) and by the 

local Institutional Animal Care and Use Committee at IPHYS (Project No 78–2024-P). 

iNoc differentiation 

Adult 840 clone iPSCs derived from a healthy patient with no history of diseases were used for 

standardized experiments and iNocs differentiation performed as published10,12. Briefly, 

approximately 80 x 103 cells per 6-well were seeded as single-cells, two passages after thawing. 

Cells were maintained overnight in mTeSR+ medium containing Y-27632 (Sigma-Aldrich) 

until 60-70% confluency. Subsequently dual-SMAD inhibition was initiated in knockout serum 

replacement media (KSR) supplemented with 100 nM of LDN-1931189 and 10 μM SB431542 

for 5 days. Additionally, three μM CHIR99021, 10 μM DAPT and 10 μM SU5402 were added 

from day 2- day 12. From day 4 on N2/B27 (Neurobasal medium/GLUTAMAX/B27/N2) was 

added to the KSR media and incremented every 2 days by 25%. On day 12, cells were passaged 

onto glass coverslips with different coatings for immunofluorescence experiments and 

maintained in N2/B27 medium supplemented with NGF, BDNF and GDNF. Cytosine-β-D-

arabinofuranoside (Sigma Aldrich) was administered on day 14 for ~24h to reduce the amount 

of non-differentiated proliferating cells. Cells were maintained until day 26, medium was 

changed every second-third day. iNocs were seeded on the following coatings on day 12: 

MatrigelTM, fibronectin (10 µg/ml), thrombospondin-1 (10 µg/ml), PLL-laminin (Laminin 1 

µg/cm2; PLL 1 µg/cm2), collagen type 1 (0.1 mg/ml), biosilk 521 (Biolamina, 0.3 mg/ml) and 

maintained in N2/B27 medium supplemented with NGF (25 ng/ml), BDNF (10 ng/ml) and 

GDNF (10 ng/ml) until day 26 or day 36. Morphological changes were recorded. 

Immunohistochemistry 

Cells were fixed with 4% PFA for 15 min at room temperature (RT) at day 26 or day 36. Fixed 

iNocs were washed 3x with PBS, permeabilized and blocked for 1 h in 0.2% Triton-PBS (T-

PBS) with 0.2% BSA and 5% normal goat serum at RT. Primary antibodies were applied at 

4°C overnight, in a humidified chamber, Tuj1 (1:1,000, R&D Systems, #MAB1195),  

SOX10(1:1000, Cell Signaling Technologies, #89356). After subsequent washing 3x with 
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PBS, the slices were incubated with secondary antibodies for 1 h and counterstained with DAPI 

(Thermo Fischer, #D1306). Secondary antibody for SOX-10 (Z01, Thermo Fischer, A-11029) 

was also applied in the concentration of 1:500. Samples were washed and mounted in Mowiol. 

Since cells that were not fully differentiated exhibited larger DAPI+ nuclei and were not stained 

by the neuronal marker Tuj1. All fluorescent images were acquired with Olympus IX83 

microscope. DAPI staining quantification was automatized with ImageJ by using a global filter. 

Tuj1+ cells were manually counted with the help of cell counter notice plugin in ImageJ. The 

normalized Tuj1/DAPI fluorescence intensity ratio was calculated as a gross measure of 

differentiation. Average fluorescence intensities were quantified using ImageJ software with a 

global threshold. The same size of region of interest (ROI) was used in each image that is 

placed in the middle of the coverslip (at least 1 mm away from the sides) on a region completely 

covered with cells. Total cell number was determined by automatized counting of DAPI 

staining to evaluate cell attachment to the surface. 

Sample preparation for RNA sequencing 

Differentiated nociceptors (day 12) were passaged onto accordingly coated 6-well cell culture 

plates (Greiner 657160) at a seeding density of approx. 50,000 cells/cm2. Starting 24 hours 

later, cells were treated with 4 µM Cytosine β-D-arabinofuranoside (Ara-C; Sigma C1768) for 

48 hours to suppress growth of contaminating cells. Cultures received half-feeds with 

maturation medium three times a week. At day 36, cells were harvested with 

Accutase™ (Gibco A1110501), washed two times with ice-cold PBS, and snap frozen as 

pellets by placing the tubes in liquid nitrogen. Samples were stored at -80°C until shipping on 

dry-ice for analysis. 

RNA extraction and  sequencing 

RNA extraction, quality control, library preparation, and sequencing were performed by 

Lexogen GmbH (Vienna, Austria). Total RNA was extracted from cell pellets using the SPLIT 

RNA Extraction Kit (Lexogen). RNA concentration and integrity were assessed using a 

Fragment Analyzer (Agilent Technologies, USA), with RNA Quality Numbers (RQN) ranging 

from 9.3 to 10.0. Sequencing libraries were prepared using the QuantSeq V2 library preparation 

protocol (Lexogen), with 350 ng total RNA per sample. Libraries were multiplexed and 

sequenced on an Illumina NextSeq 2000 platform using single-end 100 bp sequencing. 

Sequencing yielded an average of 9.66 million reads per sample (range: 8.40-10.21 million 

reads). Raw sequencing data were deposited in the European Nucleotide Archive (ENA) under 

accession number PRJEB128515. 
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RNA-seq data sets and bioinformatics analysis 

Raw sequencing reads quality and phred quality scores were assessed manually using fastqc 

(v. 0.11.9). The overall raw read length was 100 bp. The raw sequencing reads were 

deduplicated to reduce the impact of amplification bias using umi-tools (vers. 1.1.4). Low 

quality bases and adaptor sequences were trimmed using bbduk (BBMap v. 38.18) with 

trimming parameters set to kmer size = 13, use of shorter kmers enabled and the minimum 

kmers threshold was set to 5. Quality trimming was enabled to remove reads with a read length 

smaller than 20 nucleotides and base pairs with a quality score < 10. Deduplicated sequencing 

reads were aligned against the human reference genome (Gr38) using STAR-aligner (v. 2.7.0). 

Remaining PCR duplicates were removed in a second deduplication step performed using umi-

tools. The raw transcript counts per gene were processed into a count matrix using feature 

counts of the Rsubread package (v 2.12.3) in R (v. 4.2.2). Low expressed genes with a threshold 

<10 counts were removed from the count matrix and differentially regulated genes were 

identified using DESeq2 (v. 1.38.3)29. To correct for multiple testing, false detection rate (FDR) 

correction was performed using the Benjamini-´Hochberg algorithm resulting in adjusted p-

values (p-adj). Gene-Ontology enrichment analysis (GO) was performed using ClusterProfiler 

(v 4.6.2) for genes with p-adj<0.0 1. Before GO, genes were ranked according to the product 

of log2foldchange*(-log10(p-adj)).  

 

Multi-Electrode Array (MEA) Recordings 

iNoc cultures were generated from iPSCs as described above followed by re-plating on 

CytoView 24 well MEA plates (Axion Biosystems) coated with Matrigel™, laminin and 

PLL/laminin (8 wells of each coating) on day 12 and kept as described until day 45. Recordings 

of electrical spontaneous activity were executed on the Maestro Edge MEA system (Axion 

Biosystems) every day at the same time for 1 h at 37°C and 5 % CO2. Cells were allowed to 

recover for 5 min from the transfer of the 24-welll plate from the incubator to the MEA system 

prior the recording was started. Every 2-3 days, half of the medium was changed carefully to 

reduce medium change introduced batch effects on the cultures and to retain comparability of 

the recordings between different time points. Data was evaluated at per-electrode and per-well 

level by combining the data from 16 electrodes in each well. In addition, data for active 

electrodes were evaluated separately, where an active electrode was defined as more than 1 

spike per 10 min during the whole recording time to exclude electrodes without contact with 

cells or cells with no spontaneous activity. Action potentials were detected using the threshold 

crossing method implemented in the Axis software, and the threshold level was set to 6-times 
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to that of the standard deviation of the recorded voltage signal. The resulting spike trains were 

analyzed by the Axis program as well as NeuroExpress developed by ASz.30 

Patch-clamp recordings 

To assess the effect of coating materials on electrophysiological properties cells were seeded 

on 35 mm dishes (Thermo Fischer Scientific, cat.nr. 153066) coated either with Matrigel or 

PLL/Laminin and kept in sterile incubator at 37°C and 5% CO2. Cell adhesion on laminin alone 

was not sufficient and therefore laminin alone was not further pursued. Patch-clamp recordings 

were performed on day 40-41 with patch pipettes from borosilicate glass (GB120-8P, Scientific 

Products, Hofheim, Germany) pulled with an automated puller (Sutter Instruments, Novaton, 

CA, USA) to a final resistance of 4.0–5.0 MΩ. Recording solutions contained (in mM): bath 

solution: 2 CaCl2, 10 HEPES, 145 NaCl, 1 MgCl2, 5 KCl, 10 glucose adjusted to pH = 7.3 with 

NaOH; pipette solution: 10 HEPES, 5 EGTA, 98 K-Gluconate, 45 KCl, 2 Mg-ATP, 0.2 Na-

GTP, 0.5 CaCl2, 2 MgCl2, adjusted to pH = 7.3 with KOH. Recordings were performed on 

room temperature (20–24°C) using EPC-10 USB (HEKA). Signals were low pass filtered at 1 

kHz and sampled at 20 kHz. The resting membrane potential (RMP) was measured in whole-

cell current clamp configuration. Recordings with leak currents >200 pA were excluded. 

Recordings were analysed using Fitmaster v2x90.3, Clampfit 11.4.3 (Axon Instruments, San 

José, CA, USA) and GraphPad Prism 8.0.1. Current densities were obtained by normalizing 

inward or outward currents to cell size (pA/pF). Leak subtraction was done online by P/4 

protocol. Current–voltage (I–V) relationships were obtained for whole cell inward and outward 

currents evoked by 50-ms square pulse depolarizations from the holding potential of -60 mV 

to different test potentials in the increment of 5 mV to +40 mV and data were fitted to the 

following equation: 𝐼=ܩmax*(ܸ−ܸrev)/(1+exp⁡(−(ܸ−ܸ0.5,act)/݇act) 

where Vrev is the extrapolated reversal potential, V is the test potential, Gmax is the maximum 

slope conductance, V0.5,act is the voltage of half-maximal activation, and kact is the activation 

slope factor. 

Statistical analysis  

For statistical analyses, GraphPad Prism 10.0.1 (GraphPad Software, USA) was used as 

applicable. All results are presented as mean ± SEM, n indicates number of coverslips or 

number of images that are used in the analysis and indicated for each graph. Initial microscopy 

analyses were all compared to Matrigel (One-way ANOVA with Multiple comparisons). 
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Analyses were performed by comparing each coating to each other and the respective timelines 

(two-way ANOVA with Multiple comparisons). For group comparisons, the Mann-Whitney u-

test was used with Bonferroni’s post-hoc test. The level of statistical significance was 

predefined at p < 0.05. 
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Results 

Morphological differences induced by different coating materials 

Initially we compared the effect of individual and combined coating materials, namely 

Matrigel, poly-L-lysine/laminin (PLL/LA), Fibronectin, collagen, Biosilk™, laminin, 

thrombospondin, carbon/PLO, PLO/Matrigel, Carbon/gelatin and Carbon/gelatin/Matrigel on 

cellular morphology and expression of the neuronal marker Tuj1 (Fig. 1) in 2 or 3 replicates 

per condition. Most coatings provided good attachment to maintain iNocs from day 12 until 

day 26. Cells seeded on thrombospondin detached around day 18. In about half of the cultures 

(3 out of 6) on collagen coating attachment of the cells was also lost and cultures on 

carbon/gelatin coated coverslips developed detached areas, causing a significantly smaller 

percentage of Tuj1+ area per coverslip (Fig. 1D).  

Normalized Tuj1/DAPI fluorescence intensity ratio was higher for cultures on collagen and 

Biosilk vs. Matrigel, however, similar between all other groups. Matrigel coating yielded 

significantly more DAPI+ particles compared to laminin and carbon/gelatin/Matrigel coating 

and similar cell attachment for the remaining coating materials. Furthermore, we evaluated the 

ratio of Tuj1+ to DAPI staining and observed that Biosilk™ and laminin resulted in a 

significantly higher percentage compared to Matrigel (66.8%  [Matrigel] vs 79.69% [silk], and 

79.46% [laminin], p = 0.0093 and 0.0137, One-way ANOVA).  

In general, iNocs form clusters rather than spread out as individual cells31.  We next assessed 

whether coating materials such as collagen and carbon/gelatin prompted the cells to cluster 

together in lower or larger numbers (Fig. 2A). We evaluated the ratio of single neurons over 

the total number of clusters, and the number of cells in each cluster by using Tuj1+ staining. A 

cluster was defined as 2 or more cell somata with direct contact. Overall, most iNocs were 

clustered and the number of Tuj1+ neurons that were not in any clusters was approximately 

20% in all conditions (Fig. 2B). The number of Tuj1+ clusters was highest in cultures on 

PLL/laminin coating; and compared to MatrigelTM was significantly lower in iNocs cultures on 

fibronectin, collagen, laminin, carbon/gelatin and carbon/gelatin/Matrigel coatings. These 

differences may be due to either fewer clusters with larger cell numbers or more single cells 

compared to clusters. To discriminate these possibilities, we evaluated the mean number of 

cells in each cluster. While iNocs cultures on most evaluated coatings contained on average 4 

cells in each cluster, cells cultured on collagen and carbon/gelatin developed significantly 

larger clusters compared to Matrigel (Fig. 2B). Specifically, collagen coating caused formation 
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of clusters with more than 20 cells often and clusters on carbon/gelatin coating exceeded 50 

cells per cluster. Large clusters were surrounded by neurite bundles, while cultures with less 

clustering generate a more diffuse pattern of neurite growth.  

 

Transcriptomic Differences induced by coating substrates 

iNocs growing on LA, PLL_LA and MatrigelTM coating were bulk mRNA sequenced (n = 4 

per condition) to assesses the impact of coating materials on the transcriptomic profile of iNocs. 

Principal component analysis (PCA) of rlog-transformed counts revealed clear transcriptional 

separation between the three coating conditions (Fig. 3A). The first principal component (PC1) 

explained 53.77% of the total variance, while PC2 explained 28.83%, together accounting for 

over 80% of total transcriptomic variance. These results indicated that substrate coating seemed 

to be a dominant driver of global transcriptional identity. Sample-to-sample distance analysis 

confirmed strong clustering by coating condition, demonstrating high intra-condition similarity 

and distinct inter-condition transcriptional profiles. Likelihood ratio testing identified 2,591 

genes significantly regulated genes across coating conditions (adjusted p-value<0.05), 

highlighting the extensive transcriptional response to substrate composition. Pairwise 

comparison between Matrigel and LA identified 1,688 differentially expressed genes (DEGs), 

including 735 genes upregulated and 953 genes downregulated in MatrigelTM relative to LA 

(Fig. 3B). Pairwise comparison of MatrigelTM and PLL_LA identified 431 DEGs, including 

238 genes upregulated and 193 genes downregulated in MatrigelTM relative to PLL/LA (Fig. 

3C). Pairwise ccomparison between PLL/LA and LA identified 2,445 DEGs, including 1,029 

genes upregulated and 1,416 genes downregulated in PLL/LA relative to LA (Fig. 3D). 

GO enrichment analysis of DEGs were higher in cells growing on MatrigelTM revealed strong 

enrichment of extracellular matrix (ECM) and adhesion-related processes, including 

extracellular structure organization, extracellular matrix organization, collagen fibril 

organization, integrin-mediated signalling, and cell-substrate adhesion. Developmental 

programs related to mesenchymal development and mesenchymal cell differentiation were also 

significantly enriched (Fig. 4A). In contrast, genes with higher expression profile in LA 

samples were strongly enriched for neuronal and synaptic processes, including axon 

development, synapse organization, axonogenesis, neurotransmitter transport, and regulation 

of synaptic signalling (Fig. 4B). These data suggest that MatrigelTM seemed to promote ECM 

remodelling and adhesion-associated transcriptional programs while suppressing neuronal 
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lineage-associated transcriptional signatures compared to LA. MatrigelTM upregulated genes 

were enriched primarily for ECM organization, extracellular structure organization, and 

collagen fibril organization, consistent with ECM remodelling as a defining transcriptional 

feature of MatrigelTM. Interestingly, enrichment was also observed for glial lineage-associated 

processes including gliogenesis, myelination, and axon ensheathment (Fig. 4D). DEGs with 

higher expression in PLL/LA relative to MatrigelTM were enriched for neuronal developmental 

processes, including axonogenesis, axon guidance, neuron projection development, and 

neuronal migration (Fig. 4E). These findings suggest that PLL/LA seemed to maintain stronger 

neuronal lineage-associated transcriptional programs compared to MatrigelTM, while 

MatrigelTM promoted ECM-dominant transcriptional states. 

GO enrichment analysis of genes upregulated in PLL/LA revealed strong enrichment of cell 

cycle and mitotic processes, including mitotic nuclear division, chromosome segregation, sister 

chromatid segregation, and regulation of cell cycle phase transition (Fig. 4G). DEGs with 

higher expression in LA were enriched for synaptic and neuronal signalling processes, 

including synapse organization, modulation of chemical synaptic transmission, 

neurotransmitter secretion, axon development, and vesicle-mediated transport in the synapse 

(Fig. 4H). These results suggest a shift from neuronal/synaptic functions toward proliferative 

and mitotic activity in the PLL_LA condition. 

During GO analysis, we noticed several DE ion channels, prompting a systematic evaluation 

of their expression across conditions. In the MatrigelTM_vs_PLL/LA comparison, six ion 

channel genes were differentially expressed, including SCN9A (voltage-gated sodium 

channel), GLRA3 (glycine receptor), and GRIN2A/GRIN2B (NMDA receptor subunits), 

suggesting potential alterations in action potential initiation and excitatory synaptic 

transmission (Fig. 4C). The MatrigelTM_vs_LA comparison revealed 21 differentially 

expressed ion channels, including SCN1A, SCN2A, SCN3B (sodium channels), KCNB1, 

KCNQ2, KCNK5, KCNK10, KCNH5 (potassium channels), CACNA1E, CACNB1 (voltage-

gated calcium channels), and GABRA3, GABRB3, GABRG2, GLRA3 (GABA and glycine 

receptors). These changes likely modulate neuronal excitability, spike threshold, and 

inhibitory/excitatory balance, potentially affecting firing frequency and network 

synchronization in MatrigelTM compared to LA (Fig. 4F). In the PLL/LA vs. LA comparison, 

35 ion channel genes were differentially expressed, including multiple sodium, potassium, 

calcium, and ligand-gated channels (SCN1A, SCN2A, SCN8A, KCNK2, KCNK3, KCNB1, 
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CACNA1A, CACNA1B, CACNB3, GRIA1, GRIK2, GRIN2A/B, GABRA2, GABRA3, GABRG2, 

GLRA3). These alterations suggest widespread modulation of membrane excitability, synaptic 

strength, and action potential propagation, which could impact network-level activity in 

PLL/LA relative to LA (Fig. 4I). Overall, these data indicated condition-specific remodelling 

of ion channel expression, pointing to potential functional consequences for neuronal 

excitability, synaptic integration, and circuit dynamics across the experimental groups. 

Functional Differences induced by LA, PL/LA and MatrigelTM  

To assess the functional impact of DE ion channel profiles, MEA recordings were performed 

between D24 and D45 of iNoc culture. Also under these conditions, iNocs seeded on 

MatrigelTM were equally dispersed in small clusters, while neurons cultured on LA and 

PLL/LA formed large clusters with radial neurite outgrowth in large bundles (Fig. 5). These 

recordings demonstrated the overall stability and variability of spontaneous firing activity of 

iNoc cultures grown on 3 types of surfaces. While the intensity of firing activity significantly 

varied across wells and electrodes, consistent features were also identified. Importantly, iNoc 

cells recorded on separate electrodes within a well exhibit no synchronization in their firing 

output. This was recapitulated by the near zero values of Pearson's correlation calculated for 

pairs of active electrodes. Bursts or transient changes in firing were rarely observed. Instead, 

neurons maintained a spontaneous activity was fairly stable during the time of recording. For 

most recorded electrodes, iNocs exhibited a spontaneous firing pattern that was characterized 

by a Poissonian interspike interval distribution. Occasionally, we observed slow oscillatory 

activity manifested as 'waves' in the spike density functions calculated for the individual 

electrode channels (Fig 5A, 50-100 s periodicity). Yet, the spike trains recorded on different 

channels remained completely uncorrelated supporting the lack of synaptic connections or 

other means of network synchronization in the iNoc populations. With these attributes iNocs 

appeared to be similar to isolated native sensory neurons. 

Mean spontaneous firing frequency (MFF) was assessed per electrode and normalized per well 

without additional stimulation. Low levels of spontaneous discharge activity developed after 

24 days in culture for all three coating substrates and remained below 0.5 action potentials/s 

for all conditions. But significantly increased between D24 and D45 along all coating 

conditions MFF increase was most prominent in cultures on PLL/LA (0.05 spikes/s d24 vs 0.3 

spikes/s d45 in PLL/Laminin), and lowest on Matrigel (D24 vs D45, Fig. 6A). In addition, the 

number of active electrodes continuously increased by time in culture, which followed a linear-
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like trend for all coating conditions (MatrigelTM R2 = 0.9319, LA R2 = 0.9003, PLL/LA R2 = 

0.8780). When the MFF was evaluated only for the active electrodes, PLL/LA coating 

generated again showed the highest values on D45. (Fig. 6A). 

Single Cell Patch Clamp Electrophysiology 

To evaluate the baseline passive electrical properties of the cells, whole-cell patch-clamp 

recordings were performed on iNocs cultured on glass coverslips which only generated 

recordable cells when coated with MatrigelTM and PLL/LA coating. Cell capacitance (Cm) and 

resting membrane potential (Vrest) were determined as measures of general excitability of the 

cell. There were no statistically significant differences in Cm between the MatrigelTM and 

PLL/LA coating (MatrigelTM: 11.82 ± 0.11 [n = 14] pF; PLL/LA: 13.56 pF ± 0.93 pF [n = 20]; 

n.s.) Similarly, the resting membrane potential was statistically indistinguishable between the 

different conditions (MatrigelTM: -43.08 ± 3.33 mV [n = 17]; PLL/LA: -42.81 ± 2.4 mV [n = 

17]; p = n.s.). In current-clamp recordings, spontaneous action potential (AP) activity was 

observed in only five cells: two cells cultured on MatrigelTM coating (firing a total of two APs) 

and three cell cultured on PLL/LA coating (firing four APs). The spontaneous APs recorded 

from iNocs cultured on MatrigelTM exhibited features indicating an immature neuronal 

phenotype (increased AP half-width (7.79 and 4.45 ms) and diminished peak amplitude (44.89 

and 54.04 mV)) suggesting underdeveloped voltage-gated ion channel functionality, typical of 

premature neurons. APs recorded from two iNocs on PLL/LA showed more advanced AP 

characteristics and both total amplitude (81.63-87.33 mV) and half-width (1.73-1.95 ms) 

resembled those of human native nociceptors32–34, and one cell generated two APs with 

parameters resembling an immature phenotype with a maximum amplitude of 52-53 mV. 

Interestingly one cell displayed a train of 13 APs in total, with a total amplitude between 52.19 

and 78.22 mV, half-width between 1.62 and 2.27 ms and a mean firing frequency of 11.88 Hz. 

(Fig. 6B) Due to the rare abundance of spontaneous discharge activity no statistical tests were 

performed33. 

The kinetics of current-voltage recordings were also almost indistinguishable as the 

investigated parameters namely Vrev (MatrigelTM: 92.31 ± 6.64 mV, PLL/LA: 98.63 ± 5.88 

mV), V0.5,max (MatrigelTM: -31.76 ± 1.18 mV, PLL/LA: -32.42 ± 1.25 mV), slope (MatrigelTM: 

2.39 ± 0.48 mV, PLL/LA: 2.00 ± 0.45 mV), maximum current density of the inward current 

(MatrigelTM: -264.87 ± 24.68 pA/pF, PLL/LA: -221.10 ± 19.55 pA/pF) and maximum current 

density of the outward current (MatrigelTM: 585.93 ± 83.13 pA/pF, PLL/LA: 41.317 ± 47.25 
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pA/pF) did not show any statistically significant differences (n = 11 for both groups, Mann-

Whitney u-test, p = 0.0759; Fig. 6C). 
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Discussion and conclusion 

In this study, surface coatings not only affected the morphology of iPSC derived nociceptors, 

but also strongly impacted on iNocs’ transcriptomic profiles and cellular processes such as ion 

channel composition and, consequently, on pathways related to neuronal function and 

excitability. This was reflected by minor differences in electrophysiological properties and not 

surprising since native neurons and the cells surrounding them such as Schwann cells or 

satellite glia cells are firmly linked to ECM stabilizing their architecture; and neuronal 

interaction with the ECM initiates molecular signaling cascades impacting on neuronal 

development, morphology and function in health and disease35–37. 

LA is a major component of ECM and binds primarily to β1 containing integrin heterodimers 

on the cell surface such as α1β1, α3β1, α6β1 to activate MAPK/ERK and PI3K/Akt signaling 

pathways in outside-in signaling38,39. LA signaling cascades regulate cytoskeletal dynamics, 

neuronal survival, and gene transcription associated with neuronal maturation. and influences 

ion channel expression and excitability in sensory neurons, thereby linking ECM interactions 

to functional neuronal properties40. LA induces prominent neurite growth in cultured adult 

DRG neurons compared to other coating materials such as on thrombospondin, vitronectin, 

collagen type IV and fibronectin41. For iPSC derived neuronal models, a solubilized basement 

membrane preparation has been extracted from the Engelbreth-Holm-Swarm (EHS) mouse 

sarcoma, which is rich in ECM proteins such as LA, collagen IV, heparan sulfate 

proteoglycans, entactin/nidogen, and growth factors and routinely in use as Matrigel™ 42.Our 

morphological and sequencing analyses indicated that Matrigel coating was more prominently 

improving adhesion signaling and mesenchymal-associated transcriptional programs while 

suppressing neuronal differentiation-associated gene expression compared to other coatings. 

These transcriptional signatures suggested that the complex ECM composition of MatrigelTM 

may activate signaling pathways typically associated with tissue remodeling and cell migration 

not only in cortical iPSC derived neurons but also in iNocs43.  

Despite numerous studies on the physiological role of natural ECM components, synthetic 

polymers such as PLL are commonly used in cell cultures to screen negatively charged culture 

surfaces and provide better attachment in a nonreceptor mediated and unspecific manner 

through electrostatic interactions with negatively charged groups on both the culture surface 

and the cell membrane, thereby enhancing initial cell adhesion44. PLL coating renders the 
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plastic surface more hydrophilic and improves protein adsorption45. Beyond nonspecific 

attachment, the cationic surface increases adsorption and favorable orientation of ECM 

proteins such as LA and fibronectin, which in turn strengthen integrin-mediated signaling38,39. 

PLL/LA promotes cell cycle and proliferative transcriptional programs and maintains partial 

neuronal developmental signatures compared to MatrigelTM. Laminin coating is associated 

with relatively reduced proliferation and ECM remodeling transcriptional signatures38,39. 

Regarding iNoc morphology, MatrigelTM and PLL/LA yielded comparable total cell numbers, 

while LA alone compared to Matrigel TM yielded a significantly lower number of cells, 

indicating an important role of surface charge in iNoc adhesion. This suggested that surface 

charges provided by PLL may enhance the efficiency of ECM protein presentation and cell 

attachment, thereby improving survival of iNocs.  

In vitro, iPSC derived neurons tend to passively form cell clusters even in the absence of glial 

cells or neuronal activity, which likely is driven by mechanical tension generated by extending 

neurites gradually pulling at cell bodies and producing spatially organized aggregates46,47. 

Numerous factors affect this clustering behavior such as cell seeding density, presence of glial 

cells, coating material and neuronal activity39. In turn, cell-cell contacts modulate neural cell 

adhesion molecules (NCAMs) and cadherins, which promote cytoskeletal coupling and 

stabilize neurite contacts48,49. We found formation of significantly larger clusters with LA, 

PLL/LA, collagen and carbon/gelatin coatings. Collagen and its derivative gelatin contain 

various cell recognition motifs stimulating cell-substrate interaction50. For example, collagen 

contains integrin-binding sequences such as the GFOGER motif, which can promote strong 

adhesion and potentially influence cell migration and aggregation behavior. The enhanced 

clustering observed with collagen-containing substrates may reflect increased integrin 

engagement and cytoskeletal tension within neuronal populations.  

About two thirds of core matrisome genes (glycoproteins, collagens, and proteoglycans) and 

matrisome-associated genes (ECM-affiliated genes, ECM regulators, and secreted factors) are 

expressed in both murine and human DRG51. Of these, some of the core matrisome genes are 

linked to DE ion channels subtypes suggesting a critical role of ECM for neuronal excitability 

synaptic transmission and action potential generation51–54. Under physiological conditions, 

DRG neurons are not spontaneously active but rather show activity only when exposed to rel-

evant stimuli. However, spontaneous activity in iPSC-derived nociceptors is well-docu-

mented27,55. Some of the tested coatings increased AP firing frequency, and this is in line with 
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previous studies reporting that ECM-integrin signaling influences neuronal excitability by reg-

ulating voltage-gated sodium and calcium channels56. In our patch-clamp recordings, coating 

materials influenced spontaneous AP firing and kinetics but did not alter passive membrane 

properties such as Cm and Vrest. Both examined parameters were far from typical physiological 

values 32–34, likely reflecting early-stage developmental deficits rather than a mature phentoype. 

The reduced AP amplitudes and prolonged AP half-widths on MatrigelTM strongly imply un-

derdeveloped voltage-gated sodium or potassium channel kinetics33,57,58. Conversely, the tran-

sition toward higher AP peak amplitudes and narrower AP half-widths on PLL/LA coating 

suggested that this specific coating material provided a more supportive microenvironment for 

the maturation of active voltage-gated currents. To identify the individual contribution of spe-

cific voltage-gated ion channels, further studies need to clarify the exact contribution of indi-

vidual ionic conductance and specific ion channel subtypes and assess whether alterations im-

pact on different iPSC cell lines in a comparable manner. Increased spontaneous activity needs 

to be interpreted cautiously, since native DRG neurons are typically silent at baseline, sponta-

neous discharge is rare and increased action potential firing may reflect altered excitability 

rather than maturation per se. Additional comparison with different iPSC cell lines and multiple 

independent differentiations would be beneficial. 

Together, these findings suggest that the coating material composition differentially modulated 

iNocs state possibly by regulating ECM signalling, proliferation, and lineage-associated 

transcriptional programs. Importantly, these effects extended beyond simple morphological 

differences and appeared to influence functional neuronal properties, the transcriptional 

identity and the molecular mechanisms underlying these changes with regards to ECM remains 

to be elucidated. 
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Figure Captions:  

Figure 1. Cell density evaluation of iNocs on different coatings. (A) Scanned coverslips of 

iNocs cultured on different coatings at D26. Scale bar represents 100 µm. (B) Percentage of 

the area covered by TUJ1+ staining on coverslips. Average fluorescence intensities were 

quantified using ImageJ software with a global threshold. Imaging and quantification was 

conducted in a blinded manner. All groups were compared to Matrigel. (One-way ANOVA 

with multiple comparisons). Scale bar represents 1 mm. (C) Normalized fluorescence intensity 

of neurons (TUJ1/DAPI) per coverslip. *p<0.05, **p<0.01, ***p<0.001. 

Figure 2. Morphological analysis of iNocs on different coatings. (A) Quantification of total 

number of cells and percentage of neurons based on the total number of TUJ1+ cells compared 

to DAPI+ cells in D26 iNocs. Scale bar represents 100 µm. (B) Clustering behaviors of iNocs 

on different coverslips were evaluated compared to Matrigel by evaluation of percentage of 

single neurons compared to total TUJ1+ neurons and number of TUJ1+ cell clusters. (C) Mean 

number of TUJ1+ cells in clusters (D) Distribution of number of cells in each cluster for 

different coatings compared to Matrigel. (One-way ANOVA with multiple comparisons). 

p<0.05, **p<0.01, ***p<0.001 

Figure 3. Transcriptomic Differences induced by LA, PLL_LA and MatrigelTM. (A) PCA 

has been performed between samples from iNocs cultured on LA, MatrigelTM (MG) and 

PLL_LA. (B-D) Contrasted Pairwise Differential Expression analysis for different coating 

materials (B) MatrigelTM vs LA, (C) MatrigelTM vs PLL_LA, (D) PLL_LA vs LA.  p<0.05, 

**p<0.01, ***p<0.001 

Figure 4. Gene Ontology and Ion Channel Analysis. Different coating materials resulted in 

different gene profiles of iNocs. Gene Enrichment Ontology Analysis was performed for (A) 

up- and (B) downregulated Ontologies on MatrigelTM vs LA, (D) up- and (E) downregulated 

Ontologies in  MatrigelTM vs PLL_LA and (G) up- and (H) downregulated Ontologies in 

PLL_LA vs LA. In addition, the number of up- and downregulated ion channels was analyzed 

for (C) MatrigelTM vs LA, (F)  MatrigelTM vs PLL_LA and (I) PLL_LA vs LA. p<0.05, 

**p<0.01, ***p<0.001 

Figure 5. iPSC-derived human nociceptors exhibit stable but asynchronous firing pat-

terns that depend on the type of surface coating. The spike raster plots (A, C, E) demonstrate 

the firing activity of iNocs in three separate wells each containing 16 electrodes and recorded 

for 1000 s. Selected 200 s sections are indicated by the yellow rectangles and plotted on the 
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corresponding panels on the right. Spike density functions (firing frequency in Hz, light red, 

green and light blue) of the selected channels are plotted above the spike rasters. The spike 

trains produced by iNocs grown on MatrigelTM (B), LA (D) and PLL/LA (F) surfaces are all 

independent for different recording channels. We observe slow oscillatory firing patterns in 

two of the demonstrated spike trains (top channel in B, 100 s period; bottom channel in F, 60 s 

period). However, the majority of the recorded channels display sporadic, random and low 

frequency firing. 

Figure 6. Functional Differences induced by LA, PL_LA and MatrigelTM. (A) iNocs on 

MEA electrodes coated with MatrigelTM, laminin and PLL/laminin at d45. (B) Mean firing rate 

of iNocs on MatrigelTM, LA and PLL/LA until d45 in culture per wells and per electrodes. (C) 

Percentage of active electrodes that showed at least an action potential per 10 min is increased 

by time for all coatings. (D) Peak inward (Ii) and outward (IO) currents were measured and 

plotted to the corresponding membrane holding potential. Data are presented as mean ± SEM. 

Representative traces indicate a single action potential and a repetitive action potential recorded 

as spontaneous activity where cells were kept in current-clamp configuration with 0 pA current 

injection. p<0.05, **p<0.01, ***p<0.001 
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