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Abstract 22 

Gap junction intercellular communication (GJIC) provides a continuous and efficient flow of biological 23 

information during tissue formation and is essential to sustain homeostasis and function in living 24 

organisms. Cell-matrix interactions have been widely addressed and their influence on tissue organization 25 

is recognized. However, how extracellular matrix (ECM) adhesion affects intercellular communication 26 

during tissue formation remains elusive. Here we use substrates with uneven nanopatterns of adhesive 27 

ligand arginine-glycine-aspartic acid (RGD) to control cell adhesion during mesenchymal condensation, a 28 

prevalent morphogenetic transition. We show that the establishment of GJIC is an adhesion-gated 29 

mechanism, which is dynamically regulated. Substrate effects continuously propagate into the forming 30 

tissue through actomyosin contraction, affecting both the 3D architecture and functionality of the GJIC 31 

network developing in prechondrogenic condensates. 32 

 33 

Keywords: Dendrimer-based nanopatterning, arginine-glycine-aspartic acid (RGD), cell adhesion, 34 

mesenchymal stem cells (MSCs), condensation, gap junction intercellular communication (GJIC). 35 
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1. Introduction 36 

 37 

Mesenchymal cell condensation is a prevalent morphogenetic transition regulated by cell adhesion in 38 

which mesenchymal stem cells (MSCs) gather to form intimate cell-to-cell contacts [1]. The condensation 39 

phase was named “membranous skeleton” by Grüneberg to stress its distinctive function in skeletal 40 

development [2]. During skeletogenesis, cell density increases locally at the condensation sites by means 41 

of extracellular matrix (ECM)-driven active cell movement,1 with an important role of the ECM 42 

ubiquitous protein fibronectin (FN), which is upregulated during mesenchymal condensation [3,4]. Cell 43 

condensates progressively evolve into cartilaginous nodules, setting the bases for cartilage formation.  44 

In osteochondral development, mesenchymal cell condensation is concurrent with the formation of an 45 

extensive gap junction (GJ) communication network [5]. GJs are plasma membrane channels that provide 46 

intercellular and cell-matrix communication in almost all animal tissues, allowing cells to exchange ions 47 

and small molecules through a controlled gating mechanism [6]. During morphogenesis, an efficient 48 

network of GJs is an extremely versatile communication system that mediates the rapid synchronization 49 

between cells. GJs established during embryonic patterning allow multicellular groups to coordinate 50 

towards the formation of supracellular, tissue-level structures. Avascular tissues, such as cartilage, 51 

particularly rely on this form of intercellular communication for successful development [7–9]. 52 

Although previous studies have related gap junction intercellular communication (GJIC) with matrix-53 

associated proteins [10–13], little is known about how extracellular inputs modulate the formation of 54 

intercellular GJ networks and the associated implications in tissue architecture and function. Integrin-55 

mediated cell-matrix interactions have been shown to regulate many biological processes such as cell 56 

shape, proliferation, migration, differentiation and programmed cell death [14–16]. During 57 

morphogenesis, dynamic adhesion mechanisms, together with the associated regulatory signalling 58 

pathways, define tissue differentiation and architecture, and modulate collective cell behaviour [17–19].  59 

Cell adhesion is governed at the nanoscale, as evidenced by the assembly of collagen fibres in the ECM 60 

or the folding/unfolding of fibronectin [20–22], and also by the compartmentalization of the cell 61 

membrane receptors into nanoclusters, which facilitates the allosteric regulation, increases the ligand 62 

rebinding probability and triggers the assembly of signalling complexes in the cytosol [23]. The 63 

nanopatterning of ECM motifs for the study of cell-surface interactions at the nanoscale highlighted the 64 

relevance of ECM ligand presentation to cells. Experiments using micellar lithography to create 65 

nanopatterns of the cell adhesive peptide arginine-glycine-aspartic acid (RGD) of fibronectin (FN), 66 

unveiled a nanospacing threshold of around 70 nm for an efficient cell adhesion on stiff substrates, and 67 

demonstrated that cell adhesion is more affected by the local rather than the global ligand concentrations 68 
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[24–27]. Since these first works in the field, others have emerged showing that not only cell adhesion, but 69 

also many other cell responses are affected by the nanoscale ligand presentation [28]. 70 

In previous works, we have shown that a dendrimer-based RGD nanopatterning technique produces 71 

uneven nanopatterns of tuneable local surface adhesiveness with liquid-like order and defined spacing on 72 

large areas, thus being fully compatible with standard cell culture protocols [29]. Owing to steric 73 

hindrance restrictions, each dendrimer of 4-5 nm in diameter, although bearing up to eight copies of the 74 

RGD ligand, provides a single site for integrin receptor binding. Therefore, dendrimer nanopattern 75 

configuration directly correlates with the RGD available for cell adhesion. The local surface adhesiveness 76 

in the nanopatterns is obtained by quantifying the percentage of surface area with a minimum interparticle 77 

distance below the 70 nm threshold for an efficient cell adhesion. These nanopatterns proved to sustain 78 

cell adhesion more efficiently than the corresponding homogeneous surfaces [29] and improve cell 79 

differentiation [30–32]. 80 

Taking chondrogenesis as a model [33], we used the RGD dendrimer-based nanopatterns to conduct a 81 

systematic study of the influence of local surface adhesiveness on the establishment of GJIC network 82 

during mesenchymal 3D condensation. Results show that local surface adhesiveness triggers cell 83 

condensate responses from a threshold nanopattern configuration and we demonstrate that the adhesive 84 

substrate information, which is transduced by integrins, propagates within cell condensates in a 85 

continuous feedback mode through cytoskeletal contractility. 86 

 87 

2. Methods 88 

 89 

2.1. Production of nanopatterned substrates 90 

 91 

All steps were performed in a sterile tissue culture hood, and only sterile materials, solutions and 92 

techniques were used. All dendrimer solutions were sonicated and filtered through a Millex RB sterile 93 

syringe filter (Merk Millipore) prior to use, and stock solutions were used within 6 months of preparation.  94 

Nanopatterned substrates were prepared as previously described [30,31]. Briefly, a 95/5 L-lactide/DL-95 

lactide copolymer (Corbion) 2% m v-1 solution in dry 1,4-dioxane (Sigma-Aldrich, 296309) was spin-96 

coated at 3000 rpm for 30 s on 1.25 × 1.25 cm Corning® glass microslides (Sigma-Aldrich). Deionized 97 

water (18 MΩ·cm Milli-Q, Millipore) was used for rinsing samples and to prepare RGD-functionalized 98 

dendrimers’ working solutions at 2.5 10-8, 10-8 and 4 10-9% w w-1 concentrations. Spin-coated on poly(L-99 

lactic acid) (PLLA) substrates were treated for 13 min under UV light and immersed in dendrimer 100 

solutions for 16 h (pH = 5.6, T = 293 K). Then, the nanopatterned substrates were rinsed with copious 101 
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amounts of water and dried. Positive controls (SFN) were obtained by incubating spin-coated PLLA 102 

substrates with fibronectin (100 μg mL-1) from bovine plasma-solution (Sigma-Aldrich, F1141). 103 

Nanopatterned substrates were imaged by atomic force microscopy (AFM) in a Dimension 3100 AFM 104 

instrument (Veeco Instruments) operated in tapping mode at room temperature in air. Silicon AFM probes 105 

(Budget Sensors) with a spring constant k = 40 N m-1 and a resonant frequency ν = 300 kHz were used. At 106 

least three images of 5x5 μm were taken per substrate of three independent substrates per condition 107 

(initial dendrimer concentration in solution). The AFM height images were processed with WSxM 4.0 108 

software [34]. Corresponding image thresholds were obtained manually and processed with ImageJ 109 

software (NIH). The resulting particle positions were used to obtain the minimum interparticle distances 110 

(dmin) using a custom-generated MATLAB code (The MATHWORKS, Inc.), and the corresponding 111 

probability contour plots for dmin were constructed using an adapted MATLAB code [29]. At least three 112 

images from independent samples were computed. Quantification of the percentage of the area with a dmin 113 

threshold below 70 nm in the dmin probability contour plots was performed by manually selecting the 114 

regions and processing them with ImageJ. 115 

 116 

2.2. Cell culture 117 

 118 

Human adipose-derived MSCs (ATCC, PCS-500-011) were cultured at 37˚C and 5% CO2 in MSC Basal 119 

Medium (ATCC, PCS-500-030) supplemented with MSC Growth Kit Low Serum (ATCC, PCS-500-120 

040). Medium was replaced every 2 days. Passaging was carried out when cells reached 70-80% 121 

confluence. For the experiments, cells were trypsinized at passages 3 to 4, counted, resuspended in 122 

chondrogenesis-inducing medium Chondrocyte Differentiation Tool (ATCC, PCS-500-051) with 0.1% v 123 

v-1 penicillin-streptomycin (Invitrogen, 15140), and seeded on nanopatterned and control substrates at a 124 

density of 2,760 cells cm-2. 3 replicates of each condition were seeded. Medium was replaced every 3 125 

days. 126 

 127 

2.3. Immunostaining 128 

 129 

After 6 and 9 days of chondrogenic differentiation on the nanopatterns and controls, cells were carefully 130 

rinsed with PBS (Gibco, 21600-10), fixed with Formalin Solution (Sigma, HT5011) for 20 min at room 131 

temperature, and rinsed again twice with PBS. Aldehyde groups were blocked with 50 mM ammonium 132 

chloride (Sigma, A9434) in PBS for 20 min. Samples were permeabilized with saponin (Sigma, 47036) 133 

0.1% m v-1 in BSA (Sigma, A3059) 1% m/v in PBS for 10 min.  134 
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For connexin 43 (Cx43) and cell nuclei observation in cell condensates, samples were stained with rabbit 135 

anti-Cx43 (Abcam, ab63851) antibody at 5 µg mL-1 in BSA 1% m v-1 in PBS for 1 h at room temperature, 136 

then with anti-rabbit Alexa 568 (LifeTech, A11036) and Hoechst (Invitrogen, H3570) 1 µg mL-1 in BSA 137 

1% m v-1 in PBS for 1 h. Samples were prepared with coverslips in Fluoromount mounting medium 138 

(Sigma, HT5011). 139 

 140 

2.4. Image acquisition and analysis  141 

 142 

Samples were imaged with a Leica SPE Upright Confocal Microscope (Leica Microsystems) with a 143 

40x/1.15 NA objective. The distance between imaged slices (z-size) was set at 1 µm. At least 3 cell 144 

condensates were imaged for each sample. 145 

Images were analyzed with ImageJ software. For condensate size measurements, a z-projection of each 146 

condensate was created, and the whole condensate area was manually selected and measured. For the 147 

measurement of Cx43 expression confocal z-projections were used (maximum stained area per sample). 148 

Briefly, the background of z-projections was removed, and a threshold was applied to select areas of 149 

Cx43 expression. The obtained total area was normalized against the area of the corresponding 150 

condensate. 151 

For the analysis of GJIC network, a threshold was applied to the Cx43 confocal stack and then it was 152 

skeletonized with the ImageJ plugin (Fig. S1, Video S1). The resulting Cx43 network was analyzed to 153 

retrieve the number of end-point voxels and the mean branch length in each condensate, which were 154 

normalized to the Cx43 expression area and the number of slices taken for analysis. GJIC was calculated 155 

as the inverse value of the end-point voxels. 156 

 157 

2.5. RNA extraction and retrotranscription 158 

 159 

Reverse transcription real-time PCR (RT-qPCR) was performed to measure Cx43 (GJA1) expression. 160 

After 6 and 9 days of differentiation, mRNA was extracted from the samples and purified with a RNeasy 161 

Micro Kit (Qiagen, 74004). Extracted mRNA was quantified in a Nanodrop ND-1000 Spectrophotometer 162 

(Thermo Fisher Scientific). Reverse transcription for cDNA production was performed with an iScript 163 

Advanced cDNA Synthesis Kit (Bio-Rad, 1725037) in a T100 Thermal Cycler (Bio-Rad). Three cell 164 

culture replicates of each condition were obtained, with their RNA extracted and retrotranscribed. The 165 

same procedure was performed on undifferentiated human mesenchymal stem cells (hMSCs) as a 166 

reference. 167 

 168 
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2.6. qPCR and data analysis 169 

 170 

qPCR was performed with the Sso Advanced Universal SYBR Green Supermix kit (Bio-Rad, 1725271) 171 

in an Applied Biosystems StepOnePlus Real-Time PCR Machine (Thermo Fisher Scientific). Commercial 172 

primer pairs were used for GJA1 (Bio-Rad, qHsaCID0012977), as well as B2M (Bio-Rad, 173 

qHsaCID0015347) and RPL24 (Bio-Rad, qHsaCID0038677) as housekeeping genes. To prevent gDNA 174 

amplification, a DNase digestion step was included during RNA extraction and intron-spanning primer 175 

pairs were selected. The amplification program consisted of an initial activation step of 30 s at 95˚C, 176 

followed by 50 cycles of 10 s at 95˚C for denaturation and 1 min at 60˚C for annealing and extension, and 177 

a final denaturation step of 15 s at 95˚C. Melt curves were performed from 65˚C to 95˚C in steps of 0.5˚C. 178 

Technical duplicates of each sample were performed in the qPCR. 179 

qPCR data were analyzed with qBase+ software version 3.1 (Biogazelle, Zwijnaarde, Belgium). Only 180 

samples with a Ct below 40 were considered for analysis. The expression of each gene was calculated by 181 

the 2-ΔΔCt method, normalized to that of undifferentiated hMSCs (assigned value 1) and presented as 182 

relative mRNA expression levels. 183 

 184 

2.7. Neurobiotin (NB) assay 185 

 186 

A tracer assay was performed to analyze the functionality of GJIC networks. Three replicates of each 187 

condition were seeded in chondrogenesis-inducing medium, as described above. After 6 days of 188 

differentiation, samples were washed with HBSS buffer without calcium or magnesium (Life 189 

Technologies, 14175095) and treated with neurobiotin 2% m v-1 (Vector, SP-1120) in HBSS for 90 s at 190 

37˚C. Samples were then washed with HBSS, fixed with Formalin Solution, permeabilized with saponin 191 

and stained with Streptavidin-Texas Red conjugate (Life Technologies, S872) and Hoechst 1 µg mL-1 in 192 

BSA 1% m v-1 in PBS for 1 h at room temperature. Samples were imaged with a Leica SPE Upright 193 

Confocal Microscope as described above.  194 

Images were analyzed with ImageJ software. A z-projection of each condensate was created, and 195 

background was removed. Distance of neurobiotin spread was measured in a straight line from the outer 196 

rim of the condensates’ inwards, in at least two separate locations for each condensate. 197 

 198 

2.8. Condensate transplantation assay 199 

 200 

Nanopatterns with 18% (S18) and 90% (S90) of local surface adhesiveness were used (Fig. S2 and Table 201 

S1). A transplantation assay was performed to study the effects of RGD nanopatterned substrates on 202 
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formed condensates and the propagation of the adhesive information from the substrate into cell 203 

condensates. Cells were cultured on the nanopatterns in chondrogenesis-inducing medium as described 204 

above. After 3 days, cell condensates formed on the nanopatterns of S90 were removed by pipetting and 205 

transferred to new S90 or S18 substrates. Transplanted condensates were cultured on the new substrates for 206 

another 3 days, to a total of 6 days of differentiation. For each sample, around half of the condensates 207 

were transplanted, whereas the other half were kept on the original substrate (not transplanted) as a 208 

control of unaltered differentiation. Three replicates of each condition were seeded and transplanted. 209 

Samples were fixed, immunostained, imaged and analyzed for Cx43 expression as described above. 210 

Results were normalized to those of non-transplanted S90 condensates (assigned value 1) and presented as 211 

relative values. 212 

To visualize condensates from the side (transversal cuts), Z-stacks were resliced and one image from the 213 

center of the condensate was selected. Cx43 production at the basal and top layers of condensates was 214 

measured by the average staining intensity at each region on unprocessed images. For each condensate, 215 

average basal intensity was divided by average top intensity to obtain the Basal/Top ratio, indicative of 216 

Cx43 distribution within condensates.  217 

 218 

2.9. Integrin blocking and myosin inhibition assays 219 

 220 

Three replicates of each condition were seeded in chondrogenesis-inducing medium as described above. 221 

For integrin blocking samples, medium was changed to fresh medium containing RGD dendrimers in 222 

solution at 4 10-9% w w-1 after 5 days of differentiation. We selected this dendrimer concentration because 223 

it yields S18 substrates. During substrate functionalization, equilibrium is reached between dendrimer 224 

concentration in solution and adsorbed dendrimer density; hence, use of the concentration corresponding 225 

to the substrates with the lowest density prevents further adsorption mid-assay. 226 

For the myosin inhibition experiment, medium was changed to fresh medium with 50 µg mL-1 227 

blebbistatin (Sigma, B0560) 6 h before fixation. 228 

All samples were fixed at day 6 of chondrogenesis, immunostained with anti-Cx43 antibody and Sir-229 

Actin (Tebu-bio, SC001), and imaged with a Zeiss LSM780 Confocal Microscope (Zeiss Microscopy) 230 

with a 40x objective. Cx43 expression in condensates was quantified as described above and normalized 231 

to corresponding non-treated samples. 232 

 233 

2.10. Statistics 234 

 235 
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Quantitative data are displayed, showing average and standard error of the mean (SEM). n is the sample 236 

size. Significant differences were judged using the One-way ANOVA with Fisher LSD post-hoc test or T-237 

test when only two groups are compared, using OriginPro 8.5 or the Simple Interactive Statistical 238 

Analysis (SISA) online tool [35]. Where data did not pass a normality test, a Kruskal-Wallis test with 239 

Dunn means comparison was applied with GraphPad Prism 8.3. A p of less than 0.05 was considered 240 

statistically significant. 241 

3. Results 242 

 243 

3.1. Gap junction intercellular communication: Network architecture and functionality  244 

 245 

We seeded hMSCs on the nanopatterns in chondrogenic medium. Due to the poor interfacing of PLLA 246 

with living tissue [36], cells attached preferably through RGD-functionalized dendrimers. Pristine non-247 

patterned PLLA (S0) and FN-coated (SFN) substrates were the negative and positive controls for cell 248 

adhesion, respectively. To control the local surface adhesiveness at the nanoscale during mesenchymal 249 

condensation, we used nanopatterns with 18% (S18), 45% (S45) and 90% (S90) of local surface 250 

adhesiveness (Fig. S2 and Table S1). Under chondrogenic stimuli, mesenchymal cells aggregate into 251 

three-dimensional condensates. While cells on pristine and nanopatterned substrates immediately start 252 

aggregating, cells on fibronectin-coated substrates proliferate and adopt a monolayer configuration, from 253 

which a few small condensates develop after 3 to 5 days (Fig. S3A) [30]. Condensates in S90 maintain 254 

their structure in culture up to day 14 (Fig. S3B) [37], while condensates in the rest of the substrates 255 

progressively collapse, with detached cells adopting a fibroblast-like morphology (Fig. S3C). We 256 

measured the distance between adjacent cell nuclei and found that condensates on high-adherence 257 

substrates (S90 and SFN) were packed together more tightly than those on low- and mid- adherence ones 258 

(Fig. S3D). In the case of large S90 condensates, this could be a factor explaining their resistance to 259 

collapse through day 14. 260 

Intercellular communication through gap junctions is crucial for correct cartilage development. We have 261 

previously observed increased expression of chondrogenic markers on S90 substrates [30]; we thus 262 

wondered if ligand density effects could improve cartilage formation beyond individual cell 263 

differentiation. To examine cell-cell interconnectivity through GJ formation, we measured Cx43 in cell 264 

condensates. Cx43 is the most widely expressed and studied GJ protein [38] and modulates cartilage 265 

structure through its C-terminal cytosolic domain [39]. Connexin hemichannels, or connexons, 266 

accumulate and dock with apposed connexons from adjacent cells to form dense GJ plaques. GJIC largely 267 

depends on the size of GJ plaques [40] which are continuously regenerated by the addition of connexon 268 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 28, 2021. ; https://doi.org/10.1101/2021.04.28.441739doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.28.441739


9 

 

subunits at the edges and internalization from the center of the plaques [7,41,42]. Such a continuous 269 

renewal may ensure the maintenance of the established GJIC network. 270 

We analysed the expression of GJA1 at day 6 and 9 of chondrogenesis (Fig. 1A). GJA1 was 271 

overexpressed on S90 to over twice the level of undifferentiated hMSCs at day 6 and reduced by half on 272 

SFN. However, expression on S90 levelled off at day 9 among the different nanopattern configurations and 273 

S0. GJA1 expression in S18 and S45 nanopatterns is comparable to that of the negative control both at day 6 274 

and 9 of chondrogenic induction. 275 

Cx43 immunofluorescent images show Cx43 assembled in GJ plaques.  Quantification of the percentage 276 

of immunostained area showed higher values on S90 when compared to most other substrates at day 6 and 277 

a slight decrease at day 9, mirroring mRNA expression (Fig. 1B). The fact that Cx43 in GJ plaques on S90 278 

is not as high as mRNA expression at day 6 could be explained by a rapid initial turnover [12,41]. 279 

Confocal z-projections (Fig. 1C, top) of immunostaining show that Cx43 GJ plaques were roughly 280 

distributed within the cell condensates with a tendency to accumulate in the outer cell layers, particularly 281 

in S45. 282 

Skeletonization of Cx43 immunostained images renders a 3D representation of the intercellular 283 

communication network (Fig. 1C, bottom, Fig. S1 and Video S1), from which the average branch length 284 

(Fig. S4) and number of branch terminations (end-point voxels) can be calculated. Shorter branches and 285 

fewer end-point voxels indicate a more intricately shaped GJIC network, as shown in the zoomed-in 286 

sections of the skeletonized images of condensates from S90 and S0 nanopatterns. We thus took the 287 

number of branch terminations as the inverse index for Cx43 architectural connectivity (Fig. 1D). At days 288 

6 and 9 of chondrogenic induction, connectivity progressively increased with local surface adhesiveness 289 

up to S90 and decreased for SFN.  290 

Observation of the spread of biotinylated or fluorescent tracers has become one of the most common 291 

methods of demonstrating gap junctions network coupling [43]. Therefore, to further assess GJIC, we 292 

conducted a neurobiotin (NB) tracer uptake assay in cell condensates (Fig. 1E). NB is a GJ/hemichannel 293 

permeable dye that can penetrate from the exposed Cx43 connexons and diffuse inwards across the GJIC 294 

network when Ca2+ is maintained below physiological levels (open channel conformation). Quantification 295 

of NB diffusion into cell condensates showed NB uptake is significantly higher in S90 nanopatterns and 296 

equal for all other substrates (Fig. 1F), thereby indicating that S90 condensates developed a more efficient 297 

GJIC network.  298 
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Fig. 1: Ligand density modulates gap junction network architecture and function. (A) Expression of 299 

connexin 43 (GJA1) mRNA, relative to that of undifferentiated hMSCs (assigned value 1, not shown) 300 

(n=6). (B) Percentage of Cx43-stained areas in cell condensates (n≥3). (C) Representative confocal z-301 

projections of Cx43 immunostaining (top) and the corresponding skeletonized images (bottom) revealing 302 

the branched architecture of the intercellular connectivity network. Scale bar = 40 µm. Zoomed-in 303 

sections for the skeletonized images of S0 and S90 highlighting the differences in the GJIC network. Scale 304 

bar = 3 µm.  (D) Quantification of Cx43 architectural network connectivity from skeletonized images 305 

normalized against Cx43 in GJs (n≥3). (E) Representative confocal z-projections showing neurobiotin 306 

(NB) tracer (red) in the mesenchymal condensates and cell nuclei stained with Hoechst (blue). White lines 307 

represent measured distances of neurobiotin uptake. Scale bar = 80 µm. (F) Quantification of neurobiotin 308 

tracer uptake in day 6 condensates after 90 s exposure (n≥24). Gray bars with green dots correspond to 309 

day 6 of chondrogenic induction; white bars with orange triangles correspond to day 9. Results are given 310 

as individual sample values with the mean ± SEM, *p<0.05, **p<0.01, ****p<0.0001 311 
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3.2. Matrix adhesion continually regulates GJIC  312 

 313 

Results showed an effect of local surface adhesiveness on the architecture and functionality of GJIC 314 

networks in pre-cartilaginous cell condensates. However, it was unclear whether substrate adhesion is 315 

relevant only at the beginning of condensation as a memory effect or if it continuously influences the 316 

tissue as it forms. To consider these two possibilities, we designed a transplantation assay in which 317 

condensates formed on S90 and S18, (the nanopatterns of highest and lowest ligand density) were collected 318 

at day 3, plated on new S90 and S18 substrates and maintained for 3 more days in culture (Fig. 2A). The 319 

percentage of area immunostained for Cx43 (GJ plaques) was assessed at day 6 for the transplanted and 320 

non-transplanted condensates. Transplantation produced a significant boosting effect for condensates 321 

plated on new S90 substrates (Fig. 2B). In condensates transplanted from S90 to fresh S90, Cx43 production 322 

increased by 71±21%, while a 61±19% increase was observed for those transplanted from S18. 323 

Transplantation of either S90 or S18 condensates to fresh S18 substrates did not render significant changes 324 

in Cx43 production.  325 

Condensates formed on one substrate and then transplanted to another will sense the new input only from 326 

the side in direct contact with the new substrate. We questioned if effects derived from changing substrate 327 

conditions would be confined to cells in direct contact with it (those at the basal layer of condensates) or 328 

instead propagate to the middle and top layers of condensates. Transversal views of transplanted 329 

condensates presented increased Cx43 production at all heights (Fig. 2C), showing that fresh substrate 330 

inputs spread through cells and modulate protein expression within the whole forming tissue. Moreover, 331 

the proportion of Cx43 production between the basal versus top regions was equal in control and 332 

transplanted condensates, indicating that transplantation did not alter the ratios of protein distribution 333 

among layers (Fig. 2D).  334 
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Fig. 2: Cell condensates adapt to changing ligand density. (A) Schematics of the transplantation 335 

experiment. Condensates formed on S90 and S18 substrates were collected at day 3 and plated on fresh S90 336 

or S18 substrates for 3 more days of chondrogenic induction. (B) Quantification of Cx43-stained 337 

percentage area for non-transplanted and transplanted condensates (n≥7). (C) Confocal side views of 338 

control and transplanted S90 condensates, stained for Cx43 (red) and Hoechst (blue). Substrate effect 339 

propagates to cells at all levels within condensates. Scale bar = 10 µm. (D) Ratio between Cx43 340 

production at the basal and top regions of S90 condensates in control S90 substrates or transplanted to fresh 341 

S90 (n≥9). Results are given as mean ± SEM, **p<0.01  342 
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3.3. Mechanism of substrate sensing and input propagation 343 

 344 

Integrin adhesions are the main mediators of cell-matrix adhesion and mechanical interactions [44,45]. To 345 

evaluate their role in modulating GJIC on nanopatterns, we added RGD-functionalized dendrimers in 346 

solution on formed condensates to block integrin receptors at the cell membrane. Disturbance of integrin 347 

clustering at cell-substrate adhesion sites led to a Cx43 production decrease in S90 but not in S18 (Fig. 3A). 348 

This indicates that integrin-mediated cell adhesion is responsible for the transduction and regulation of 349 

substrate information that affects GJIC, and that cell response is triggered when integrins are engaged by 350 

the RGD configuration provided by S90 nanopatterns.  351 

Since perturbations at the cell membrane are transduced into chemical responses by propagation from 352 

integrins through the cytoskeleton [16], we hypothesized that the substrate adhesion information 353 

orchestrating GJIC during mesenchymal cell condensation propagates through the actin cortex. Cortical 354 

actin assembly can be observed in early mesenchymal condensates [30]. Cortical tension gradients are 355 

responsible for mesenchymal cell rearrangement during tissue formation and are essential in driving 356 

tissue morphogenesis [46,47]. The cell cortex is formed by an actomyosin network, which is located 357 

below the cell membrane. In the cortex, myosin-2 pulls on actin filaments and generates tension. 358 

Inhibition of myosin-2 activity can cause a decrease in cortical tension of up to 80% [47]. Treatment of 6-359 

day condensates with the myosin-2 inhibitor blebbistatin decreased the percentage of area immunostained 360 

for Cx43 of S90 condensates (Fig. 3A).  361 

Adding dendrimers in solution affected cytoskeletal conformation in a similar manner as blebbistatin, 362 

preventing polymerization and resulting in a diffuse distribution of actin in condensates, instead of 363 

concentrating in clearly defined fibers as in control conditions (Fig. 3B). This shows that cytoskeletal 364 

tension depends on integrin receptors engaging adherence sites at the substrates; we thus infer that cells at 365 

the basal layer of condensates sense ligand inputs through integrins and propagate them by actin 366 

contractility to adjacent cells (Fig. 3C). 367 
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 368 

Fig. 3: Signal transduction and propagation. (A) Relative Cx43 production in S90 (gray bars, red dots) 369 

and S18 (white bars, blue triangles) (n≥12). Results are given as mean ± SEM, **p<0.01. (B) Actin 370 

staining for S90 condensates at day 6 in control conditions, with RGD dendrimers in solution (integrin 371 

block) or with blebbistatin (myosin inhibition). Scale bar = 25 µm. (C) Schematic representation of ligand 372 

density sensing through integrin adhesions, followed by actomyosin contraction-guided propagation of 373 

information in cell condensates. 374 

 375 

4. Discussion 376 

 377 

We studied the effects of ECM adhesion in the establishment of GJIC during mesenchymal cell 378 

condensation, a prevalent morphogenetic transition. To this end, we used previously developed RGD 379 

dendrimer-based nanopatterns of tunable local surface adhesiveness [29,30]. Larger and more stable cell 380 

condensates are obtained on S90 nanopatterns, with cells packed closer together.  381 

We analyzed the influence of substrate ligand density on the establishment of a gap junction intercellular 382 

communication (GJIC) network in cell condensates. We measured gene expression and assembly at gap 383 

junctions of Cx43, a connexin which is ubiquitously expressed in developing cartilage [39,48]. We found 384 

Cx43 increased with local surface adhesiveness in the nanopatterns, a similar interdependence to what we 385 

observed previously for the focal adhesion adaptor protein paxillin [30]. This is in agreement with Zhou et 386 

al., who observed a direct interaction between FAK and paxillin with Cx43 in cells from the human apical 387 

papilla, which depended on substrate compliance [13]. In our case, cell condensates on S90 nanopatterns 388 
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presented increased Cx43 expression with a higher protein turnover rate, revealing a direct effect of 389 

substrate ligand density on gap junction protein regulation.  390 

We analyzed the architectural connectivity of Cx43 in condensates to assess whether substrate ligand 391 

density modulates the development of gap junction networks beyond protein expression. We found that 392 

S90 condensates contain a Cx43 architecture that is more intricate, with less end-point voxels and shorter 393 

branches, indicative of improved communication capacities. Moreover, a tracer uptake assay revealed that 394 

GJIC is more efficient on S90 condensates. This shows that local surface adhesiveness given by the 395 

nanopattern configuration determines not only protein expression but also its spatial disposition during 396 

morphogenesis, affecting the functionality of the forming tissue. Given that S90 substrates also promote 397 

cell differentiation towards chondrocytes [30], we conclude that nanopatterning at this particular ligand 398 

density improves cartilage formation in vitro. 399 

A condensate transplantation assay was designed to test whether cells in the condensate, previously in 400 

contact with the substrate during cell recruitment, retain initial substrate information (memory effect) or 401 

receive a continuous feedback of substrate input. Transplantation of cell condensates to a new S90 402 

substrate caused a significant increase in Cx43, suggesting that cell condensates still preserve a certain 403 

level of mesenchymal plasticity at early stages of chondrogenic differentiation [49], thereby allowing 404 

phenotype reconfiguration in response to the ECM input. No effects were observed for transplantation to 405 

S18 substrates. 406 

Effects of substrate transplantation on Cx43 expression were observed at all heights within condensates 407 

and transplanted condensates maintained the proportion of total protein contained at the basal and top 408 

regions, indicating that substrate inputs are propagated into the third dimension, across cells to the top. 409 

These results show that changing environmental conditions during morphogenesis continually modulate 410 

the characteristics of forming tissue, pointing to the importance of accounting for time variations in the 411 

design of experimental setups for development studies, as well as biomaterials for tissue engineering.  412 

Finally, we addressed the biological mechanism by which cells sense substrate ligand density and 413 

propagate it into condensates. Blocking integrin-mediated interactions between the substrate and the basal 414 

layer in cell condensates caused a Cx43 decrease in S90 but not in S18. This observation, together with 415 

results of condensate stability and GJIC, demonstrates that the establishment of GJIC during 416 

mesenchymal condensation is an adhesion-gated mechanism, in which S90 nanopattern configuration 417 

provides optimal ligand density and distribution to trigger cell response.  418 

To investigate the propagation of substrate information within cell condensates, an inhibition experiment 419 

for myosin-2 was conducted. Inhibition of myosin-2 activity by blebbistatin caused a decrease of Cx43 in 420 

S90 cell condensates, in agreement with previous reports [50]. This indicates that once integrins are 421 

engaged, the adhesion information from the substrate is transduced and propagates through the actin 422 
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filaments by myosin-2 mediated contraction, which in turn can regulate GJ accretion through ZO-1[12]. 423 

Results agree with those from Gowrishankar et al., who predicted that the dynamics of membrane 424 

proteins are regulated by the cell cortex [51]. Therefore, we propose a contractility-based mechanism for 425 

the propagation of ECM adhesion information within the condensates in which local substrate 426 

adhesiveness induces a rearrangement and adaptation of the actin cortex and cell-cell junctions in the first 427 

cell layers [52,53] and propagates through the tissue by myosin-2-mediated cortex contractions, regulating 428 

Cx43 dynamics during the mesenchymal condensation process (Fig. 3C). 429 

Our findings clearly reflect the impact that the fine tuning of materials interfaces has in cell response. By 430 

tailoring the nanopattern configuration of the cell-adhesive motif RGD, we exerted control over the 431 

architecture and function of a complex dynamic biological system. The results have an immediate 432 

application to cartilage in vitro engineering [30,54], but they are also extensible to the study of other 433 

biological processes in which active ECM remodelling and thus, changes in the adhesion requirements 434 

and intercellular communication play an active role, such as in cancer progression [55]. 435 
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