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Abstract: The design of bioengineered scaffolds with tunable mechanical and biochemical properties 

is essential for advancing tissue regeneration strategies. In this study, we developed a series of 

hyperbranched poly(ethylene glycol)-trimesic acid (PEG:TMA) polyesters as customizable scaffolds 

for skin tissue engineering and peripheral nerve modulation. By systematically varying the PEG:TMA 

ratio (1:0.5 to 1:5), we achieved controlled branching and crosslinking, resulting in scaffolds with 

modifiable porosity and stiffness. The 1:2 PEG:TMA composition (S3) exhibited optimal 

characteristics—porosity (~0.73 µm) and modulus (2–12 GPa)—to support efficient nutrient diffusion 

and robust cell adhesion, as evidenced by enhanced mitochondrial membrane potential (MMP) and 

regulated reactive oxygen species (ROS) levels. In contrast, the more densely crosslinked 1:5 

formulation (S5) promoted keratinocyte alignment, neuronal adhesion, and neuro-epidermal 

interactions, while reducing oxidative stress and modulating basal cytosolic Ca²⁺ concentrations. 

Together, these findings highlight the potential of hyperbranched PEG:TMA scaffolds to finely tune 

cellular behavior and microenvironmental cues critical for tissue repair. The demonstrated 

biocompatibility, mechanical versatility, and bioactivity position this material platform as a promising 

candidate for regenerative medicine applications.

Keywords: Hyperbranched Polyesters; Ca2+-homeostasis; Tissue Engineering; Bioengineered 

Scaffolds.

1. Introduction

Keratinocyte functions are intimately connected to peripheral nerve endings, highlighting the 

importance of neuro-keratinocyte interactions for maintaining proper skin function. This emphasizes 

the critical need for advanced biomaterials that can mimic extracellular matrix features, support the 

growth of both keratinocytes and peripheral neurons, and possibly other cell types also to enhance 

cellular responses. This concept serves as the primary hypothesis for this investigation. In this study, 

we attempt to bridge the biological need for neuro-keratinocyte supportive micro-environments with a 

biomaterial solution, i.e. the hyperbranched PEG: TMA polyesters—designed to modulate multiple 

factors such as oxidative stress, Ca2+-signalling, and cell-matrix interactions for specific tissue 

engineering and reprogramming purposes. Although the hypothesis involves understanding neuro-

keratinocytes cross talk, the same or similar hyperbranched PEG: TMA polyesters can also be used as 

scaffolds for other complex purposes, such as skin repair and muscle regeneration in future. This is 

plausible as biological systems are mostly regulated by common signalling pathways, including 

oxidative stress modulation, Ca2+-homeostasis, and interaction with the extracellular matrix. Besides, 

the establishment of functional interaction among peripheral neurone and keratinocytes, this 

workprovides a proof-of-principle that such materials can also be used for regenerative medicine 

targeting other biological systems.
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So far, researchers have investigated the integration of branching and crosslinking agents into PEG-

based systems to improve their mechanical strength, porosity, and bioactivity.[1] A promising 

approach involves the use of trimesic acid (TMA), a trifunctional monomer that promotes 

hyperbranching in PEG-based polymers.[2] The combination of PEG and TMA yields hyperbranched 

PEG: TMA polyesters characterized by a high density of functional end groups, a tunable ratio of 

soluble (branched) to insoluble (crosslinked) components, and an optimized porous architecture.[3,4] 

These hyperbranched polyesters are highly suitable for tissue regeneration due to their ability to 

provide substantial mechanical support, enhance cell adhesion, and regulate biochemical 

signaling.[5,6]

Our research group previously demonstrated the successful synthesis of non-traditional polyesters 

using low molecular weight PEG (Mn=4000) and biocompatible TMA through stoichiometric feeding 

of PEG and TMA in mole ratios ranging from 1:0.5 to 1:5.[7] The melt condensation process was 

carried out under catalytic conditions for 6 hours to prevent gelation caused by excessive functional 

groups. Suitability for bioapplications was validated through surface texture studies and cell 

cytotoxicity analyses.[7] Scanning electron microscopy performed in this study revealed adequate 

micro-voids on the polyester surface, while cytotoxicity studies confirmed that these surfaces 

supported mammalian cell adhesion, growth, and viability, as demonstrated by successful MTT assay 

results.[7] Building on this foundational knowledge, we aimed to leverage these insights and explore 

further applications of hyperbranched PEG:TMA polyesters.Recent findings suggest that these 

materials can influence critical physiological processes such as oxidative stress management, Ca2+-

homeostasis, and mitochondrial function, which are essential for better cell functions and repair.[8]

In this context, oxidative stress from excess ROS causes cellular aging, mitochondrial dysfunction, 

and reduced repair ability.[9] Hyperbranched PEG:TMA polyesters effectively reduce intracellular 

ROS levels and stabilize mitochondrial membrane potential, protecting cells from oxidative damage 

and apoptosis.[10] Additionally, these polymers modulate Ca2+-signaling—a crucial process for cell 

functions by regulating Ca2+-dynamics, signaling, and enhancing cell activation and 

differentiation.[11]

The mechanical properties of PEG: TMA polyesters mimic the extracellular matrix, offering stability, 

structural reinforcement, and alignment. Their tunable porosity and strength can enhance the cell 

adhesion, proliferation, migration, and facilitate nutrient transport. [12-14] Furthermore, these 

scaffolds may support interactions between different and other cell types, thus may turn out to be 

useful for handling complex biological problems, such as neuromuscular junctionrepair, angiogenesis, 

muscle regeneration and other aspects. [15-17]

Interestingly, hyperbranched PEG: TMA polyesters also allow for extensive bioactive 

functionalization due to their reactive end groups. This enables the incorporation of growth factors, 

anti-inflammatory agents, and cell-adhesion peptides, delivering targeted signals to promote cell 

proliferation, differentiation, and ECM remodeling. Stimulus-responsive scaffolds further enable 
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precise, on-demand drug delivery, making them highly adaptable for customized muscle regeneration 

therapies. [18-20]

This study evaluates hyperbranched PEG: TMA polyesters as regenerative scaffolds for neuro-

keratinocyte interaction and functional crosstalk. It examines how these polymers affect ROS 

production, Ca2+-balance, and mitochondrial function in cells by analyzing their mechanical 

properties, surface morphology, and bioactivity. We anticipate that the findings may also support the 

development of biomaterials to treat other complex disorders by providing structural support and 

promoting tissue healing, making PEG:TMA polyesters as a promising option for tissue restoring.

2. Materials and Methods

2.1. Raw Material for Polyester synthesis

PEG with a number average molecular weight of 4000 g/mol and TMA exhibiting 99.5% purity by 

weight were utilized as monomers in the synthesis of polyesters. The materials were obtained from 

Sigma Aldrich Chemical Company, USA, and utilized without additional purification. Concentrated 

H2SO4 (36N) served as the catalyst in the synthesis process. The synthesized polymers underwent 

purification through precipitation from diethyl ether, which served as a non-solvent. Concentrated 

H2SO4 and diethyl ether were acquired from local suppliers. Distilled water produced in the laboratory 

was utilized during the experiments as needed.

2.2. Synthesis of Polyesters

Polyesters were synthesized using 4000-number PEG and 99.5%-purity TMA, as specified in our 

previous work. By utilizing regulated stoichiometry, the polyesters were synthesized to achieve 

maximal solubility, as indicated by the solubility data provided in Table S1 (supporting 

information).[7] The properties of these polyesters, as observed from our experimental results, are 

summarized in Table S2 (supporting information).[7]

All feed ratios are expressed in the format PEG: TMA (mol:mol). Thus, a 1:0.5 ratio indicates an 

excess of PEG, while 1:5 indicates an excess of TMA, which contributes to increased branching and 

crosslinking density.

2.3. Atomic Microscopic Measurement

The powdered samples were prepared by dissolving approximately 2 mg of polymer in 1 mL of 

distilled water (2 mg/mL), followed by drop-casting 20 µL of this solution onto AFM stubs and air-

drying at room temperature before imaging. Five distinct sample concentrations, labelled S1, S2, S3, 

S4, and S5, were examined. AFM imaging indicated that S3 exhibited unique properties relative to the 

other samples, although the point modulus for all samples varied between 2 and 12 GPa. The analysis 

utilized a Park Systems NX10 AFM in tapping mode with a silicon tip.
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2.4. Measurement of Reactive Oxygen Species (ROS), mitochondrial membrane potential (Ψm), 

and intracellular calcium ion (Ca²⁺) levels

2.4.1. Cell culture

HaCaT and F-11 cells were cultured in DMEM, and F-12 HAM media, respectively, supplemented 

with 10% fetal bovine serum (Gibco) and 1% antibiotics (Gibco) in a cell culture incubator (5% CO₂, 

37°C). For 2D cell culture, polyesters were coated onto glass coverslips, air-dried aseptically, and 

UV-sterilized for 3 hours.

2.4.2. Analysis of mitochondrial and intracellular Reactive Oxygen Species 

HaCaT cells were seeded on polyester-coated glass coverslips and cultured for 48 hours at 37°C in 

standard cell culture media. To detect mitochondrial and intracellular ROS, cells were washed twice 

with 1X PBS and then incubated with MitoSOX (2.5 μM, Invitrogen) and H2DCFDA (10 μM, 

Invitrogen) dyes for 20 minutes in serum-free media at 37°C. Cells exposed to 20 μM of H₂O₂ served 

as the positive control. ROS signals were detected using a confocal microscope (Olympus FV 3000) 

with identical imaging parameters (such as laser power, gain, exposure time, and detector settings) 

applied uniformly across all samples. This standardization ensured that observed fluorescence 

differences are due to biological variation.

2.4.3. MMP (ψm) analysis

The mitochondrial membrane potential of cells cultured on various polyester surfaces was assessed 

using TMRM (Tetramethyl Rhodamine Methyl Ester, Perchlorate, Invitrogen) dye (50 nM, 

Invitrogen). Fluorescence intensity was observed and recorded using confocal microscopy.MMP 

analysis was detected using a confocal microscope (Olympus FV 3000) with identical imaging 

parameters—laser power, gain, exposure time, and detector settings—applied uniformly across all 

samples. This standardization ensured that observed fluorescence differences reflected biological 

variation mainly.

2.4.4. Ca2+-imaging

Intracellular Ca²⁺-levels in cells cultured on different polyester surfaces were measured using Fluo-4-

AM dye at a concentration of 1 µM for 30 minutes (Invitrogen). Ca2+-imaging was

 detected using a confocal microscope (Olympus FV 3000) with identical imaging parameters (such as 

laser power, gain, exposure time, and detector settings) applied uniformly across all samples. This 

standardization ensured that observed fluorescence differences reflected biological variation mainly.

2.5. Co-culture of F-11 and HaCaT Cells

HaCaT cells and F-11 cells were co-cultured in a 1:1 ratio on different hydrogel surfaces for 24 hours 

under standard cell culture conditions. Afterward, the cells were washed with 1× PBS and fixed for 15 

minutes at room temperature using a 2% paraformaldehyde solution (PFA). F-11 cells were 

immunodetected using a β-III tubulin antibody (1:500, Sigma-Aldrich). Phalloidin coupled to Alexa 

Fluor 594 (1:500, Invitrogen) was used to stain the actin filaments of both cell types. Nuclei were 
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counterstained with DAPI and mounted on a glass slide. Images were observed under a confocal 

microscope and quantified using ImageJ.

Statistical tests: All statistical analyses were performed using GraphPad Prism 9. Data are expressed 

as mean ± standard deviation (SD). One-way ANOVA followed by Tukey’s post hoc test was used to 

assess significance across multiple groups. A p-value of <0.05 was considered statistically significant 

unless otherwise stated. Sample sizes (n ≥ 100 cells per group) were maintained for most of the 

quantifications.

3. Result and Discussion

3.1. Synthesis and solubility of the polyesters

The polyesters were synthesized using PEG with a molecular weight of 4000 g/mol and TMA as a 

trifunctional monomer. PEG, due to its polyfunctional nature, has a propensity to gel early in the 

polymerization process. [20,22] This gelation is a significant challenge, as it can limit the extent of 

polymerization and affect the physical properties of the final product. To address this, the mole 

composition of TMA was carefully controlled, ranging from lower to slightly higher concentrations, 

in order to optimize the development of branching while delaying gelation (Table S1).[35] Branching 

occurs early in the process, before gelation, and thus the judicious selection of TMA concentrations 

was crucial for maintaining a balance between branching and gelation, ensuring the formation of 

soluble, high-quality polyesters.[36]Detailed ¹H NMR analysis confirming branching percentage, 

terminal group conversion, and degree of esterification for PEG:TMA compositions synthesized using 

the same ratiometric method were previously reported by our group [24]. These findings underpin the 

structural interpretations discussed here.

The reactions were conducted for a fixed period of 6 hours, which is an important factor in controlling 

the polymerization process.[22] By limiting the reaction time, we effectively mitigated extensive 

gelation that could otherwise occur due to the overproduction of functional groups.[37] This 

controlled reaction period allowed the system to produce polyesters with an increased soluble 

fraction, which is advantageous for their intended use in tissue engineering. The solubility data 

presented in Table S1 clearly demonstrate that the approach taken was effective, resulting in a 

significant increase in the quantity of soluble polyesters across all feed compositions, with the 

solubility values decreasing gradually as the concentration of TMA increased. [38,39]

The synthesis involved both crosslinking (leading to the insoluble fraction) and branching (which 

contributed to the soluble fraction). The TMA monomer, as a trifunctional molecule, served as a nodal 

point for both processes. The higher the concentration of TMA in the feed, the more prominent the 

crosslinking, leading to a greater proportion of insoluble material in the final polymer. Conversely, 

lower concentrations of TMA resulted in polyesters that were more branched but less crosslinked, 

which led to a higher soluble fraction and a more flexible polymer structure.[20]
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Table S1 provides a clear relationship between TMA concentration and the resulting polyester 

structure. For instance, the polyesters produced at lower TMA concentrations (e.g., S1 and S2, with 

PEG:TMA ratios of 1:0.5 and 1:1, respectively) exhibit higher solubility (90% and 85%) and greater 

soluble yields (78% and 81%), indicating that these polyesters are more branched and less 

crosslinked. In contrast, polyesters synthesized at higher TMA concentrations (e.g., S3, S4, and S5, 

with PEG:TMA ratios of 1:2, 1:3, and 1:5, respectively) show decreasing solubility (78%, 70%, and 

62%) and lower soluble yields (64.7%, 60.2%, and 54.5%), reflecting a shift towards a more 

hyperbranched structure with greater crosslinking. The presence of trifunctional TMA at higher 

concentrations promotes more crosslinking, which reduces the overall solubility of the polymer while 

increasing the insoluble portion.

Additionally, the solubility and yield data are consistent with the expected outcomes of branching and 

crosslinking. As the TMA concentration increases, the polyesters transition from more branched 

topologies (with higher solubility) to more crosslinked, hyperbranched structures (with lower 

solubility). Thus, Increasing TMA concentration shifts polyesters from branched, highly soluble 

structures to crosslinked, hyperbranched, less soluble ones, impacting their molecular structure, 

solubility, mechanical strength, and bioapplication suitability. [40,41] While hyperbranched polymers 

are generally more soluble than their linear analogues due to their globular, less entangled 

architecture, the observed decrease in solubility at higher TMA concentrations in our system is not 

indicative of pure hyperbranching. Rather, it reflects a transition toward increased crosslinking 

density. As the molar ratio of TMA rises (e.g., in S5), the trifunctional nodes promote extensive 

intermolecular bonding beyond the gelation threshold, leading to the formation of an increasingly 

rigid, insoluble network. Although branching continues to increase, the formation of insoluble 

crosslinked domains becomes dominant, thereby reducing overall solubility. This behaviour confirms 

that the system changes from a primarily hyperbranched topology to a hybrid structure where 

crosslinking predominates.

To clarify, while hyperbranched polymers are generally soluble due to their non-crosslinked, dendritic 

architecture, the observed decrease in solubility at higher TMA concentrations in our study reflects 

the dominance of crosslinking over pure branching. As TMA concentration increases, trifunctional 

nodes promote network formation beyond the gelation threshold, resulting in denser, insoluble 

structures. Thus, the solubility reduction from S3 to S5 is primarily due to increased crosslinking 

density, not hyperbranching alone.

These polyesters with different branching and crosslinking characteristics are particularly relevant for 

tissue engineering applications, where the balance between solubility, mechanical strength, and 

bioactivity is critical. The hyperbranched structures, which occur at higher TMA concentrations, can 

provide increased mechanical stability and support for cell attachment and growth, making them 

suitable as scaffolds. Although the structural interpretation of S3 is supported by solubility, porosity, 

and surface morphology, this remains a qualitative assessment. In our previous work [24], PEG: TMA 
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polyesters were characterized with respect to ¹H NMR end-group integration to calculate branching 

indices, thereby confirming the architectural transitions as a function of feed ratio. While this 

evidence supports the present interpretation, future work will focus on direct quantification within this 

series to enhance these claims further. A more detailed structural characterization of similarly 

synthesized PEG:TMA-based hyperbranched systems, including NMR-based branching index 

analysis and solubility correlation, is available in our previous study [57]. These results provide 

complementary support for the architecture proposed here. On the other hand, the more branched 

polyesters, which exhibit higher solubility, may offer more flexibility and a better environment for 

cell proliferation and migration, which are key factors in tissue healing. [41-44]

3.2. Analysis of AFM of different polyester

AFM analysis (Figure 1) provides insights into the surface morphology and mechanical properties of 

the PEG: TMA polymer compositions synthesized at different stoichiometric ratios (1:0.5, 1:1, 1:2, 

1:3, and 1:5).Additional structural characterization using SEM and FT-IR for similarly synthesized 

PEG:TMA scaffolds has been reported previously by our group (51), confirming microvoid porosity 

and ester bond formation, respectively. Furthermore, fluorescence/confocal images presented in this 

study (Figures 2–5) show scaffold–cell interactions, supporting the material’s structural suitability for 

biological applications. All samples demonstrated a modulus range of 2–12 GPa under dry, ambient 

AFM conditions. However, PEG-based scaffolds—including PEG: TMA—are known to soften 

substantially under hydrated conditions, often exhibiting modulus values in the low MPa to kPa range 

depending on crosslinking density. The formulations used in this study for biological testing were 

synthesized with reduced crosslinking to ensure mechanical compliance suitable for skin and neuronal 

tissue applications. [49,50] It is important to note that these values characterize the surface stiffness 

measured with AFM in ambient (dry) conditions. These do not represent any sort of bulk modulus of 

hydrated scaffolds, which is believed to be far lower and approaching the realm of soft tissues like 

skin and muscle. While the AFM-measured modulus range (2–12 GPa) is an indication of mechanical 

strength at the surface level, it does not directly inform one of bulk biocompatibility. Biocompatibility 

is assumed to provide a fine balancing act between surface stiffness, porosity, and molecular 

architecture, which become evident in the formulation of S3. The observed variations in surface 

morphology and mechanical response can be directly attributed to the differences in the branching and 

crosslinking behaviors, which have been thoroughly characterized by complementary spectroscopic, 

SEM, and biocompatibility analyses.Although SEM data are not presented in this study, similar 

PEG:TMA polyester scaffolds were extensively characterized by scanning electron microscopy in our 

previous publication [24]. In that work, we observed a trend of decreasing porosity and increased 

surface compactness with higher TMA content, which is consistent with the AFM findings reported 

here. These prior observations further support the progressive crosslinking and morphological 

densification inferred from the current analysis.
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The 1:2 PEG:TMA ratio (S3) exhibited a significantly different surface morphology, demonstrating 

the optimal equilibrium between branching and crosslinking. This was confirmed by FTIR, UV, and 
1H NMR analyses, which revealed a substantial degree of ester bond formation and TMA capping. 

SEM analysis corroborated these findings, showing that S3 possessed microvoids (~0.73 µm) 

embedded within a cohesive matrix, providing enhanced porosity that would facilitate nutrient 

diffusion and improve cell adhesion.[20] The AFM data further support these observations, indicating 

that the surface of S3 is highly favorable for bioapplications, including tissue engineering. The 

microstructural features of S3 align with the ideal requirements for cellular interactions, which are 

essential for regenerative processes. Its porosity allows for efficient mass transport, while its 

mechanical properties maintain integrity under physiological conditions, suggesting its suitability for 

long-term implantation.

In contrast, the 1:0.5 (S1) and 1:1 (S2) sample, characterized by predominantly branched structures 

with minimal crosslinking, exhibited smoother and less differentiated surface morphologies. These 

samples showed higher solubility and lower density, consistent with the limited crosslinking observed 

in previous analyses. [46,47] While the high solubility of S1 and S2 is advantageous for certain 

applications, such as those requiring biodegradability or rapid dissolution, their lack of crosslinking 

severely compromises their mechanical stability.[48] This smooth surface structure is suboptimal for 

cellular adhesion, as the lack of distinct topographical features limits the engagement of cells with the 

polymer, reducing the likelihood of successful tissue integration.[49] Consequently, while these 

materials may be appropriate for short-term applications where solubility is prioritized, they fall short 

in applications requiring sustained mechanical strength and cellular interactions.

On the other hand, the 1:3 (S4) and 1:5 (S5) samples, characterized by excessive crosslinking, 

exhibited denser, more homogeneous surface structures with markedly reduced porosity. These 

samples demonstrated a tighter, more rigid network, as revealed by both AFM and SEM imaging, 

which correlates with the lower solubility observed in the corresponding data. However, this increase 

in crosslinking leads to a significant reduction in the polymer’s ability to support cellular adhesion 

and migration. The decreased surface roughness and porosity impede the necessary interactions 

between the scaffold and the cells, diminishing the material’s ability to promote tissue regeneration. 

[50,51] Although these highly crosslinked structures provide enhanced mechanical strength, they 

compromise cell accessibility and nutrient exchange, rendering them less suitable for applications 

requiring dynamic cellular engagement and tissue remodeling.[35]
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Figure 1. Atomic Force Microscopic analysis of different polyesters (S1-S5)

3.3. Determination of reactive oxygen species (ROS), mitochondrial membrane potential (ψm), 

and intracellular calcium ion (Ca2+) levels

A study of ROS production in HaCaT cells grown on polyester substrates (S1–S5) explores the 

relationship between surface morphology, molecular structure, and cellular oxidative stress.[51] 

Confocal imaging (Figure 2) using MitoSOX and H2DCFDA dyes revealed distinct effects of these 

surfaces on mitochondrial and cellular ROS levels.

Cells on S1 (1:0.5 PEG: TMA) exhibited significantly higher ROS levels compared to the control and 

other polyester surfaces. This correlates with AFM findings, which indicated a smoother surface for 

S1, potentially impairing cell adhesion and promoting stress signaling.[52] NMR analysis confirmed 

minimal branching (26%) in S1, limiting the formation of an optimal microenvironment, and thus 

contributing to oxidative stress. Despite elevated mitochondrial ROS levels, these were lower than in 

S3, suggesting surface properties and molecular structure influence stress responses (Figure 2).

S3 (1:2 PEG: TMA), with optimal branching (55%) and moderate crosslinking, induced the highest 

mitochondrial ROS levels, aligning with its AFM and NMR characterization. These features facilitate 

adequate cell adhesion and provide functional end groups, triggering stress signaling pathways and 

increased mitochondrial oxidative stress.[53] This may suggest that the porous surface of an S3 

sample (~0.73 µm) may help attenuate cellular oxidative stress in the presence of elevated 

mitochondrial ROS levels. Surface roughness and porosity may play an important role in mediating 
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cellular stress response by either enhancing cell–material interactions or by facilitating the diffusion 

of oxygen or nutrients; however, the mechanistic details remain unclear. Further investigation is 

needed to identify whether oxidative modulation is primarilygoverned by integrin-mediated adhesion 

signaling, changes in mitochondrial dynamics, or by mass transport improvement.However, cellular 

ROS levels in S3 were comparable to the control, indicating that its surface porosity (~0.73 µm) and 

structural coherence helped mitigate widespread cellular stress despite mitochondrial hyperactivation 

(Figure 2).[53]Although S3 exhibited elevated mitochondrial ROS levels, cellular ROS remained 

comparable to the control, suggesting a degree of oxidative containment. However, the long-term 

consequences of mitochondrial hyperactivity were not assessed in this study, and further analysis of 

apoptosis, viability, and sustained redox balance will be necessary to confirm S3’s suitability for 

extended use.

On the other hand, S5 (1:5 PEG: TMA), with its hyperbranched structure and extensive crosslinking, 

exhibited the lowest mitochondrial and cellular ROS levels, suggesting its ability to reduce oxidative 

stress. AFM and SEM analysis revealed a dense, homogeneous surface with no porosity, while NMR 

confirmed significant TMA-capping. These structural characteristics likely minimize excessive cell-

surface interactions, preventing over-activation of stress signaling pathways.[52] Similarly, S4 (1:3 

PEG: TMA) maintained ROS levels similar to the control due to its balanced structure and moderate 

surface cohesion, demonstrating a more stable cellular environment (Figure 2).

Figure 2: Mitochondrial ROS levels in HaCaT cells cultured on different hydrogel surfaces were 

assessed. (a). Cells were treated with MitoSOX dye for 24 hours, and confocal images (left column) 

showed mitochondrial ROS levels. Enlarged images (middle column) demonstrate  ROS distribution, 

with fluorescence intensity profiles represented in pseudo-rainbow color (red for high, blue for low 

ROS) in the right column. (b) Fluorescence intensity from ≥100 cells per condition is quantified. 
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Statistical significance: **** = P < 0.0001, ** = P < 0.01, ns = non-significant (One-Way 

ANOVA).(c). ROS levels in HaCaT cells on glass (control) or on hydrogel surfaces were analyzed. 

Representative confocal images (right column) and intensity profiles (pseudo-color scale) show ROS 

distribution. d) quantifies Fluorescence intensity (n ≥ 100 cells)per condition is quantified. Statistical 

significance: **** = P < 0.0001, ns = non-significant, determined by One-Way ANOVA.

The mitochondrial membrane potential (MMP) analysis (Figure 3) of HaCaT cells cultured on 

polyester surfaces (S1–S5) reveals critical insights into how surface architecture and molecular 

composition influence mitochondrial function. 

Polyesters S1 (1:0.5 PEG: TMA) and S2 (1:1 PEG: TMA) showed negligible changes in 

MMP compared to the control (glass surface). These findings align with AFM and SEM data, which 

revealed smoother, less porous morphologies in these polyesters. Furthermore, NMR analysis 

indicated low branching in S1 (26%) and moderate branching in S2, with minimal functional group 

availability.[20] The smooth surfaces of S1 and S2 likely limited cell adhesion and interaction, 

resulting in suboptimal conditions for mitochondrial activation and minimal impact on MMP. 

Polyester S3 (1:2 PEG: TMA) demonstrated the most significant increase in MMP among all 

compositions. This result is consistent with its balanced surface architecture, as observed in AFM and 

SEM studies, which revealed porosity (~0.73 µm) and moderate crosslinking. NMR analysis further 

confirmed the highest branching percentage (55%), with sufficient functional end groups to facilitate 

strong cell-surface interactions. These properties likely created a microenvironment that supported 

enhanced mitochondrial activity. This is further corroborated by S3’s previously reported ability to 

elevate mitochondrial ROS levels while maintaining cellular ROS levels near control conditions.

Polyesters S4 (1:3 PEG: TMA) and S5 (1:5 PEG: TMA) also induced elevated MMP levels compared 

to the control, indicating enhanced mitochondrial function. However, S5, with its hyperbranched and 

densely crosslinked structure, exhibited similar TMRM intensity to S4, despite its more compact and 

homogeneous surface morphology, as demonstrated by AFM and SEM data. Interestingly, the high 

MMP observed in S5 did not correspond to elevated ROS levels, whereas S3 exhibited increased 

mitochondrial ROS despite a similarly elevated MMP. This suggests that ROS generation in S3 may 

be driven by enhanced mitochondrial metabolism or external signalling activation, rather than 

mitochondrial dysfunction. Although MitoSOX and H2DCFDA provide insight into ROS 

compartmentalization, the study did not distinguish between mitochondrial and NADPH oxidase-

derived ROS, warranting further investigation into the specific sources of oxidative stress. The 

reduced porosity of S5 likely restricted nutrient diffusion and cell-surface interactions, potentially 

limiting further mitochondrial activation. [53,54] This suggests that excessive crosslinking in S5, 

while beneficial for reducing ROS and enhancing mechanical integrity, may impose structural 

constraints that counterbalance mitochondrial activation.
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Nevertheless, while smoother surfaces like those of S1 and S2 fail to stimulate significant 

mitochondrial activity, more structured and balanced surfaces, such as S3, support enhanced MMP by 

promoting better cell adhesion and interaction. S4 and S5, with their higher crosslinking levels, still 

enhance MMP but may reach a plateau in mitochondrial activation due to restricted porosity in S5.

Figure 3:Hydrogel surfaces influence the mitochondrial membrane potential (ΔΨm) of HaCaT cells. 

HaCaT cells were cultured on various hydrogel surfaces for 24 hours, stained with TMRM dye (which 

accumulates in active mitochondria), and analyzed using live-cell confocal microscopy. a. 

Representative confocal TMRM fluorescence images of HaCaT cells are shown (left panel). Enlarged 

views of selected regions (white boxes) are presented in the middle column, while pseudo-colored 

intensity profiles of TMRM fluorescence (red = higher ΔΨm, blue = lower ΔΨm) are displayed in the 

right column.b. Fluorescence intensity was quantified for ≥100 cells per condition using ImageJ. 

****P < 0.0001; ns = not significant (One-Way ANOVA).
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This analysis was conducted in HaCaT keratinocytes to investigate scaffold influence on basal 

intracellular calcium homeostasis, and not to assess neuronal calcium propagation or excitability, 

which was beyond the scope of this study (Figure 4). Confocal imaging with Ca2+-sensitive dyes 

revealed reduced intracellular Ca²⁺-levels across all polyester substrates compared to the control 

(glass). Here we measured the basal Ca2+ for HaCat cells using Fluo4 (a non-ratiometric dye) as a 

Ca2+-sensor. Therefore, the changes observed can be significant in terms of biological functions, but 

the exact concentration of cytosolic Ca2+ measured cannot be commented. 

Polyesters S1 (1:0.5 PEG: TMA) and S2 (1:1 PEG: TMA) showed statistically insignificant 

reductions in intracellular Ca²⁺-levels relative to the control. This aligns with their relatively smoother 

surface morphologies as observed in AFM and SEM analyses, as well as lower branching percentages 

(26% for S1 and 40% for S2, based on NMR data). These properties suggest limited 

mechanotransduction or surface-cell interaction sufficient to influence Ca2+-signaling pathways. The 

minimal functional end groups available in these compositions are likely to further reduce their 

capacity to alter intracellular signaling.Polyester S3 (1:2 PEG: TMA) demonstrated a balanced 

response, with intracellular Ca²⁺ levels not significantly different from the control. This result 

complemented previous findings that S3 supports cellular adhesion, mitochondrial activation, and 

oxidative balance without inducing excessive stress. AFM and SEM analyses revealed a moderately 

porous surface (~0.73 µm), with branching and crosslinking (55% branching per NMR) optimized for 

cell interaction. These features likely provide sufficient mechanical cues to maintain normal Ca2+-

dynamics, creating a stable microenvironment for cellular signaling.

Polyesters S4 (1:3 PEG: TMA) and S5 (1:5 PEG: TMA) caused marked reductions in intracellular 

Ca²⁺ levels compared to the control. S5, in particular, exhibited the most significant decline, 

consistent with its dense, hyperbranched structure and extensive crosslinking as revealed by AFM, 

SEM, and NMR analyses. The tightly packed, non-porous surface of S5 restricts cell-surface 

interactions and impedes effective mechanotransduction, limiting Ca²⁺-influx.

Although S5 lacks surface porosity, its densely crosslinked architecture presents a high density of 

terminal carboxyl groups from TMA units. These functional groups may enhance cell-material 

interactions via electrostatic and biochemical signalling, thereby facilitating neurite anchorage and 

extension despite the restricted diffusion environment. This suggests that chemical functionality may 

partly offset the limitations of low physical porosity. The significant reductions in intracellular Ca²⁺-

levels observed for S4 and S5 may be due to reduced mechanotransduction, possibly resulting from 

the limited porosity and high crosslinking of these surfaces. However, the present study did not 

investigate specific biochemical pathways such as TRP channel activation or integrin-mediated 

signalling, which would be necessary to directly validate this mechanism. Additionally, the reduced 
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availability of functional end groups on S5 may further impair pathways essential for Ca2+-

homeostasis.

Interestingly, S4’s effect on Ca2+-regulation was intermediate, likely due to its balance of crosslinking 

and porosity. While S4 supports sufficient adhesion and mitochondrial activity, its increased 

branching compared to S3 may introduce slight disruptions to Ca2+-signaling pathways.

Despite its branching and crosslinking features, S3 did not significantly alter intracellular Ca²⁺-levels, 

suggesting that its optimized surface morphology preserves cellular signaling pathways. The balanced 

porosity and mechanical properties of S3 allow effective cell adhesion and signaling without inducing 

excessive or inhibitory stress. This contrasts with S5, where excessive crosslinking creates a 

mechanically restrictive environment, and S1/S2, which lack sufficient functional interaction sites to 

influence Ca2+-regulation.

Figure 4: Intracellular Ca²⁺-levels in HaCaT cells were analyzed after 24 hours of culture on various 

hydrogel surfaces (1-0.5, 1-1, 1-2, 1-3, and 1-5). Cells were labeled with Fluo-4 AM dye, and changes 

in intracellular Ca²⁺ were visualized via live-cell confocal imaging.a. Representative confocal images 
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of HaCaT cells on different surfaces are shown (left column). Zoomed-in images (middle column) 

highlight regions of interest, showing Ca²⁺ variations. Fluorescence intensity profiles of Fluo-4 AM in 

these regions (white boxes) are displayed in pseudo-color, with red indicating highest and blue lowest 

Ca²⁺-levels.b. Fluo-4 AM fluorescence intensity per cell was quantified (n ≥ 100 cells per condition) 

using ImageJ and presented as a bar graph. **P < 0.01; ns = not significant (One-Way ANOVA).

3.4. Differential support of F-11 neuronal and HaCaTkeratinocyte cells on Polyester Surfaces in 

co-culture

The evaluation of polyester surfaces (S1–S5) for promoting neuro-keratinocyte interactions and 

enabling co-culture of HaCaT (keratinocytes) and F-11 (neuronal) cells highlights their potential as 

biomaterials for neuro-keratinocyte tissue engineering. This results collectively indicate (Figure 5) 

that PEG: TMA scaffolds support spatial adhesion and coexistence of keratinocytes and neurons. 

Notably, distinct differences in cellular behavior across the compositions highlight the critical impact 

of surface properties, as analyzed through AFM, SEM, and NMR, in determining their 

performance.[20]

Polyester S5 (1:5 PEG: TMA) exhibited the most favourable characteristics for co-culture, facilitating 

robust adhesion of both HaCaT and F-11 cells. Notably, S5 supports direct neurite extensions across 

keratinocyte islets, enabling efficient neuro-keratinocyte interactions. AFM and SEM analyses 

revealed that S5 has dense, homogeneous surface, characterized by hyperbranched (65% as per NMR) 

and extensively crosslinked architecture, provides a mechanically stable and functional substrate. The 

low porosity and ample functional end groups, resulting from significant TMA capping, enhance cell 

attachment and intercellular communication.

Biochemical assays corroborate the superior performance of S5. ROS data indicate minimal oxidative 

stress, with S5 demonstrating the lowest levels of both cellular and mitochondrial ROS among all 

surfaces. This reduced oxidative burden creates an environment conducive to prolonged cell survival 

and interaction. Moreover, TMRM labelling demonstrated that S5 exhibits the highest mitochondrial 

membrane potential (MMP), signifying enhanced mitochondrial function critical for neuronal 

expansion, neurite outgrowth, and keratinocyte activity. These findings collectively highlight S5 as 

the most effective polyester composition for promoting neuro-keratinocyte co-culture and interaction.

Polyester S3 (1:2 PEG: TMA) also showed favourable properties for neuro-keratinocyte interactions. 

Its moderately porous surface (~0.73 µm as per SEM), balanced branching (55% per NMR), and 

crosslinking facilitated significant keratinocyte growth and neurite outgrowth. However, S3 

demonstrated slightly elevated mitochondrial ROS levels, suggesting that its architecture may induce 

marginal oxidative stress. While S3 supports strong initial cell attachment and mitochondrial activity, 

the higher oxidative stress may limit its suitability for extended applications requiring prolonged cell 

viability and interaction.
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Notably, S5 demonstrated enhanced support in co-culture assays, likely attributed to its high density 

of surface carboxyl groups derived from excess TMA, which may facilitate differential adhesion or 

other signallingpathways relevant to multicellular interaction. However, its dense crosslinked 

structure and low porosity impair mechanotransduction and Ca2+-signalling, as evidenced by reduced 

intracellular Ca²⁺-levels. In contrast, S3 showed strong performance in modulating mitochondrial 

membrane potential and cellular oxidative stress, owing to its balanced porosity and moderate 

stiffness. Yet, its lower surface carboxyl density and intermediate mechanical characteristics may not 

favour sustained multicellular adhesion in co-culture settings. These findings indicate that different 

formulations preferentially support specific cellular functions, suggesting that hybrid scaffold designs 

may be needed to integrate multiple performance criteria.

Nevertheless, polyesters S1 (1:0.5 PEG: TMA) and S2 (1:1 PEG: TMA) demonstrate sufficient 

biocompatibility, supporting adhesion of HaCaT and F-11 cells. However, their smoother surface 

morphologies, as observed in AFM and SEM, and low branching percentages (26% for S1 and 40% 

for S2) result in reduced functional complexity. These limitations may accord with fewer neuronal 

extensions and weaker neuro-keratinocyte interactions. We speculate that the reduced number of 

functional end groups and inadequate mechanical cues may be provided by these surfaces which 

hinder their efficacy in facilitating complex tissue interactions.

The distinct cellular behaviours observed across the polyester surfaces can be directly linked to their 

molecular and surface properties. S5 has highly crosslinked and branched structure which creates a 

stable platform that supports robust cell adhesion and communication while mitigating oxidative 

stress. In contrast, S3's balanced porosity and crosslinking promote cellular growth and mitochondrial 

activation but may induce oxidative stress over time. S1 and S2, lacking sufficient branching and 

functional group density, fail to provide the necessary structural and biochemical cues for effective 

neuro-keratinocyte co-culture.

Thus, polyester S5 emerges as the optimal biomaterial for neuro-epidermal tissue engineering 

applications, offering a favourable environment for neuro-keratinocyte interactions. Its ability to 

support neuronal adhesion, keratinocyte alignment, and neurite outgrowth, while minimizing 

oxidative stress and enhancing mitochondrial function, highlights its potential for applications in 

nerve repair, wound healing, and burn treatment. S3 offers a viable alternative for applications 

requiring moderate interaction and short-term cell viability, while S1 and S2 are less suitable for 

applications necessitating complex neuro-keratinocyte coordination.
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Figure 5: Differential support of hydrogel surfaces for co-culture. F-11 (peripheral neuronal) and 

HaCaT (keratinocyte) cells were grown at a 1:1 ratio for 24 hours. Representative confocal images 

display F-11 cells (green fluorescence, labelled by ß-III tubulin), with cellular morphology visualized 

by Phalloidin (red fluorescence, actin filaments) and DAPI (blue fluorescence, nucleus). Cell counts 

on each surface were obtained using Image J (n ≥10 view fields). F-11 and HaCaT cells are marked 

by * and # in images. Statistical significance: P<0.01, **** = P < 0.001, **** = P < 0.0001, ns = non-

significant, with one-way ANOVA performed. Green () and red (*) asterisks indicate analysis 

between F-11 and HaCaT cells under each condition.

4. Conclusions

Polyesters synthesized from PEG and TMA in varying stoichiometric ratios (S1–S5) exhibit a direct 

correlation between structural architecture and biological functionality, highlighting the role of 

molecular design in biomaterial performance. Controlled stoichiometry and reaction parameters 

effectively mitigated premature gelation, yielding polyesters with tunable branching and crosslinking. 

Among the formulations, S3 (1:2 PEG: TMA) displayed optimal branching and microvoid networks 

(~0.73 µm), facilitating nutrient diffusion and cell adhesion. This architecture enhanced mitochondrial 

activity, indicated by increased MMP and ROS production, although moderate oxidative stress could 

limit its suitability for applications requiring sustained low ROS levels. Conversely, the 

hyperbranched, densely crosslinked structure of S5 (1:5 PEG: TMA) exhibited reduced ROS levels 

and enhanced mitochondrial function, fostering a stable microenvironment conducive to cellular 

metabolic processes. However, as ROS production is induced by multiple factors, a “direct and linear” 

relationship of ROS production with surfaces used only is difficult to establish. This architecture 
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supported robust neuro-keratinocyte interactions, demonstrated by neurite extensions across 

keratinocyte junctions and the formation of tight cellular assemblies.

Intracellular Ca²⁺-dynamics further illustrated the impact of polyester architecture on cellular 

signaling. S1 and S2 minimally altered Ca2+-homeostasis due to their simpler structures, whereas S5 

has compact architecture significantly modulated mechanotransduction pathways, enhancing neuro-

keratinocyte co-culture outcomes. S5 has capacity to facilitate synchronized neuronal and 

keratinocyte activity positions it as a candidate for advanced tissue regeneration applications, 

particularly nerve repair and wound healing.

Future research will involve in vivo evaluations to assess long-term biocompatibility, biodegradation 

profiles, and efficacy in tissue repair models. Incorporating bioactive molecules or growth factors into 

the polyester matrix may further augment cellular responses. Additionally, optimizing synthesis 

scalability and reproducibility will be critical for clinical translation. Advanced computational 

modeling and machine learning approaches could provide insights into the relationship between 

polyester architecture and cellular dynamics, guiding the design of next-generation biomaterials for 

complex tissue engineering challenges.
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