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Abstract 

 The regeneration of bone tissue requires scaffolds that not only mimic the extracellular 

matrix (ECM) on the structural level but also provide biofunctional cues that actively guide 

osteoblast activity. This dissertation addresses this challenge by investigating how electrospun 

polymer scaffolds can be engineered to control fiber surface properties and how these 

material features regulate bone cell interactions. Electrospinning was employed as the 

fabrication strategy due to its capacity to create fibrous architectures with tunable 

morphology, surface chemistry, and electroactivity, all of which are critical for bone tissue 

engineering. 

The research pursued three main objectives. Firstly, it was determined how applied voltage 

polarity during electrospinning governs the surface potential and piezoelectric response of 

PLLA fibers, and how these effect influences osteoblast adhesion, focal adhesion formation, 

proliferation, and collagen production. Secondly, it was verified how the blending of polymers 

in core–shell PC–PMMA fibers affects surface potential, chemistry, wettability, and 

mechanical properties. It was established how osteoblasts respond to these changes at the 

single cell and single fiber level, including the development of a confocal protocol for paxillin 

immunostaining and quantitative focal adhesion analysis. Lastly, the research aimed to 

compare reduced graphene oxide (rGO) and MXene nanofillers in PLLA fibers, quantifying their 

influence on fiber surface charge, filler dispersion in the scaffolds, and their mechanical 

performance. Again, these properties were correlated with osteoblast attachment and focal 

adhesion formation at the single fiber and single cell scales, considering filler-enriched fiber 

regions. 

To achieve this, multiscale materials characterization was combined with advanced biological 

evaluation. Techniques such as Kelvin probe force microscopy (KPFM), zeta potential, and X-

ray photoelectron spectroscopy (XPS) were used for surface and electrostatic analysis, while 

confocal laser scanning microscopy (CLSM) and scanning electron microscopy (SEM) enabled 

detailed assessment of osteoblast morphology and adhesion. 

The results demonstrate that electrospun scaffolds can be precisely tuned through 

electrospinning parameters, fiber design, and incorporation of functional fillers to control 
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their surface characteristics. These scaffold modifications affect osteoblast responses, 

including focal adhesion formation.  

This research shows that controlling surface properties of fibers provides a powerful handle 

for modulating osteoblast behavior. By integrating scaffold design with cell biology, this thesis 

presents a framework for developing electrospun scaffolds tailored to specific cell responses. 
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1. Biomaterials – Scaffold Requirements and Challenges in the Design for Tissue Regeneration 

 Tissue engineering combines principles of biology, engineering, and materials science 

to restore, maintain, or improve tissue function by integrating living cells with biomaterial 

scaffolds and signaling factors [1]. The central concept is to recreate or enhance the body’s 

natural ability to regenerate tissues either in vivo (within the body) or in vitro (outside the 

body for transplantation) [2]. Globally, millions of bone grafting procedures are performed 

each year (with estimates exceeding 2 million procedures annually worldwide), making bone 

the second most transplanted tissue after blood [3–5]. Autografts and allografts, though 

clinically established, are associated with significant drawbacks such as donor site morbidity, 

limited supply, risk of disease transmission, and immune rejection. Current synthetic and 

natural biomaterials used as bone grafts often face challenges in matching the mechanical 

strength, biocompatibility, and complex biological signaling of native bone tissue [6,7].  

 Bone is a hierarchically organized tissue that combines mechanical strength with 

critical biological functions. It provides structural support and protects internal organs. This 

tissue consists of compact bone, which forms the dense outer layer and resists fractures, and 

spongy bone, a porous interior that reduces weight [8]. Bone growth and remodeling depend 

on the regulation of osteoclasts, which resorb bone matrix, and osteoblasts, which secrete 

extracellular components [9]. Its structure spans multiple scales: at the microscale level, bone 

displays a complex architecture of osteons, which are cylindrical units 100–300 μm wide and 

3–5 mm long, made of concentric lamellae [10,11]. These surround Haversian canals that carry 

blood vessels and nerves. Further, at progressively smaller scales, these structures are built 

from collagen fibrils (mainly type I collagen) with hydroxyapatite crystals, creating a 

composite. This mineralized matrix is composed also of water, noncollagenous proteins and 

proteoglycans [12]. The organization of these elements at multiple scales is responsible for 

their mechanical strength [13]. The hierarchical structure of bone is schematically presented 

in Figure 1A. Importantly, bone exhibits piezoelectric properties due to the highly organized 

structure of collagen [14]. The piezoelectric effect helps to drive regeneration by converting 

mechanical stress into localized electrical signals in the tissue, as presented in Figure 1B. These 

signals are stimulating cellular activity involved in repair and remodeling [14,15].  
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Figure 1. Scheme presenting: A) the hierarchical organization of bone tissue, illustrating 

structural levels from vascularized bone to osteons, collagen fibrils, collagen-hydroxyapatite 

composites, and the collagen triple helix. B) the piezoelectric properties of bone tissue, where 

mechanical deformation of collagen fibers induces a piezoelectric effect, leading to the 

generation of surface charges.  

 Biomaterials serve as the foundation of modern tissue engineering by providing 

structural and biochemical support to guide cell attachment, proliferation, and differentiation 

[16–18]. Among them, scaffolds are temporary 3D architectures designed to replicate the 

ECM, enabling cell colonization and bone tissue formation until the scaffold degrades, being 

entirely replaced by native tissue [19,20]. The ideal scaffold must satisfy a complex set of 

requirements that bridge materials science, cell biology, and clinical application [21,22]. 
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 Key functional demands placed on scaffolds include biocompatibility, mechanical 

integrity, tunable degradation rates, and a porous structure that facilitates nutrient transport 

and cell infiltration [23,24]. Surface properties, such as chemistry, charge, and topography, 

play a particularly critical role in mediating early cell responses, including adhesion and 

spreading [25–27]. These initial interactions can significantly impact longer-term outcomes, 

including bone tissue integration and remodeling. Therefore, scaffold design must go beyond 

bulk properties and incorporate surface features that mimic or modulate natural biological 

signals. 

 These various design factors are summarized in Figure 2, which illustrates the core 

parameters that influence scaffold performance in tissue engineering. As shown, scaffold 

performance is dictated not only by bulk properties such as mechanical strength and 

degradation rate, but also by specific factors including surface potential, chemistry, 

roughness, and pore architecture. Moreover, electroactivity, as mentioned in this context, 

refers to the scaffold's ability to conduct or mediate electrical signals, thereby mimicking the 

natural bioelectrical environment of excitable tissues, such as bone, nerve, or muscle. This 

property has been shown to influence cell behavior by promoting adhesion, proliferation, and 

differentiation via electrically driven mechanisms, thereby contributing to improved 

regenerative outcomes [28]. 

 Despite extensive advances in scaffold fabrication techniques, several challenges 

remain in engineering constructs to ensure that all functional criteria are met simultaneously. 

High porosity, necessary for cell infiltration and vascularization, can reduce mechanical 

strength [29,30]. Polymers with excellent mechanical properties can lack sufficient bioactivity. 

Biodegradable materials must degrade at a rate compatible with tissue healing. If it is too fast, 

then mechanical support is lost; if it is too slow, chronic inflammation may occur [31,32]. 

Additionally, surface modifications that enhance cell attachment can sometimes alter 

degradation behavior or introduce unintended immunogenicity [33–35]. 

 A major design challenge lies in controlling the surface properties of scaffolds to 

promote desirable biological responses. These properties are influenced not only by material 

selection but also by the fabrication technique. Among numerous manufacturing methods, 

electrospinning has emerged as a versatile platform for generating fibrous scaffolds with high 



16 
 

surface area and tunable morphology [36]. However, the dense fiber packing typical of 

electrospun materials often limits cell infiltration, and surface potential remains an 

underexplored but critical parameter for modulating cell–material interactions [29]. In the 

following sections, two often underappreciated design parameters are examined in detail: 

surface potential and scaffold porosity. 

 

Figure 2. Schematic illustration of key scaffold properties that influence bone tissue 

engineering outcomes. The interplay between these factors governs scaffold bioactivity and 

cell–material interactions. 

 

1.1. Surface Potential of Biomaterials 

 From a biological standpoint, the cell membrane is naturally electroactive and 

maintains a net negative charge under physiological conditions. This negative potential arises 

from the asymmetric distribution of ions, primarily sodium (Na⁺) and potassium (K⁺), as well 

as the presence of anionic phospholipids and glycoproteins on the membrane surface 

[25,37,38]. This naturally negative charge enables electrostatic interactions with the positively 

charged domains of ECM proteins such as collagen and fibronectin [39–41]. The electrostatic 

character of the membrane influences how cells sense and respond to their environment. In 

the context of tissue engineering, when cells encounter a scaffold, electrostatic interactions 
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occur between the negatively charged membrane and the material’s surface, influencing 

protein adsorption, integrin binding, and the assembly of focal adhesions [42,43].  

 Surface potential, defined by the electrostatic charge distribution at the material–

environment interface, plays a critical role in regulating early cell responses. Despite its 

importance, surface potential remains a relatively underexplored factor in biomaterial design, 

partly due to challenges in its measurement and the complexity of decoupling it from other 

surface properties [25,44,45]. 

 Tuning the surface potential of biomaterials becomes a biologically meaningful 

strategy to modulate cellular behavior in a controlled and non-chemical manner. Figure 3 

presents a schematic illustration of native tissue, highlighting the electrochemical nature of 

the cell membrane.  

 

Figure 3. A schematic illustration of native tissue with its characteristic elements for hard 

tissues like bone, and a focused image of a negatively charged cell membrane. 

  

1.2. Selected Methods of Surface Charge Evaluation 
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 To understand and engineer these essential electrostatic interactions at the cell–

material interface, it is crucial to accurately characterize the surface potential and charge of 

biomaterials, which can be achieved using advanced techniques such as atomic force 

microscopy (AFM) and zeta potential measurements. 

 AFM is a powerful technique widely used in nanotechnology and biomaterials research 

for its ability to probe surface properties with exceptionally high spatial resolution. Beyond 

imaging surface topography, AFM enables the measurement of local mechanical properties, 

adhesion forces, and molecular interactions at biomaterial interfaces. Depending on the 

operational mode, contact, tapping (non-contact), or intermittent, the AFM tip interacts 

differently with the sample surface, allowing tailored analysis of various physical parameters 

[46–48]. In contact mode, the tip maintains constant contact with the surface, while in tapping 

mode, it oscillates near its resonant frequency without physically dragging across the sample. 

Intermittent contact mode combines aspects of both, enabling sensitive detection of repulsive 

and attractive interactions [44]. 

Among advanced AFM modalities, KPFM stands out as a particularly valuable technique for 

mapping surface potential at the micro- and nanoscale. KPFM operates by detecting 

electrostatic forces between a conductive AFM tip and the sample surface, which arise due to 

differences in their Fermi energy levels [49,50]. By applying an oscillating AC voltage along 

with a compensating DC bias, the system can nullify the electrostatic force, and the resulting 

DC value directly reflects the local contact potential difference (CPD) [51,52]. This enables 

precise surface potential mapping, which is particularly relevant for biomaterials, where 

bioactivity is influenced by electrostatic cues. Recent studies have extended the application of 

KPFM to a variety of biomaterials, including polymers, hydroxyapatite-based surfaces, and 

nanocomposites used in tissue engineering [26,53,54]. Notably, KPFM can be conducted in 

non-contact mode, making it suitable for delicate biological samples and allowing imaging in 

both ambient and liquid environments [55]. In this thesis, KPFM was applied to electrospun 

scaffolds to evaluate surface potential and correlate these variations with early osteoblast 

responses, such as focal adhesion formation and initial cell attachment.  

 Zeta potential is another widely used parameter for characterizing the electrokinetic 

properties of material surfaces, particularly in liquid environments. Unlike KPFM, which 



19 
 

provides localized, high-resolution maps of surface potential, zeta potential offers an average 

assessment of surface charge by examining how a material interacts with its ionic 

surroundings when in contact with a liquid medium [56]. When a solid material is immersed 

in an electrolyte solution, its surface interacts with ions in the fluid, forming an electrical 

double layer [57]. This double layer consists of a tightly bound inner layer of counterions, 

attracted to charged surface groups such as protonated or ionized functional moieties, and a 

more diffuse outer layer of loosely associated ions. The zeta potential is measured at the shear 

plane, located at the boundary between these two layers, where liquid begins to flow during 

electrophoretic movement [58]. The resulting electrostatic potential depends on multiple 

factors, including the surface chemistry, ionic strength, pH of the surrounding medium, and 

temperature [25,59]. In the field of biomaterials, zeta potential is used to infer the presence 

and nature of surface functional groups and indirectly assess surface charge behavior under 

physiological conditions [25,59–61]. Although it lacks the spatial resolution of techniques like 

KPFM, zeta potential remains a valuable tool for evaluating the average electrochemical 

profile of scaffold surfaces and their likely interactions with proteins, cells, or other 

biomolecules in aqueous environments [27,56]. 

 In summary, surface potential is a dynamic and influential property of biomaterials 

that governs early stages of cell–material interaction. It demonstrates that electrostatic cues 

at the material surface modulate collagen formation and osteoblast adhesion, underscoring 

the biological relevance of surface potential beyond traditional topographical or chemical 

effects [26,62]. Its impact on protein adsorption, adhesion site formation, and cellular 

signaling makes it a critical yet underutilized factor in scaffold design. Incorporating surface 

potential analysis into scaffold development may provide new pathways for optimizing and 

improving outcomes in regenerative medicine or disease modelling. 

 

1.3. The Importance of Scaffold Porosity and Pore Size 

 Porosity and pore size are among the most critical physical parameters in the design 

of scaffolds for tissue engineering [63–65]. They directly affect nutrient and oxygen diffusion, 

waste removal, and the ability of cells to adhere, migrate, and infiltrate into the material 

[66,67]. As discussed in the review article included in this dissertation, while electrospun 
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scaffolds are inherently porous due to their fibrous structure, the scale and accessibility of 

these pores are often insufficient for supporting deep cellular infiltration and vascularization. 

Vascularization is the formation of blood vessels within a tissue or scaffold. In bone tissue 

engineering, insufficient vascularization can lead to poor scaffold integration, delayed healing, 

or even necrosis, making the development of vascular networks essential for successful and 

functional tissue regeneration [68–71]. Electrospun fibers typically assemble into dense mats 

with small inter-fiber pores, often around 10 μm, which limits their ability to support cell 

penetration beyond the surface [72,73]. This is particularly problematic in applications such 

as bone tissue regeneration, where pore sizes of up to 100 μm are generally favorable for 

enabling osteoblast infiltration and vascular ingrowth. For fibroblasts and epithelial cells, 

smaller pores (20–60 μm) can be sufficient, but pore interconnectivity remains equally 

important [74]. 

 Several strategies have been proposed to improve porosity in electrospun scaffolds. 

These include the use of sacrificial fibers, cryogenic electrospinning, wet electrospinning, 

patterned collectors, or multi-jet systems [75–77]. These approaches aim to increase inter-

fiber spacing and introduce macro-porosity while maintaining fiber integrity and mechanical 

properties. Importantly, porosity should not be viewed as a static morphological trait but 

rather as a tunable design feature with direct biological consequences. The inclusion of 

porosity-enhancing techniques should therefore be carefully matched to the intended 

application, cell type, and mechanical requirements of the target tissue [74]. 

 To contextualize the typical pore size ranges achieved by different scaffold fabrication 

techniques, Figure 4 compares various approaches used in tissue engineering. While gas 

foaming and 3D printing offer large and controllable pores (40–800 μm), electrospinning 

remains one of the few methods that enables nanoscale porosity (100 nm–10 μm), though at 

the cost of limited infiltration depth. This highlights both the advantages and the challenges 

of electrospun scaffolds in meeting specific biological demands. 



21 
 

Figure 4. Comparison of pore size ranges and pore size controllability among various scaffold 

fabrication methods. While electrospinning allows for nanoscale control and produces fibers 

in diameters resembling ECM fibers, it typically results in the smallest pores [75–77].  

 

 Scaffold porosity and pore size assessment follow scaffold fabrication, as they dictate 

functionalities that affect cell behavior, as mentioned above. The evaluation should be precise 

and nondestructive to the initial state of the scaffold. Micro-CT (microcomputed tomography) 

is an often chosen method for 3D quantification of pore size and connectivity [78,79]. Micro-

CT results can serve as input for CFD (computational fluid dynamics) or permeability models, 

giving many possibilities for porosity investigation [80]. Other commonly used approaches 

involve mercury intrusion and flow porosimetry techniques, gas pycnometry, and gas 

adsorption analysis provided alone or in combination with theoretical modeling [81–83]. 

Microscopy analysis using SEM can deliver high-resolution surface topography and cross-

sectional views when careful and aware sample preparation preserves scaffold architecture, 

enabling reliable assessment. Moreover, FIB-SEM (focused ion beam–SEM) is particularly well 
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suited to this requirement. Beyond that, confocal microscopy is a powerful and widely used 

imaging technique for analyzing scaffold geometry at high resolution. By exploiting either 

intrinsic autofluorescence or fluorescent staining, CLSM enables 3D visualization of scaffold 

architecture with minimal sample preparation [67,84]. This is particularly advantageous for 

hydrogel-based scaffolds, which present significant imaging challenges due to their high water 

content, optical transparency, and mechanical fragility. Traditional imaging methods like SEM 

or micro-CT often require dehydration, fixation, or contrast agents that can distort the native 

structure of soft materials, especially used in tissue engineering applications [85]. In contrast, 

CLSM enables non-destructive imaging under hydrated conditions, thereby preserving the 

geometry and microstructural integrity of the scaffold [84,86]. Furthermore, CLSM can be 

integrated with fluorescent markers for specific biological components or functional assays, 

allowing simultaneous assessment of scaffold architecture and cell-material interactions. 

2. Cell Responses to the Properties of Biomaterials 

 Understanding how cells respond to biomaterials is central to the development of 

functional scaffolds for tissue engineering. Once in contact with a biomaterial, cells undergo a 

sequence of events, beginning with initial adhesion and spreading, followed by proliferation, 

migration, and ultimately differentiation or integration with the surrounding tissue. These 

processes are governed by a complex interplay of physical, chemical, and mechanical cues 

presented by the scaffold [87–89]. 

 To evaluate these interactions, researchers employ a wide range of in vitro techniques. 

Cell adhesion is often assessed at early time points using staining of focal adhesion proteins 

(e.g., paxillin, vinculin), coupled with fluorescence or confocal microscopy to observe 

cytoskeletal organization and adhesion point formation [90,91]. Viability and proliferation are 

typically quantified using colorimetric or fluorometric assays (e.g., MTT, MTS, Live/Dead), 

while migration can be studied through time-lapse imaging, transwell assays, or scratch 

wound models [92,93]. High-resolution imaging tools such as SEM or CLSM are further used 

to visualize cell morphology and interaction with scaffold topography. 

 In recent years, quantitative image analysis has become increasingly important for 

assessing focal adhesion size, distribution, and density as a proxy for how cells interpret 

material surfaces. In parallel, techniques such as gene expression profiling, western blotting, 
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or ELISA enable the monitoring of cell signaling pathways activated in response to specific 

material cues. Together, these methods provide a comprehensive toolkit for studying cell–

material interactions and their implications for scaffold biofunctionality. The following 

sections focus on key early-stage cell responses such as adhesion, viability, and migration, and 

cell morphology. 

 

2.1. Initial Adhesion and Focal Adhesion Point Analysis 

 Initial cell adhesion is a critical first step in the interaction between biomaterials and 

cells. Within minutes of seeding, cells begin probing the surface through filopodia and 

lamellipodia, initiating contact that determines their ability to attach and spread [25]. This 

process is primarily mediated by integrins—transmembrane receptors that serve as 

mechanical and biochemical linkers between the ECM or biomaterial surface and the cell’s 

actin cytoskeleton [94,95]. 

Integrins interact with adsorbed to the biomaterial’s surface proteins, such as fibronectin, 

vitronectin, and collagen, that spontaneously coat the surface due to exposure to biological 

fluids [96]. Upon ligand binding, integrins cluster into specialized regions of the membrane 

known as focal adhesions. These adhesion complexes recruit intracellular adaptor proteins 

such as talin, paxillin, and vinculin, which connect to actin filaments and trigger 

mechanotransduction pathways [97,98]. This signaling cascade enables the cell to sense 

surface stiffness, topography, and chemical composition, thereby regulating their behavior 

[94]. 

 In the research work presented in this dissertation, early cell adhesion was evaluated 

through two types of experiments: analysis of adhered cells after 1-5 h of cell culture on 

scaffolds and focal adhesion point staining after 3 days of cell culture, targeting paxillin to 

visualize integrin engagement. Quantitative analysis performed using CLSM included cluster 

size, distribution, and signal density—metrics that provide insights into the strength and 

organization of cell attachment to the scaffold. The schemes presenting the protocols for 

initial adhesion and focal adhesion point analysis are shown in Figure 5. 
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Figure 5. Schematics presenting protocols for cell culture, staining, and imaging of desired cell 

structures, allowing the analysis of initial adhesion and focal adhesion points.  

 

2.2. Cell Viability and Migration  

 Following initial adhesion, two critical aspects of a successful scaffold–cell interface 

are cell viability and migration. These processes not only reflect the cytocompatibility of the 

material but also its ability to support dynamic cellular behavior necessary for tissue 

regeneration. A scaffold that supports adhesion but compromises viability, or that allows cell 

survival without enabling movement and tissue integration, cannot fulfill its role in 

regenerative applications. 

 Cell viability refers to the ability of cells to maintain metabolic activity and structural 

integrity in response to contact with the biomaterial. As mentioned in the previous section, it 

is commonly assessed using quantitative assays such as MTS, MTT, or resazurin-based tests, 

which measure metabolic enzyme activity, giving the number of living cells [99]. However, it 

is important to note that increased metabolic activity or proliferation does not always equate 
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to a positive biological response. Cells under stress can exhibit compensatory proliferation or 

altered metabolism, which may mask cytotoxic or pro-inflammatory effects of the material 

[100,101]. Therefore, proliferation alone can be misleading if not interpreted in the context 

of other indicators of cell behavior. To overcome this limitation, a more comprehensive 

approach is required that combines viability and proliferation assays with additional 

techniques. This multi-parameter evaluation enables a more accurate understanding, allowing 

for differentiation between true bioactivity and stress-induced proliferation or survival.  

 Cell migration, on the other hand, is a highly dynamic and coordinated process driven 

by actin remodeling, integrin turnover, and the disassembly and reformation of focal 

adhesions [102,103]. For a scaffold to facilitate tissue regeneration, it must allow cells not only 

to attach and survive but also to infiltrate into its 3D architecture. As already mentioned, 

migration is often assessed via scratch assays, transwell migration tests, or live-cell imaging 

[104,105]; however, in the case of fibrous scaffolds, z-stack confocal imaging or SEM cross-

sections help determine the penetration depth. An overview of these complementary assays 

is schematically illustrated in Figure 6.  

The scratch assay is a straightforward 2D method used to measure collective cell migration. A 

uniform gap is created in a cell monolayer, and the rate of gap closure indicates the cells' 

migratory ability. However, this assay does not replicate the conditions of 3D fibrous tissue 

environments. The scratch assay is particularly useful for evaluating drug delivery systems in 

wound healing applications. For example, cell migration significantly increased in the presence 

of hyaluronic acid released from electrospun poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 

(PHBV) fibers, proving the effect of accelerated wound closure [93].  

Furthermore, Wu et al. used a standard transwell migration assay in which rat bone marrow 

mesenchymal stem cells (BMSCs) were seeded in the upper insert and silk fibroin electrospun 

scaffolds, either coated with polydopamine (PDA) or peptide-grafted (E7 peptide), were 

placed in the lower chamber in Dulbecco’s modified Eagle’s medium (DMEM) [106]. After 12 h, 

BMSCs that traversed the porous membrane were fixed and stained. Then, migrated cells 

were counted, providing a quantitative result of scaffold-induced effect. Cells migrate 

downward because the functionalized scaffolds generate chemotactic and affinity cues, where 
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PDA improves cell–material interactions, and the E7 peptide presents BMSC-binding motifs 

that attract cells.  

To verify that cells truly infiltrate a fibrous scaffold (not just migrate on the surface), the 

research presented in this dissertation combines CLSM and SEM investigation. For CLSM, fixed 

samples with stained actin filaments and nuclei were scanned as Z-stacks, and the images 

were acquired with consistent excitation/detection settings across samples. Depth profiles 

were computed by averaging the fluorescence intensity through the stack. The first plane from 

the top of the sample with in-focus nuclei marks the scaffold surface layer, and the breadth 

and tail of the depth profile show the extent of cell infiltration. SEM provides complementary 

information about cell penetration into scaffolds. Samples after fixation, graded ethanol 

dehydration, hexamethyldisilazane (HMDS) drying, and a thin conductive coating (∼8 nm Au), 

were imaged from the top and bottom of the scaffold; cross-sections were prepared by scalpel 

cutting of the scaffold midline before coating. The presence of cells on the top surface, within 

cross-sections, and on the bottom allows for confirmation of penetration and corroborates 

CLSM depth profiles. In addition, CLSM enables high-resolution 3D live imaging of cells on 

electrospun fibers. It is reported that by combining CLSM with resonance scanning and 

fluorescent dyes, it is possible to visualize, in real time, the spatial distribution, morphology, 

and dynamic intracellular calcium activity of live cells cultured on electrospun poly(lactic-co-

glycolic acid) (PLGA) scaffolds [107]. 
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Figure 6. Illustration of cell migration assays used in tissue engineering of electrospun 

scaffolds: scratch test, transwell migration assay, in-depth CLSM of the scaffold (z-direction 

imaging), live-cell CLSM, and SEM cross-sectional imaging of the scaffold.  

 

2.3. Cell Morphology Assessment via SEM and CLSM 

 Beyond migration, the assessment of cell morphology provides insights into how cells 

interact with electrospun scaffolds. Cell shape and cytoskeletal organization are indicators in 

cell condition investigations. As already mentioned, SEM enables the visualization of fixed 
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cells; however, when performed at multiple time points, it provides a valuable overview of 

cytoskeleton and filopodia development. When cells are spread and stretched on the fibers, 

using them to communicate with other cells, it can be concluded that the material is favorable 

for cell development. Moreover, with SEM, it is possible to connect specific material 

topography characteristics and cell response simultaneously, which is the main advantage 

compared to other imaging techniques. Metwally et al. presented a study in which electrospun 

polycaprolactone (PCL) fibers with smooth and porous surfaces were analyzed in the context 

of cell-material interaction. It was shown that cells growing on the porous scaffolds formed a 

higher number of filopodia, indicating a preference for rough surfaces for their attachment 

[27]. Beyond that, SEM together with energy-dispersive spectroscopy (EDS) allows for precise 

indication of the changes in chemical composition, for instance, the formation of calcium 

apatite in osteoblast cells, as it was performed after 7 days of cell culture on poly(vinylidene 

fluoride) (PVDF) fibers [26]. 

 CLSM is a primary tool for visualizing the actin cytoskeleton and cell shape on 

biomaterials. With fluorescent phalloidin for F-actin and nuclear counterstains, CLSM reveals 

filopodia and cell spreading. Airyscan (a super-resolution CLSM mode) further sharpens these 

results, revealing cell–material interfaces through focal adhesion markers (e.g., paxillin, 

vinculin) imaged together with actin [108]. Berniak et al. presented that Airyscan enabled 

quantification of nanoscale adhesion organization on fibers versus glass. They uncovered that 

paxillin and vinculin form numerous, smaller, more elongated clusters on fibers, with 

systematic shifts between their intensity maxima, which is evidence for material-dependent 

adhesion. These distributions were extracted using intensity profiling and nearest-neighbor 

analysis, which transformed CLSM images into quantitative data. CLSM also interrogates 

function, not just structure. For example, it was shown that keratinocytes grown on 

cholesterol-enriched electrospun scaffolds take up a fluorescent cholesterol and transport it 

to the perinuclear region [109]. In the same samples, cell replication was quantified by 5-

ethynyl-2′-deoxyuridine (EdU) incorporation. These results led to a link between molecular 

delivery from the scaffold and a measurable cellular response in situ. 

 To summarize, SEM and CLSM offer complementary views of cell–material 

interactions. SEM gives high-resolution surface images that reveal cell shape, spreading, 

filopodia formation, and how cells physically anchor to individual fibers. Cross-sections can 
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confirm whether cells have penetrated the scaffold. CLSM provides depth-resolved, 3D 

information by staining nuclei, the actin cytoskeleton, and focal-adhesion proteins, enabling 

the quantification of cell distribution and infiltration throughout the scaffold thickness. 

Additionally, it can track functional responses that affect cell morphology, such as cellular 

uptake of fluorescent molecules.  

 

3. Electrospinning of Scaffolds for Tissue Engineering 

One of the most promising fabrication techniques for scaffolds is electrospinning, due to 

its unique ability to produce fibers with diameters ranging from a few nanometers to several 

micrometers—comparable to the native ECM components such as collagen (∼500 nm), elastin 

(∼400 nm), or fibronectin (∼2 nm) [27,110]. These fiber dimensions enable electrospun 

materials to closely replicate the structural and topographical cues of the natural ECM, which 

are known to regulate key cell behaviors [29]. Unlike 3D printing or salt-leaching techniques, 

electrospinning enables the continuous formation of interconnected fibrous networks that 

can be functionalized with bioactive agents and tuned in terms of mechanical properties, 

degradation rate, or surface chemistry.  

Electrospinning is a fiber fabrication process that employs electrostatic forces to generate 

fine polymer fibers. It involves applying a high voltage between a polymer solution (or melt) 

held in a syringe, which ends with a nozzle and a grounded collector, as presented in Figure 7, 

where the scheme of the electrospinning set-up is schematically introduced. Once the 

electrostatic force overcomes the surface tension of the droplet at the nozzle tip, a charged 

jet forms and extends in the direction of the electric field, resulting in fiber formation. As the 

solvent evaporates during the polymer jet stretching, solid fibers are deposited on the 

collector [111,112]. The process parameters, such as voltage, flow rate, polymer 

concentration, nozzle–collector distance, and ambient conditions, significantly influence fiber 

morphology, diameter, and surface features [113]. Electrospinning also allows the fabrication 

of complex fiber designs, such as core–shell, Janus, composite, or porous fibers, enabling 

controlled delivery of biological agents and advanced scaffold functionality [114–117]. Hence, 

the following sections discuss electrospinning modifications that were applied and further 
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presented in detail in the experimental part of this dissertation, in Chapter 6. These 

modifications include:  

• investigation on the influence of voltage polarity on fiber surface charges, 

• core-shell fiber design for the modulation of mechanical and surface properties of 

fibers, 

• fabrication of composite polymer fibers with incorporated conductive fillers. 

Figure 7. Schematic of the electrospinning set-up. A high-voltage supply is applied to a nozzle. 

A syringe pump controls the flow rate of the polymer solution. An environmental chamber 

with controlled relative humidity (RH) and temperature (T), where the electrospinning takes 

place, allows for reproducibility of the produced fibers. A polymer solution is pushed from the 

syringe through the tubing, which ends with a nozzle through which the polymer solution is 

exerted, and creates a jet due to electric field forces. A grounded collector is placed in front 

of the nozzle to collect polymer fibers.  

 

3.1. Voltage Polarity Effect in Electrospinning 

 As noted above, electrospinning is driven by a high-voltage electric field between the 

needle and collector [118]. When a polymer solution forms a droplet at the end of the nozzle, 
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it proceeds through deformation of the pendant droplet into a cone–jet, driven by the 

accumulated surface charge. This is followed by the creation of a straight jet, and later, jet 

thinning is accompanied by bending (whipping) instabilities. Lastly, solidification and 

deposition of the jet take place as solid fibers on a grounded collector [119]. Here, the 

electrical potential difference between the nozzle and the collector causes the transport of 

charges, positive or negative, depending on the electrical polarity applied to the nozzle [120]. 

It is crucial at the stage when the polymer solution is unsolidified. Polar polymers, which 

contain permanent dipole moments due to their molecular structure, respond by attempting 

to align their dipoles in reaction to surrounding external charges. It has already been reported 

for polymers such as nylon 6 (PA6) [121], polycarbonate (PC) [122], PCL [36], poly(methyl 

methacrylate) (PMMA) [123], PVDF [124]. For instance, for a positively charged nozzle, 

positive charges dominate the jet surface. Electronegative groups (e.g., oxygen or fluorine 

atoms within polymer chains) are attracted toward the surface, driven by the field’s direction. 

Conversely, with a negatively charged nozzle, negative charges on the jet surface repel these 

electronegative segments, realigning them toward the jet’s interior, while more 

electropositive segments orient toward the surface [113]. Significantly, not only will polar 

polymers be affected by the applied voltage polarity, but also widely used polyelectrolytes, 

natural ones such as alginates, and synthetic ones like polyacrylic acid [120,121]. This physical 

phenomenon occurring during electrospinning of polymers is schematically illustrated in 

Figure 8, where a negative voltage polarity is shown as an example.  
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Figure 8. Schematic of polymer chain reorientation during electrospinning under negative 

voltage polarity. A) Pendant drop at the nozzle tip. B) Surface charge accumulation on the 

droplet. C) Formation of the jet. D) Deposition of fibers on the grounded collector (counter 

electrode) with polymer chains reoriented at the fiber surface. Reproduced from the Ref. 

[113]. 

 

 Moreover, the surface potential of fibers discussed in Sections 1.1 and 1.2 arises from 

a combination of intrinsic polymer properties, such as dipole orientation and chemical 

functional groups, and processing conditions during fiber fabrication [27,36,62,122]. 

Parameters such as solvent selection, applied voltage, and polarity during electrospinning can 
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induce surface charge accumulation and molecular polarization [114,123,124]. These 

modifications do not necessarily affect the scaffold morphology, yet they create substantial 

differences in electrostatic properties that can strongly influence cellular responses.  

In the later discussed studies, it was investigated how one of the most commonly used 

polymers in tissue engineering, poly(L-lactide) (PLLA), behaves when electrospun with positive 

and negative voltage polarities. The effect of polarity was linked to the surface potential and 

the piezoelectric properties of fibers, as well as insights into osteoblast cell response to these 

effects.  

 

3.2. Core-Shell Fibers 

 Several challenges in tissue engineering can be overcome by the application of core–

shell fibers. This distinctive electrosinning modification, where two concentric fluid streams 

form a single polymer cone and a continuous core–shell jet, enables the use of different 

materials in the inner core of the fiber and an outer shell. The functionality of this type of fiber 

can be used in drug delivery systems [125]. The shell serves as a diffusional and/or degradable 

barrier that protects from the burst release of substances loaded in the core [126,127]. 

However, it is highly challenging to control the release rate and diffusion mechanisms because 

these processes are influenced by numerous variables, both environmental when applied but 

also dictated by the fiber’s properties themselves. A compelling example of advanced drug 

delivery design was demonstrated by Tiwari et al., who utilized coaxial-electrospinning to 

fabricate core–shell fibers for partition-controlled release of hydrophilic drugs [128]. It was 

explored how the combination of a hydrophilic drug-loaded polymer core and a hydrophobic 

polymer shell can be leveraged to modulate release kinetics. Metoclopramide hydrochloride, 

encapsulated within a polyvinyl alcohol (PVA) core and surrounded by different shell 

polymers, such as PCL, PLLA, or poly(lactide-co-glycolide) (PLGA), was investigated. The results 

showed that shell composition and porosity are critical determinants of the release profile.  

 Interestingly, specifically for bone tissue engineering, besides the possibility of loading 

core-shell fibers with active biomolecules in the core for sustained release, this system can 

also be used for incorporating particles into the outer layer of fibers. Karbowniczek et al. have 
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shown that core-shell fibers, where the core of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 

(PHBV) was coated with TiO2 (cPHBV+TiO2) nanoparticles in the shell, promoted better 

osteoblast proliferation and collagen production than both pristine PHBV and blend 

electrospun PHBV/TiO2 (bPHBV+TiO2) scaffolds [115]. The co-axial electrospinning ensured 

the uniform distribution of nanoparticles in the shell layer, as illustrated by EDS mapping in 

Figure 9b,d. To compare, in Figure 9a,c, it is evident that for blend fibers, bPHBV+TiO2, 

formation of embedded in the bulk agglomerations of TiO2 took place. Importantly, the 

average diameter of all the fibers was kept constant, allowing for a comparison of the 

mechanical properties of the scaffolds. Additionally, particle distribution analysis showed that 

blend electrospinning resulted in a heterogeneous TiO₂ distribution along the fibers, with 

frequent large aggregates (> 5 µm²), where co-axial electrospinning yielded composite fibers 

with uniformly surface-localized nanoparticles, and the mean aggregate area remained ≤ 0.3 

µm² (violin plot presenting the results is in Figure 9e. This uniform nanoparticle distribution 

strategy within the core-shell design enhanced osteoblast responses, characterized by 

increased proliferation and collagen expression, suggesting promising outcomes for bone 

tissue engineering.  

Figure 9. Particle distribution in composite electrospun fibers. a), b) SE-SEM (SE-Secondary 

Electron) images with EDS maps for bPHBV+TiO₂ and cPHBV+sTiO₂, respectively, showing 
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carbon (blue) and titanium (green). BSE-SEM (BSE-Backscattered Electron) images of c) 

bPHBV+TiO₂, d) cPHBV+sTiO₂, highlighting TiO₂ aggregate contrast. e) Violin plot of TiO₂ 

aggregate areas in blend and core-shell fibers. Reproduced from the Ref. [115]. 

 Nonetheless, in core-shell design, the problem of miscibility between two polymeric 

materials used in the core and shell has been overlooked in the literature, resulting in a lack 

of analysis on the surface properties of this type of fibers. This knowledge gap was addressed 

in this thesis through an analysis of the broad spectrum of properties, including both single 

fibers and mats. For the experimental part of this thesis, the core-shell PC-PMMA system was 

chosen. These materials were selected because PMMA is known for its biocompatibility, but 

the brittleness of this polymer makes it challenging to apply in tissue engineering. While PC 

shows outstanding mechanical properties, it was selected as a core material for the fibers. 

Two materials with dissimilar mechanical properties were paired to reduce the intrinsic 

brittleness of PMMA. Surface potential, topography, chemistry, wettability, and mechanical 

properties were integrated to provide a comprehensive picture of cell–material interactions, 

as further discussed in detail.  

 

3.3. Composite Fibers  

 Bioactivity can be introduced into electrospun fibers through several strategies. One 

common approach involves blending synthetic polymers with other natural ones, such as 

collagen, gelatin, or chitosan, which provide cell-binding motifs by affecting the fiber surface 

properties [129]. Another method incorporates bioactive inorganic components, such as 

hydroxyapatite, calcium phosphates, or silica nanoparticles, to promote osteogenesis and 

mechanical stiffness or antibacterial properties of scaffolds [130,131]. Additionally, growth 

factors, peptides, and drugs can be encapsulated within fibers to offer sustained delivery of 

biological signals over time [126,127,132,133]. Recent advances have explored the use of 

electroactive fillers, such as reduced graphene oxide (rGO), carbon nanotubes (CNTs), or 

MXenes, which impart conductivity or piezoelectricity to the scaffold, enabling electrical 

stimulation or mechanotransduction-based signaling [30,134–138]. As noted in Chapter 2, the 

piezoelectric properties of the scaffold are specifically crucial for bone tissue engineering, and 

composite fibers with enhanced electrical properties appear to be a promising option. 
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 Although rGO and Mxene have been investigated as fillers incorporated into polymer 

scaffolds for tissue engineering, their effect on the surface properties of fibers has not been 

explored. Moreover, a comprehensive analysis of the two was never given. These observations 

motivated an analysis of filler-dependent surface charge and single-fiber/single-cell 

interactions. PLLA was selected as the matrix polymer for these composite scaffolds, which 

was already well characterized in previous studies.  
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4. Aim of the Study 

 The study aimed to investigate fundamental aspects of cell–material interactions in 

electrospun scaffolds for bone tissue engineering, with a particular focus on the role of surface 

charge and its modulation through fiber design and electrospinning parameters. 

The research combined design and fabrication of scaffolds, including single-material, 

composite, and core–shell fibers, with comprehensive multi-scale characterization and 

biological evaluation. The thesis objectives were defined as follows: 

1. Determine how applied voltage polarity during electrospinning governs the surface 

potential and piezoelectric response of electrospun PLLA fibers, and establish how the 

resulting electrostatic cues regulate osteoblast adhesion, focal adhesion sites 

formation, cell proliferation, and collagen formation. 

2. Verify whether polymer miscibility in core-shell PC-PMMA electrospun fibers alters 

surface potential, surface chemistry, wettability, and mechanical properties, and how 

osteoblasts will respond to those variations at the single-fibre and single-cell scale. To 

achieve this, develop and apply a confocal microscopy protocol for paxillin 

immunostaining in osteoblasts, along with quantitative measurements of focal 

adhesion signal intensity.  

3. Compare reduced rGO and MXene as 2D conductive nanofillers in PLLA fibers, 

quantifying how each alters the surface characteristics of fibers, including surface 

potential, filler dispersion, mechanical properties of scaffolds, and establishing the 

resulting effects on osteoblast attachment. Study comprehensive biological responses 

with the focus on focal adhesion point formation in the fiber regions enriched with 

fillers via CLSM. 
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6. Summary of the Articles Included in the Publication 

6.1. Strategies in Electrospun Polymer and Hybrid Scaffolds for Enhanced Cell Integration 

and Vascularization for Bone Tissue Engineering and Organoids 

 To establish a solid foundation for the experimental phase of my research, I conducted 

a comprehensive review of strategies for electrospun polymers and hybrid scaffolds that 

enhance cell integration and vascularization, particularly in bone tissue engineering and 

organoid systems. Importantly, the review integrates both engineering and biological 

perspectives, providing a structured discussion on how scaffold properties can be optimized 

to support the formation of vascularized tissue. It includes numerous examples and 

comparative analyses of systems tested in vitro and in vivo, providing a practical guide for 

future scaffold design in regenerative medicine.  

 This review analyzed the hierarchical structure of bone, the importance of 

neovascularization in tissue regeneration, and the limitations of conventional scaffolding 

methods regarding porosity and oxygen delivery. It explored recent advances in 

electrospinning modifications to improve scaffold architecture and vascularization potential. 

Among the electrospinning techniques discussed are air-based fiber focusing, where coaxial 

airflow is applied at the nozzle to manipulate fiber trajectory and reduce stacking density, and 

air impedance electrospinning, which utilizes perforated collectors to control fiber deposition 

through modulated airflow. Other methods include the incorporation of sacrificial fibers or 

porogens into the scaffold matrix, which can be later dissolved or removed to leave behind 

pores. Additionally, cryogenic electrospinning involves depositing fibers onto a dry ice-filled 

collector to maintain loose, open structures. Wet electrospinning into a liquid bath also 

prevents the formation of tight fiber compaction, supporting the creation of more porous 

networks. Additionally, patterned collectors and reduced nozzle-to-collector distances in 

near-field electrospinning are employed to control fiber alignment and inter-fiber spacing with 

higher precision. These architectural modifications, illustrated in Figure 10, reflect the 

evolving capabilities of electrospinning to address one of its primary challenges—insufficient 

fiber spacing—while preserving fiber continuity and microscale morphology. 

 Moreover, challenges in pre-vascularization strategies, selection of cell types, 

evaluation methods for vascular network formation, and the integration of scaffolds with 
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bone organoid models were also discussed. This literature study inspired my experimental 

work, which focused on the fabrication of electrospun scaffolds with controlled properties, 

with a special emphasis on tuning the surface charge and evaluating osteoblast responses to 

the physicochemical characteristics of the fibers. 

 

Figure 10. Schematic illustration of electrospinning-based scaffold fabrication strategies and 

approaches to improve scaffold porosity for promoting better vascularization in tissue 

regeneration processes.  

 

6.2. PLLA Scaffolds with Controlled Surface Potential and Piezoelectricity for Enhancing Cell 

Adhesion in Tissue Engineering 

 The electroactive properties of biomaterials, such as surface potential and 

piezoelectricity, have emerged as promising physical cues to regulate cell behavior in tissue 

engineering [25,139–141]. These properties can influence protein adsorption and cell–

material interactions, thereby affecting processes such as adhesion, proliferation, and 

differentiation [142–144]. Among synthetic biodegradable polymers, PLLA is particularly 

attractive due to its inherent piezoelectricity, which arises from its chiral molecular structure 
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[145]. However, conventional fabrication methods do not optimize this functionality. In 

electrospinning, the application of a high-voltage electric field provides a unique opportunity 

to align polymer chains at the molecular level, potentially enhancing the electroactive 

response of the resulting fibers [146]. By modifying the polarity of the applied voltage, it is 

possible to influence both the surface charge distribution and piezoelectric performance of 

the scaffold, offering a possibility to tune cell–material interactions without additional 

chemical modification [147–149]. This study investigated the influence of the polarity of the 

applied voltage during electrospinning on the surface potential and piezoelectric behavior of 

PLLA fibers, as well as how these properties affect early osteoblast adhesion.  

 Two types of PLLA scaffolds were fabricated using identical electrospinning conditions, 

with the only variable being the polarity of applied voltage: positive (PLLA+) and negative 

(PLLA-). Both scaffold types displayed comparable fiber morphology, diameter, and random 

orientation, ensuring that observed differences were due to electrostatic factors rather than 

other variation. KPFM revealed a significant difference in surface potential: PLLA+ fibers 

exhibited a surface potential of 589 ± 109 mV, while PLLA- 294 ± 62 mV, presented in Figure 

11A as maps of single fibers confirming similar fiber topography and differences in surface 

charge. This two-fold increase in surface potential for PLLA+ scaffolds was attributed to 

reorientation of polymer chains induced by the voltage polarity during fiber formation. 

Complementary piezoresponse force microscopy (PFM) measurements confirmed that PLLA+ 

also had a higher piezoelectric coefficient, reinforcing the correlation between voltage polarity 

and fiber properties. To evaluate the biological relevance of these differences, MG-63 

osteoblast-like cells were seeded on both scaffold types and, after 5 hours of incubation, fixed 

and stained with DAPI to visualize cell nuclei. CLSM was used to capture images of the 

scaffolds, and the number of adhered cells was quantified by counting DAPI-stained nuclei. 

The results showed that PLLA+ scaffolds supported significantly more adherent cells than 

PLLA- (Figure 11B), confirming that increased surface potential and piezoelectric response 

contribute to improved early-stage osteoblast adhesion. 
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Figure 11. A) Topographical and surface potential characterization of electrospun PLLA fibers 

produced under opposite voltage polarities. B) Graph presenting the number of adhered MG-

63 cells on the scaffolds after 5 hours of cell culture, based on DAPI-stained nuclei counted 

from CLSM images. Statistical analysis was performed using one-way ANOVA; results show a 

significant difference (p < 0.05) between groups.  

 This work established that electrospinning polarity is a powerful tool for engineering 

surface charge and piezoelectricity in polymer scaffolds, without requiring additional chemical 

modification. These insights laid the groundwork for subsequent studies in this dissertation, 

where the modulation of surface charge was further expanded using different approaches. 

 

6.3. Interfacial Blending in Co-axially Electrospun Polymer Core–Shell Fibers and Their 

Interaction with Cells via Focal Adhesion Point Analysis 

 Coaxial electrospinning is widely utilized in biomedical applications, particularly in drug 

delivery systems, where the primary objective is often to control the diffusion of core-loaded 

agents over time [115,126,132]. While considerable effort has been devoted to tailoring the 

release kinetics through core–shell architecture, the actual composition and surface chemistry 

of co-axially electrospun fibers immediately after fabrication have remained poorly 

investigated [150–152]. Despite the common assumption that the outer shell governs initial 

cell–material interactions, no prior study has directly demonstrated whether and to what 

extent the core material diffuses through the shell during electrospinning, and whether this 
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diffusion is sufficient to alter surface chemistry and electrostatic properties. Critically, the 

question of whether such interfacial blending affects surface potential, or whether cells can 

detect and respond to these subtle chemical changes, has never been experimentally verified. 

This study addresses this fundamental gap by characterizing the surface composition and 

charge in core-shell fibers and investigating their influence on osteoblast adhesion via focal 

adhesion point formation. Figure 12 presents the conceptual framework of this study. 

 

Figure 12. Graphical presentation of the conceptual framework of the study, illustrating core-

shell design of fibers, surface property modulation, and the resulting cell–material 

interactions. Full names of the polymers and solvents used for polymer solutions: PMMA - 

poly(methyl methacrylate, PC – polycarbonate, DMAC - N,N-dimethylacetamide, DMF - N,N-

dimethylformamide. 
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 In this study, PMMA and PC-PMMA core–shell fibers were fabricated to investigate 

how interfacial blending, caused by polymer diffusion during electrospinning, affects the 

surface properties, mechanical properties, and cellular response of the resulting scaffolds. 

SEM analysis confirmed uniform, bead-free morphologies with average fiber diameters of 

2 ± 0.35 µm for PMMA and 4.94 ± 0.88 µm for PC-PMMA. Contact angle measurements 

indicated that both scaffolds remained hydrophobic (~121° for PMMA and ~125° for PC-

PMMA). FTIR and DSC confirmed the presence of both polymers in the core–shell structure, 

while XPS analysis revealed the diffusion of PC into the outer surface of the fibers. Notably, 

this diffusion altered the fiber surface chemistry, reducing the surface potential from ~650 mV 

(PMMA) to ~500 mV (PC-PMMA), as measured by KPFM. Mechanical testing revealed that PC-

PMMA fibers exhibited toughness over 50 times greater and an elongation at break more than 

10 times higher than PMMA mats, demonstrating enhanced ductility due to the PC core. 

 Cell culture studies with MG-63 osteoblasts were conducted to assess how these 

surface and mechanical differences influenced cell proliferation and focal adhesion formation. 

After 7 days, PMMA fibers supported 28% higher cell viability than PC-PMMA. SEM and CLSM 

imaging corroborated these findings: osteoblasts on PMMA formed dense, confluent layers, 

while those on PC-PMMA were more elongated and sparse. 

 To gain deeper insight into the biological interaction, focal adhesion sites were 

immunostained for paxillin and imaged using super-resolution Airyscan confocal microscopy. 

Here, single-cell and individual fiber analysis were performed, allowing for the decoupling of 

the mechanical properties of the whole scaffold from those of the fiber surface. Quantitative 

analysis revealed that the paxillin signal on PC-PMMA fibers was around 7 times lower than 

on PMMA fibers, indicating a significant decrease in the number and density of focal adhesion 

points, as presented in Figure 13. This difference was attributed to the altered surface 

potential and chemical composition caused by PC diffusion through the shell during the coaxial 

electrospinning process. Although focal adhesion formation on the glass was similar for both 

samples (as internal controls), the interaction with the fibers differed substantially, 

highlighting the surface-specific cell response. 
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Figure 13. Representative images of paxillin-stained MG-63 osteoblasts cultured on PMMA 

A)–D) and PC-PMMA E)–H) fibers. A), E) Wide-field Airyscan super-resolution microscopy 

images showing the overall distribution of focal adhesion points. B), F) Higher magnification 

views of individual cells on single fibers. C)–D), G)–H) Intensity profiles of paxillin signal across 

selected regions (white boxes). PMMA-cell interaction exhibits dense and continuous focal 

adhesion clustering C)–D), while cells on PC-PMMA fibers show sparse and less structured 

signal patterns G)–H), indicating reduced adhesion site formation. 

 These results emphasize that even minor interfacial blending in coaxial fibers can 

drastically alter cellular interactions through modifications in surface charge and chemistry. 

Therefore, while core–shell designs offer a route to tailor scaffold properties, careful control 

of core–shell miscibility is crucial to preserve desired surface bioactivity for tissue engineering 

applications. 

 

6.4. Modulating Cell Adhesion and Infiltration in Advanced Scaffold Designs Based on PLLA 

Fibers with rGO and MXene (Ti₃C₂TX) 

 As already discussed, electrospun scaffolds are increasingly used in tissue engineering 

due to their fibrous architecture and tunable microstructure. However, their dense networks 

often limit cell infiltration and restrict spatial integration [153,154]. In recent years, two-

dimensional (2D) nanomaterials, such as rGO and MXenes (particularly Ti₃C₂Tₓ), have garnered 

increasing interest for biomedical applications due to their exceptional conductivity, potential 

for surface functionalization, and bioactive interfaces [155–160]. Although both materials 
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have been independently explored in tissue engineering contexts, their direct incorporation 

into polymeric scaffolds, and especially their comparative effects on scaffold electroactivity 

and architecture, were unexplored. rGO is known for increasing surface roughness and 

supporting protein adsorption [161], while MXenes offer high surface charge density and 

hydrophilicity due to their termination groups [162–164]. The novelty of this study lies in using 

these two 2D fillers in electrospun PLLA fibers to verify how their presence alters the physical 

and electrostatic properties of scaffolds and how these changes modulate osteoblast adhesion 

and infiltration. This direct comparison provides insight into how physicochemical properties 

and distribution of fillers influence cell–material interaction and scaffold performance.  

 The conceptual framework of this research is presented in Figure 14, illustrating how 

conductive fillers modulate surface charge, thereby impacting osteoblast infiltration. 

Incorporating fillers into PLLA resulted in distinct changes in fiber arrangement, as repulsion 

forces induced by the filler surface charge increased inter-fiber spacing and introduced 

irregularities in fiber packing. This architectural transformation is particularly evident in PLLA-

Ti₃C₂TX scaffolds, where Ti₃C₂TX agglomerates created the most open and porous scaffold’s 

structure due to their high inherent surface charge and fiber-fiber repulsion effect [121]. 

 

Figure 14. Conceptual scheme of the study on the effect of conductive fillers (rGO and Ti₃C₂TX) 

on PLLA electrospun fiber surface charge, architecture, and resulting osteoblast response of 

cell infiltration throughout the scaffold. 
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 KPFM analysis showed that PLLA-Ti₃C₂TX fibers exhibited a surface potential shift 

exceeding 400 mV, significantly higher than the ~50 mV shift observed with rGO addition 

compared to PLLA fibers. It is a direct effect of filler incorporation in the fibers. These 

substantial differences in surface potential directly affect cell–material interactions, 

supporting the hypothesis that local charge environment plays a pivotal role in guiding early 

osteoblast behavior. Mechanical testing demonstrated that the incorporation of fillers 

compromised the tensile strength and toughness of the scaffolds, with tensile strength 

decreasing by 55% with rGO and by 81% with Ti₃C₂TX, while toughness declined by 57% and 

88%, respectively. Confocal microscopy and z-stack analysis (Figure 15) demonstrated that 

Ti₃C₂TX scaffolds supported the deepest and most uniform osteoblast infiltration (~125 μm), 

followed by PLLA-rGO (~100 μm), while pristine PLLA limited infiltration to ~70 μm. The 

enhanced infiltration in Ti₃C₂TX scaffolds correlates with both their higher surface potential 

and changed scaffold architecture. High-resolution confocal imaging further revealed 

differences in focal adhesions. PLLA-Ti₃C₂TX scaffolds promoted the formation of large, 

elongated adhesion clusters, while PLLA-rGO increased the density of localized focal adhesion 

points. These results highlight how filler type not only modulates surface charge but also 

dictates the spatial organization of cell–material anchoring structures, which are crucial for 

stable adhesion. SEM cross-sectional analysis confirmed the confocal results, showing dense 

layers of cells that penetrate deeper into PLLA-Ti₃C₂TX scaffolds, in contrast to the more 

superficial colonization observed in pristine PLLA. The improved infiltration and robust 

adhesion structures in modified scaffolds are directly linked to surface charge differences in 

filler-containing fibers, which create larger inter-fiber gaps and more accessible paths for cell 

migration. 
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Figure 15. Analysis of osteoblast nuclei and actin signal intensity at different z-stack depths on 

PLLA, PLLA-rGO, and PLLA-Ti₃C₂TX scaffolds after 7 days of culture, with 0 μm corresponding 

to the scaffold surface. A) Graph of nuclei channel (DAPI) signal and B) actin channel (Alexa 

Fluor 488 Phalloidin) signal, obtained from confocal laser scanning microscopy (CLSM) of 

stained samples. C) Illustration showing the experimental setup for top and bottom imaging 

of the samples. D1)-D6) SEM images depicting osteoblast distribution on PLLA (D1, D4), PLLA-

rGO (D2, D5), and PLLA-Ti3C2TX (D3, D6) scaffolds, with D1)-D3) representing the top and D4-D6 

the bottom view, highlighting differences in cell infiltration among the scaffolds. 

 To summarize, this study demonstrates that controlling the type and distribution of 

fillers within electrospun fibers is an effective strategy to modulate scaffold surface charge 

and architecture, which in turn dictate osteoblast adhesion, focal adhesion cluster formation, 

and infiltration depth. While challenges remain regarding mechanical strength and long-term 

biocompatibility of conductive fillers, these findings establish a crucial link between 

electrospinning parameters, local surface properties, and biological performance. 



49 
 

7. Concluding Remarks and Future Directions 

 This thesis advances the design of scaffolds for bone tissue engineering and the 

understanding of cell–material interactions by identifying surface property as a key physical 

parameter that can be modulated through fiber design and electrospinning conditions. Using 

a combination of single-material, composite, and core–shell electrospun fibers, I 

demonstrated that scaffold properties, controlled via voltage polarity, filler incorporation, and 

core–shell design, have a measurable impact on osteoblast adhesion, focal adhesion 

organization, and infiltration depth. Importantly, these findings are broadly transferable 

beyond bone tissue engineering; they provide insights for the development of engineered 

scaffolds for a variety of tissues and across diverse biomedical contexts. Moreover, the 

observation that interfacial blending of polymers can occur in core–shell fiber systems has 

significant implications for drug delivery platforms, where such fibers are widely used, often 

without a complete understanding of the potential for core–shell mixing to influence release 

profiles and material performance. Thus, this work underlines critical considerations for the 

broader application of electrospun fibers in biomedical engineering and therapeutic systems. 

 The findings presented in this dissertation demonstrate that surface properties are a 

powerful, tunable parameter in scaffold design, influencing critical early cellular events. By 

applying positive versus negative voltage polarity during electrospinning of PLLA, fibers with 

surface potential of 589 ± 109 mV (PLLA+) and 294 ± 62 mV (PLLA-) were fabricated, with the 

PLLA+ supporting significantly greater osteoblast adhesion within 5h (40% higher), as shown 

by DAPI-stained nuclei counts.  

Co-axial electrospinning was employed to fabricate core–shell PC-PMMA fibers. 

Characterization via XPS and KPFM revealed that the diffusion of PC into the PMMA shell 

significantly altered the surface composition, reducing the surface potential from ~650 mV to 

~500 mV. This seemingly minor chemical shift resulted in a nearly 7-fold reduction in focal 

adhesion signal intensity and a 28% decrease in osteoblast viability on PC-PMMA compared 

to PMMA scaffolds.  

Additionally, the incorporation of conductive 2D nanomaterials (rGO and MXene) into PLLA 

scaffolds induced distinct shifts in surface potential. Ti₃C₂TX shifted the potential by over 



50 
 

400 mV, compared to ~50 mV for rGO, and altered the scaffold architecture, resulting in 

enhanced cell infiltration depths of ~125 µm and ~100 µm, respectively, versus only ~70 µm 

in neat PLLA. Notably, MXene-filled scaffolds promoted the formation of larger, elongated 

focal adhesion clusters, while rGO-modified fibers enhanced the density of smaller adhesion 

sites. Both effects are attributable to differences in filler chemistry and resulting charge 

distribution. 

 To summarize, in accordance with the research objectives, I developed three types of 

modifications of electrospun scaffolds, demonstrating that surface potential is a 

programmable property that links fiber design to early osteoblast behavior. First, I 

demonstrated that adjusting the electrospinning polarity tunes the surface potential and 

piezoelectric response of PLLA fibers, thereby regulating the adhesion of osteoblasts. Second, 

I proved that polymer diffusion from the core to the shell in core–shell fibers occurs, further 

altering the surface potential of the fibers. This was followed by cell response analysis, which 

involved quantifying osteoblast adhesion using a single-cell and single-fiber confocal assay 

with paxillin immunostaining, a technique developed specifically for this work. Third, I 

compared electroactive nanofillers in composite fibers and elucidated how their 

physiochemical properties and dispersion alter the surface potential of fibers, their 

mechanical performance, and scaffold architecture, leading to distinct focal adhesion point 

analysis on the single-cell scale and cellular infiltration results.  

 Collectively, these studies establish a coherent framework that links processing, 

surface properties, and cellular responses, alongside a validated imaging strategy for 

quantifying interactions between cells and materials at multiple scales. The outcome is a set 

of practical design rules for tuning electrospun scaffolds through surface charge, core and shell 

chemistry, and filler selection to direct osteoblast behavior relevant to bone tissue 

engineering. 

 Future work should focus on translating these findings into in vivo systems to 

determine the long-term consequences of charge-modulated scaffolds on tissue remodeling, 

immune response, and vascularization. The development of dynamically responsive scaffolds, 

capable of modulating surface charge in response to mechanical or environmental stimuli, 

represents a promising avenue for controlling cell behavior. Finally, expanding this framework 
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to additional cell types and tissue models, and integrating computational modeling to predict 

charge–protein–cell interactions, could further accelerate the rational design of next 

generation bioactive scaffolds. 
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1   |   Introduction

Diseased or damaged bone tissue creates a significant demand 
for bone substitutes for transplantation, making it the second 
most transplanted tissue each year. Hard tissue engineering is 
employed for patients who do not respond to conventional tech-
niques like free flaps for tissue reconstruction. These defects 
could arise from tumor removal, trauma, or congenital condi-
tions (Seppänen-Kaijansinkko  2019). In 2017, approximately 
22.3 million orthopedic surgery procedures were conducted 
worldwide (Collins et  al.  2021). Bone fracture healing is chal-
lenging in large-size defects due to slow and insufficient tissue 
repair, often leading to nonunion, graft rejection, high-cost 
implantation, and chronic pain. Advances in tissue engineer-
ing offer promising solutions, with biomaterials accelerating 
regeneration, activating osteoblastic cells, and enhancing bone 
remodeling. These biocompatible, bioresorbable, and biode-
gradable materials promote osteoconductive and osteoinductive 
properties. Bone tissue engineering aims to achieve rapid and 
optimal functional bone regeneration using a combination of 
biomaterials, growth factors, cells, and other agents or stimuli 
(Kontogianni et  al.  2023). Moreover, several studies indicate 
that organoids are crucial for various tissue repair and biofunc-
tion reconstruction, offering high clinical relevance compared 
to traditional stem cell therapies (Aykora and Uzun  2024). 
However, conventional methods have limited their clinical use. 
Bone organoids, created through the three-dimensional (3D) 
self-assembly of bone-associated stem cells, mimic native bone 
tissue's properties and have gained significant experimental 
support (D. Zhao et al. 2024).

In the realm of bone tissue engineering, scaffolds, cells, and 
growth factors stand as the fundamental building blocks. 
Scaffolds not only mimic the extracellular matrix (ECM) but 
also function as carriers for cells and growth factors. They sig-
nificantly impact the behavior of seeded cells, influencing at-
tachment, migration, and proliferation, thereby determining 
the effectiveness of regenerative treatments. Scaffolds, made 
from natural or synthetic materials or their combinations, offer 
a myriad of advantages. They can incorporate bone progenitor 
cells and growth factors, showcasing osteoconductive and os-
teoinductive properties, ultimately aiding in the replacement 
and repair of bone defects (Abdelaziz et  al.  2023; K. Zhang 
et al. 2018). Nonetheless, the capacity for cells to penetrate, pro-
liferate, differentiate, and migrate is influenced by the size and 
geometry of the scaffold's pores and the extent of vascularization 
(Abbasi et al. 2020; Efraim et al. 2019). Architectural scaffold 
design, porosity, and pore size must possess an interconnected 
structure and high porosity to facilitate cellular penetration and 
ensure proper diffusion of nutrients to the cells or waste removal 
within the construct (Loh and Choong 2013; Preethi Soundarya 
et al. 2018).

Manufacturing highly porous supportive scaffolds for bone tis-
sue regeneration requires consideration of desired architecture, 
mechanical stability, and bioactivity (Chen, Dong, et  al.  2022; 
Metwally and Stachewicz 2019). Various methods are explored, 
including 3D printing, bioprinting, electrospinning, freeze-
drying, sol–gel, polymer replica, and so forth. Electrospinning 
is an especially versatile method among the mentioned ones as 
it enables the process of natural and synthetic polymers as well 

as their blends and organic–inorganic hybrids (Y. Chen, Fu, 
et al. 2022). Additionally, it is an excellent platform for growth 
factors and incorporation of other biologically active molecules 
for targeted release and osteoinduction. The fast development of 
multi-nozzle systems and careful control of process parameters, 
it enables crating desired architecture and tailoring properties of 
the entire scaffold as well as designing individual fibers' surface 
charge, roughness, porosity, and availability of bioactive com-
pounds (Metwally et al.  2019; Metwally and Stachewicz 2019; 
Polak et al. 2023; Stachewicz et al. 2019).

Here, similar design requirements are assigned to classical 
tissue-engineered scaffolds and modern bone organoids. Bone 
organoids are 3D tissue constructs cultivated and designed to 
replicate the structural and functional characteristics of na-
tive bone tissue. Typically derived from stem cells, organoids 
undergo culture under conditions conducive to their differen-
tiation into bone-specific cell types, notably osteoblasts and os-
teocytes (S. Chen et al. 2020). By establishing an environment 
that mimics the microenvironment present during natural bone 
development, it is possible to generate organoids that faithfully 
mimic fundamental features of bone tissue, encompassing cel-
lular composition, architectural arrangement, and physiological 
attributes (D. Zhao et al. 2024). Bone organoids offer significant 
potential for investigating bone development processes, model-
ing diseases affecting bone, conducting drug screening studies, 
and potentially serving as platforms for regenerative medicine 
interventions to repair or replace bone structures (J. Huang, 
Zhang, et al. 2023).

Bone organoids serve as valuable models for replicating the in-
tricate processes of osteogenesis, resorption, mineralization, 
and remodeling observed in real bone tissue. To effectively 
mimic these mechanisms, it is crucial to construct bone organ-
oids in strict accordance with bone morphology. However, it is 
essential to note that only mineralized bone possesses unique 
biomechanical properties necessary for support, load-bearing, 
and strain functions. Mineralization, the inorganic deposition 
of elements such as calcium and phosphorus, was previously 
viewed as a passive process (Akiva et al. 2021). Yet, recent re-
search has revealed it to be a programmed process regulated 
by multiple factors. In vitro bone mineralization within organ-
oids is closely linked to forming the ECM, a complex network 
of macromolecules surrounding cells (Y. Park et al. 2021). The 
ECM not only acts as a scaffold for cellular embedding but also 
regulates various cellular activities crucial for bone develop-
ment and disease progression. Collagen, a major component of 
the ECM, provides the bone matrix with tensile strength and is 
secreted by cells like osteoblasts, chondrocytes, and fibroblasts. 
The interplay between cells and the ECM profoundly influ-
ences bone organoid development and functionality, with ECM-
derived matrix derivatives playing a significant role in bone 
organoid regeneration and maturation in different contexts (C. 
Li, Zhang, et al. 2023). Notwithstanding, organoids can be built 
by cell self-organization; it is worth mentioning that bioactive 
materials supporting organoid biofabrication hold great prom-
ise for better stimulation of cell differentiation and imitation of 
ECM (S. Chen, Chen, et al. 2022; C. Li, Zhang, et al. 2023; D. 
Zhao et al. 2024). Although many studies report the utilization 
of hydrogels and decellularized natural ECM as scaffold-based 
organoids, polymer fibrous scaffolds attract attention due to 
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their unique properties of possible cell stimulation and ECM 
imitation (Joddar et  al.  2022; D. Kim et  al.  2023; Ritzau-Reid 
et al. 2023). The main challenge assigned to polymer scaffolds 
used for classical bone tissue engineering is insufficient vascu-
larization of the construct, which also applies to the develop-
ment of fully functional organoids (S. Chen, Chen, et al. 2022). 
Therefore, this review discusses the limitations of current scaf-
folding techniques with the following strategies for modifying 
scaffold fabrication, leading to improved vascularization. We 
focus on the problematics of insufficient scaffold porosity and 
oxygen delivery. Moreover, we point out possible solutions like 
pre-vascularization with different types of cells that increase the 
chances of creating a fully functioning tissue. Finally, the most 
advanced techniques of vascularization analysis, along with 
their advantages and drawbacks, are communicated.

2   |   Bone Tissue Regeneration and 
Neovascularization

Bones are part of the skeletal system, serving as mechanical 
and structural support in the human body and protecting vital 
organs. Within bone tissue, we distinguish compact bone con-
stituting bone exteriors, ensuring their strength and crack re-
sistance, and spongy bone—a highly porous internal structure, 
decreasing the overall weight (Fratzl and Weinkamer  2007). 
In the process of growth, remodeling, and maintenance of 
healthy bone tissue, it is crucial to precisely regulate the activi-
ties of osteoclasts, which resorb the existing matrix, and osteo-
blasts, which secrete compounds of the ECM (Al-Bari and Al 
Mamun 2020). Hence, the vascular system in bones is of utmost 
importance, ensuring proper nutrition and oxygenation and fa-
cilitating cellular signaling, high regenerative capacity, and the 
performance of other vital functions, such as mineral homeosta-
sis, hematopoiesis, and an endocrine role (H. Zhang, Liesveld, 
et al. 2023; R. Zhou et al. 2021). The bone scheme in Figure 1 
presents an advanced network of arteries that enable the tissue 
to maintain optimal biological conditions by supplying all the 
necessary substances to the cells that build the bone structure 
and the building blocks of the tissue (Watanabe et al. 2023). The 
fundamental structural units of cortical bone tissue consist of 
osteons, characterized as elliptical cylinders measuring between 
100 and 300 μm in diameter and spanning a length of 3–5 mm 

(Skedros et al. 2011). Osteons consist of 5–30 concentric lamellae 
with varying orientations of collagen fibrils. These lamellae en-
circle Haversian canals, which facilitate sufficient blood supply 
and innervation to the bone tissue (Lefèvre et al. 2019; Zawadzki 
et al. 2023). The chemical composition of the mineralized ECM 
primarily comprises carbonate-substituted hydroxyapatite, 
Type I collagen fibrils, water, and noncollagenous organic con-
stituents (primarily proteins and small proteoglycans) (Gupta 
et al. 2006). The 3D arrangement of these components at each 
length scale confers upon bone its exceptional mechanical char-
acteristics (Buss et al. 2022).

In the event of bone injury, tissue has its own healing mecha-
nisms that strive to restore the proper structure. The situation 
becomes more complicated if we are dealing with critical size 
defects, for example, after tumor resection of complex fractures 
with bone loss (Schemitsch 2017). The medical gold standard in 
such cases is autologous grafts since they perfectly match bio-
logical and mechanical properties (Schmidt  2021). However, 
the limited available volume of bone for grafting and the risk of 
donor site morbidity or other complications evoke the necessity 
of exploring biomaterials-based solutions. In recent years, much 
effort has been dedicated to research materials that can effec-
tively augment missing tissue and support bone regeneration, 
including neovascularization of implanted scaffolds (Simunovic 
and Finkenzeller 2021). Initially, the vascularized scaffold must 
provide the proper structure—interconnected porosity for the 
circulatory system to be developed within. Following scaffold 
implantation, neovascularization induced by inflammation oc-
curs spontaneously as a part of the wound-healing mechanism. 
However, the new blood vessel infiltration rate into the scaffold 
is very slow (insufficient). Lack of a functional vascular system 
results in a limited supply of nutrients and oxygen, slowing 
down the regeneration process and accumulation of scaffold 
degradation products and metabolites, leading to a prolonged 
inflammatory response (Goonoo  2018), which can eventually 
cause necrosis of cells spread in the scaffold structure, prevent-
ing intended tissue development.

The circulatory system is formed during embryonic develop-
ment in the process of vasculogenesis. This process is not lim-
ited to the embryonic period and can occur in adults through 
the recruitment and participation of bone marrow–derived 

FIGURE 1    |    Scheme of the hierarchical structure of bone tissue presenting vascularized bone, osteon, collagen fibril, and collagen triple helix.
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endothelial progenitor cells (EPCs). In most post-injury regen-
erations, the new blood vessel formation is mostly by angiogen-
esis—the formation of new branches from existing ones with 
the leading role of endothelial cells (ECs) (Afzal et al. 2007; Bae 
et al. 2012; Mastrullo et al. 2020). Neovascularization as a pro-
cess with the leading role in angiogenesis and vasculogenesis, in 
which ECs proliferate and migrate, is mediated by many angio-
genic inducers like growth factors, chemokines, angiogenic en-
zymes, endothelial-specific receptors, and adhesion molecules. 
Moreover, angiogenesis is an intricate process characterized by 
extensive interactions among cells, soluble substances, and ECM 
components (Liekens, De Clercq, and Neyts 2001; Saberianpour 
et al. 2018). Thereby, perivascular macrophages play an import-
ant role in vessel formation and angiogenesis. They contribute to 
this process by secreting various growth factors and cytokines 
that promote the proliferation and migration of ECs, which are 
the building blocks of blood vessels. Additionally, perivascular 
macrophages regulate the recruitment and function of other 
immune cells involved in angiogenesis. Their presence and ac-
tivity are essential for developing and remodeling blood vessels 
during angiogenesis (Fantin et  al.  2010). Another function of 
perivascular macrophages is to uphold tight junctions among 
ECs, controlling vessel permeability. Additionally, they engage 
in the phagocytosis of potential pathogens before they can enter 
tissues from the bloodstream, thereby curbing undue inflam-
mation (Lapenna, De Palma, and Lewis 2018). The new vessel 
growth process is schematically shown in Figure 2.

Vascularization coupled with osteogenesis is essential to foster a 
supportive environment for bone cells and enhances scaffold in-
tegration (Safari et al. 2024; Yan et al. 2022; T. Zhao et al. 2022). 
It is also crucial in bone development and osseointegration, en-
abling the delivery of growth factors that sustain cell survival 
and promote cellular interactions (Correia et al. 2011; Diomede 
et  al.  2020). Moreover, vascular endothelial growth factor 
(VEGF), a key driver of angiogenesis, promotes EC migration 
and proliferation while indirectly enhancing osteogenesis by 
modulating osteogenic growth factor release and activating 
paracrine signaling pathways (Diomede et  al.  2020). Many 

studies report the potential of electrospun fibers to induce osteo-
genic differentiation (Hashemi et al. 2020) as composite fibers 
incorporating inorganic fillers can strongly improve osteointe-
gration and target specific osteogenic cell signaling (Pesaran 
Afsharian et al. 2023). For instance, electrospun polycaprolac-
tone (PCL) fibers containing nano-hydroxyapatite and nano-
zinc oxide showed improved angiogenic and osteogenic gene 
expression (Rahmani et al. 2019). Other investigated strategies 
include also the encapsulation of growth factors, like VEGF, and 
surface modifications of fibers (Martine et al. 2017; C. Wang, Lu, 
and Wang 2020; L. Wu et al. 2020).

3   |   Fabrication of 3D Scaffolds for Bone Tissue 
Engineering

3.1   |   Scaffolding Techniques and Pore Size 
Controllability

Techniques used in scaffold fabrication play a crucial role in 
determining implanted biomaterials' ultimate structural, me-
chanical properties, and biological responses. Generally, the fab-
rication of 3D porous scaffolds can be divided into two groups: 
conventional, such as solvent casting and particulate leaching, 
gas foaming, phase separation, freeze-drying, or sol–gel method 
and rapid prototyping (RP) techniques known as additive man-
ufacturing, relying on layer-by-layer addition of material to cre-
ate a 3D scaffold (Abdelaziz et al. 2023; Loh and Choong 2013). 
We can distinguish 3D printing, selective laser sintering, fused 
deposition modeling, stereolithography, and electrospinning in 
the RP group.

While conventional techniques do not allow complete control of 
scaffold architecture, pore shape, and size, RP techniques en-
able the design of the shape, dimensions, and mechanical prop-
erties of 3D biomimetic scaffold (Abdelaziz et al. 2023; Loh and 
Choong 2013; Preethi Soundarya et al. 2018). Among many ad-
vantages of RP techniques, like reproducibility and controllabil-
ity of designed scaffolds, the main limitation is the narrow group 

FIGURE 2    |    Schematic representation of new blood vessel formation. Angiogenesis—endothelial cell proliferation and reperfusion to areas of 
ischemia with new vessel growth. Vasculogenesis—adult endothelial precursor cells enter the circulation in response to injury.
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of biomaterials that can be used for processing. As shown in 
Figure 3, conventional production of scaffolds results with gen-
erally large pores, but the difficulty is the controllability of pore 
size and pore interconnection (Preethi Soundarya et al. 2018). 
Here, electrospinning enables the creation of scaffolds with a 
porosity between 100 nm and 10 μm, effectively improving cell 
adhesion. On the contrary, higher porosity of scaffolds, in the 
range of 100–550 μm, can be obtained by 3D printing. The com-
bination of electrospinning and 3D printing offers strong ad-
hesion through electrospun fibers while providing mechanical 
support and nutrient flow due to the scaffold's high porosity and 
free spaces.

In addition to the most promising scaffold fabrication tech-
niques, the following step is the correct evaluation of pore size 
and scaffold architecture, which gives crucial insight into the 
functional properties. An ideal evaluation should be rapid, pre-
cise, and nondestructive, while offering a thorough analysis of 
both morphological and architectural properties. Commonly 
used assessment methods include theoretical modeling 
(Scaglione et  al.  2014), scanning electron microscopy (SEM) 
(Stachewicz et al. 2015, 2019), mercury intrusion and flow po-
rosimetry, gas pycnometry, gas adsorption analysis (Cortez 
Tornello et al. 2014; Haugen and Bertoldi 2017), and microcom-
puted tomography (Micro-CT) (Cengiz, Oliveira, and Reis 2018). 
Among the others, Micro-CT is one of the most widely used tech-
niques enabling high-resolution visualization of pore size, distri-
bution, and interconnectivity (Podgórski et al. 2024; Satapathy 
et al. 2024). Lastly, confocal laser scanning microscopy (CLSM) 
is an excellent tool to investigate scaffold geometry using ma-
terial staining or autofluorescence properties (Choong, Yi, and 
Rutledge 2015), especially in the case of hydrogel materials that 
are difficult to analyze with different methods without affecting 
scaffold geometry (Bagherzadeh et  al.  2013; Kang et  al.  2024; 

E. Liu et al. 2007; Marquez et al. 2022). The following sections 
focus on electrospinning and 3D printing as the best candidates 
for scaffolds with improved tissue vascularization.

3.2   |   Electrospinning

In this section, our attention is directed toward the electro-
spinning process and its modifications, which result in vari-
ous changes, including an enhancement in the porosity of the 
produced scaffolds. Since the leading role of polymer scaffolds 
used in tissue engineering is to mimic the ECM, the properties 
of this natural structure are worth noting. The ECM consists of 
a complex network of interlinked macromolecules, including 
proteins and polysaccharides like collagen, elastin, fibronectin, 
or laminin, which create 3D structures between the cells. These 
macromolecules are secreted by cells, allowing them to build 
surrounding mesh. Moreover, the average diameter of fibrous 
ECM components was investigated, showing the lowest average 
fiber diameter for fibronectin (2 nm), larger for laminin (57 nm) 
and elastin (400 nm), and the largest diameter for collagen fi-
bers (500 nm) (M. Li et al. 2005; Metwally and Stachewicz 2020; 
Neal et al. 2009; Shoulders and Raines 2009). Of the previously 
mentioned scaffold fabrication techniques, electrospinning is 
the only one that allows the production of fibers with diameters 
similar in size to those of natural fibers (Stachewicz et al. 2015).

3.2.1   |   Process of Electrospinning

Electrospinning refers to a category of fiber-forming meth-
ods where electrostatic forces are utilized to control fiber pro-
duction, which are typically continuous with the possibility of 
also obtaining short fibers with a controlled length (Ura and 

FIGURE 3    |    The pore size in the scaffolds prepared by different manufacturing techniques (Büyük, Aksu, and Torun Köse  2023; Collins 
et al. 2021).
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Stachewicz  2024). It is an electrohydrodynamic process in 
which a polymer solution exerts the nozzle under high voltage 
(Rosell-Llompart, Grifoll, and Loscertales  2018). The liquid 
droplet is surrounded by charges (positive or negative, depend-
ing on the voltage polarity of the voltage generator) (Rutledge 
and Fridrikh 2007; Ura and Stachewicz 2022). Surface tension 
is overcome by the repulsion of charges at the free surface of 
the liquid droplet that further deforms into a cone (Stachewicz 
et al. 2007). When charge density is critical, the cone is unstable, 
and the jet is created (Stachewicz et al. 2009, 2012). The poly-
mer solution is accelerated and stretched by the electric Maxwell 
stresses (Z. Sun et al. 2003; Yarin 2011), and fibers are collected 
on the ground collector. The spinnability of the polymer solution 
depends on parameters such as polymer concentration, molec-
ular weight, and chosen solvent. Basic parameter alternations 
of electrospinning include applied voltage, polymer solution 
flow rate, nozzle–collector distance, and ambient conditions 
like temperature and humidity (Szewczyk and Stachewicz 2020; 
Ura and Stachewicz 2022). Correctly selected parameters allow 
for a stable and reproducible fiber manufacturing process (Y. Li 
et al. 2021). Manipulating the above parameters makes it pos-
sible to obtain fibers with different properties. For example, 
ambient conditions like temperature and humidity strongly 
affect the morphology of fibers (Putti et  al.  2015; Stachewicz 
et al. 2015; Ura et al. 2019). Managing environmental conditions 
during electrospinning significantly reduces result variability 
and greatly influences fiber properties, which is essential for the 
reproducibility of results. Using PCL as a model, it was shown 
how temperature, humidity, collector rotation, and solvent com-
position influence the architecture of the mat, advancing poten-
tial application (Putti et al. 2015). Another study on PCL fibers 
presents that increased humidity and the use of a solvent system 
designed to cause phase separation during electrospinning al-
lowed the production of porous fibers for application as carriers 
of oils in atopic dermatitis treatments (Metwally et al. 2021).

3.2.2   |   Bioactive Electrospun Scaffolds

Scaffolds are designed to support cellular processes from the 
initial adhesion to tissue development by creating an entire mi-
croenvironment evoking the sequence of biological reactions. 
The versatility of the electrospinning process allows us to con-
trol the scaffold's properties at multiple levels. Starting from 
chemical composition, whereby simple selection of the natural 
or synthetic polymers (Khajavi, Abbasipour, and Bahador 2016; 
Lai et al. 2014; Sharifi et al. 2018), their blends (Lai et al. 2014; 
Sharifi et al. 2018), or organic–inorganic composites (Augustine 
et al. 2019; Karbowniczek et al. 2021), it is possible to tailor the 
degradation rate, mechanical properties and guide cellular re-
sponses. Electrospinning of blend fibers, where additional chem-
icals are added for uniform incorporation in the composite mat 
at the stage of polymer solution preparation, serves in many bio-
medical applications (Kaniuk, Podborska, and Stachewicz 2022; 
Karbowniczek et al. 2021; Kontogianni et al. 2024; Krysiak and 
Stachewicz 2022; Szewczyk et al. 2023). In co-axial electrospin-
ning, core–shell fibers are produced by utilizing a multichannel 
nozzle, allowing the use of different materials in the core and 
shell. Various functionalities can be integrated into the core and 
shell, such as combining mechanical strength from the core with 
bioactivity from the shell (Krysiak and Stachewicz 2023; Polak 

et al. 2024; Ura, Berniak, and Stachewicz 2021). Hierarchical fi-
brous scaffolds can be prepared by a multi-nozzle approach or by 
combining fiber bonding processes to generate microfibers and 
electrospinning to incorporate nanofibers (Santos et al.  2008). 
Adjusting solvent composition and humidity makes it possible to 
produce porous fibers, creating additional cell attachment points 
(Celebioglu and Uyar 2011). Directly during the electrospinning, 
we can control the surface charge of manufactured fibers by ap-
plying positive or negative voltage polarity to the nozzle (Ura 
and Stachewicz  2022); such tailoring of surface properties al-
lows the regulation of cell attachment, proliferation, and ECM 
formation visualized for example, by built fibrous collagen struc-
tures (Polak et  al.  2023, 2024; Szewczyk et  al.  2019). Another 
type of electrospinning utilizes a side-nozzle system in which 
two different materials can be combined to create Janus fibers. 
For instance, this variant allows us to use two materials with 
antagonistic properties like hydrophilicity and hydrophobicity 
in a single fiber, providing opposite functions simultaneously 
(Knapczyk-Korczak et al. 2021). Z. Zhang et al. (2024) produced 
side-by-side fibers composed of polylactic acid (PLA)/PCL and 
gelatin for enhanced hydrophilicity and improved fibroblast cell 
adhesion. Moreover, encapsulating bioactive molecules, parti-
cles, and drugs is possible in two ways: loading substances in 
the core for prolonged release or isolation from the environment; 
or the opposite by exposing them in the shell of fibers for imme-
diate direct interaction with the surrounding (Karbowniczek, 
Ura, and Stachewicz 2022; Karbowniczek et al. 2023). The use 
of electrospun fibers in drug delivery systems is attributed to 
their versatility in process modifications. These modifications 
not only facilitate the production of blended fibers but also 
enable the development of more advanced designs, offering 
enhanced control over drug release rates (Y. Liu et  al. 2024). 
Furthermore, this approach effectively addresses key challenges 
such as poor drug solubility and the need for controlled release 
(Williams, Raimi-Abraham, and Luo 2018; C. Yang et al. 2016). 
Studies shows that VEGF incorporated in fibers improves an-
giogenic response due to controlled release during tissue regen-
eration (Y. Chen et al. 2023; S. He et al. 2022; C. Wang, Lu, and 
Wang  2020). Interestingly, modified triaxial electrospinning 
has been shown to precisely control drug release in nanoscale 
formulations. In this method, two non-spinnable solutions are 
used to create a coating around the spinnable core. The cellulose 
acetate coating protects the fibers from rapid drug release, and, 
importantly, the thickness of the coating can be controlled by 
adjusting the solution flow rate (X. Liu et al. 2019).

3.2.3   |   Modifications for Enhanced Porosity

Moreover, it is possible to distinguish a separate group of elec-
trospinning modifications that increase porosity; these include 
air impedance electrospinning, incorporation of porogen or 
sacrificial fiber, cryo-electrospinning, electrospinning in wet 
media, or using patterned collectors. All the techniques are 
schematically presented in Figure 4 (Ameer, Anil Kumar, and 
Kasoju 2019; Feltz et al. 2017; Rnjak-Kovacina and Weiss 2011). 
In air-impedance electrospinning, fibers are deposited on collec-
tors, which are porous plates. The airflow that goes through the 
pores in the plate creates areas of low and high fiber deposition 
in the electrospun mat (McClure et al. 2012; Selders et al. 2016). 
Another technique based on porogen or sacrificial fiber showed 
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effectively increased porosity of the scaffold. For example, sac-
rificial polyethylene oxide (PEO) microparticles incorporated 
in the polyglycolic acid (PGA), poly(lactic-co-glycolic acid) 
(PLGA), and PCL scaffolds by electrospraying resulted in a po-
rosity increase of around 20% (J. Hodge and Quint 2019). It was 
shown that the sacrificial particles enhanced porosity better 
than sacrificial fiber in PLGA electrospun scaffolds (J. G. Hodge 
and Quint  2022). Electrospinning/spraying the subsequent 
discussed modification that increases the scaffold's porosity 
is cryogenic electrospinning (cryo-electrospinning) (Simonet 
et al. 2007). This method employs a collector system filled with 
dry ice to facilitate the formation of ice crystals during fiber 
collection. This process increases the distance between fibers, 
and the resulting inter-fiber spacing persists after sublimation 
(Crouch et  al.  2023; Khorshidi et  al.  2016; Leong et  al.  2009). 
Simonet et al. showed that employing a low-temperature fiber 
collection device in a humidity-controlled environment enables 
the effective integration of ice particles within polymer fibers, 
forming pore templates. This method significantly influences 
the mesh porosity after drying, as the degree of water condensa-
tion directly affects the interfiber distance and overall porosity 
(Simonet et  al.  2007, 2014). Thus, precise control of environ-
mental conditions during fiber collection is essential for tailor-
ing the structural properties of the resulting fibrous meshes. 
Chinnakorn et al. (2024) presented a study in which a modified 
electrospinning set-up and controlled fabrication allowed the 
production of a 3D PCL scaffold, also underlying the role of addi-
tives, such as phosphoric acid, in the wetting properties of fibers. 
Moreover, it is possible to influence the porosity of the scaffolds 
by using collectors with different geometries or patterned col-
lectors (Palomares et al. 2021). Finally, wet electrospinning has 
been identified as a viable method to enhance pore size (Wilson 
et al. 2022; Yokoyama et al. 2009). In this process, electrospun 
fibers enter a liquid coagulation bath and remain suspended 
within the liquid, resulting in a porous, 3D structure. It was 
shown that electrospun nanoyarn scaffold made by twisting 
electrospun nanofibers into yarns within a water vortex, created 

with the purpose of enhancing cell infiltration and vasculariza-
tion, was favorable for cell infiltration and capillary-like network 
formation compared to classic electrospun nanofiber scaffold (J. 
Wu et al. 2014). There are also methods that allow for better con-
trol of the deposition of fibers on the collector. One of them uses 
the magnetic field to deflect the deposition direction of fibers 
in the intended direction. Another one relies on air-based fiber 
focusing, where the electrospinning nozzle is surrounded by a 
specialized air sheath that focuses air parallel to the stream of 
the polymer jet (C. Chen et al. 2016; Feltz et al. 2017). This air 
assistant technique is also used to increase the porosity of the 
whole scaffold by better deposition control.

The challenge in bone tissue scaffold design is the translation 
from the laboratory scale to the manufacturing of large-scale 
scaffolds meeting the dimensions of the critical size bone de-
fects exceeding several cm in thickness (Lowen and Leach 2020; 
Stoddard et al. 2016). The majority of research regarding elec-
trospun meshes involves in vitro testing of thin scaffolds (below 
1 mm in thickness) where nutrients and oxygen delivery are as-
sured by diffusion (Walther et  al.  2022). Large-scale scaffolds 
require effective and fast neovascularization to ensure proper 
tissue formation, avoiding cell necrosis within the material net-
work (Fleischer, Tavakol, and Vunjak-Novakovic 2020). One of 
the parameters necessary for neovascularization is the inter-
connected system of large pores, which can be achieved while 
manufacturing.

In conventional electrospinning (far-field electrospinning 
[FFES]), fibers are generated with the chaotic jet motion with-
out precise deposition of fibers on the collector. However, in 
2006, near-field electrospinning (NFES) was introduced as a 
method where the nozzle–collector distance is shorter, and the 
applied voltage can be reduced compared to the conventional 
technique (Nazemi, Khodabandeh, and Hadjizadeh  2022; Y. 
S. Park et  al.  2020; D. Sun et  al.  2006). While NFES offers 
several benefits, including low-voltage deposition, accurate 

FIGURE 4    |    The schematics representing the methods used in electrospinning to increase the porosity of scaffolds. The methods are related to 
the controlling of environment via cryogenic and wet electrospinning, using different type of collectors or set up including near-field electrospinning 
and multi-nozzle system or air-based fiber focusing.
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fiber patterning, minimal material consumption, and pre-
cise positioning control, its application is usually confined to 
generating 2D patterns on flat surfaces (B. Zhang et al. 2016). 
However, it is possible to create 3D mesh structures through 
layer-by-layer additive printing using highly viscous poly-
mer melts in NFES (Brown, Dalton, and Hutmacher 2011; J. 
He, Xia, and Li  2016). Fiber patterning design is controlled 
by a computer program with advanced precision of collector 
and nozzle movement. The speed of this movement is cru-
cial for the designed architecture of the fibers, which can 
be straight but also wavy, spiral, or helical (X. Li et al. 2016; 
Zheng et al. 2010). The diameters of produced fibers by NFES 
are in the range of 0.05–200 μm (Middleton et  al.  2018; D. 
Sun et al.  2006), while in conventional electrospinning, it is 
0.01–10 μm (Fridrikh et  al.  2003). A key advantage of NFES 
is its better ability to control pore sizes and shapes (Nazemi, 
Khodabandeh, and Hadjizadeh 2022). Nevertheless, research-
ers report that controlling the alignment, directionality, and 
distribution of fibers in NFES is challenging. Thus, the elec-
trostatic jet deflection can be incorporated into a standard 
NFES setup. The conventional setup uses a thin nozzle, a sy-
ringe pump, an XY motorized stage, a high-voltage power sup-
ply, and a control system. Jet-deflection modification adds two 
auxiliary electrodes and amplifiers to modify the electric field 
and generate a jet deflection signal during the production of 
the fibers. It was demonstrated to overcome the drawback of 
noncontrolled unstable jet whipping (Liashenko et al. 2022).

3.2.4   |   Hierarchical Structure of Electrospun Scaffolds

Overcoming the drawbacks of insufficient porosity in electro-
spun scaffolds for tissue engineering applications is possible 
by using various post-processing methods, such as 3D expan-
sion methods (Kamaraj et al. 2023). Expansion of electrospun 
mat can be achieved by immersion in NaBH4 solution, but it 
brings with it several significant disadvantages like suitabil-
ity only for hydrophobic polymers, the necessity of freeze-
drying, and finally, the reaction of NaBH4, which is a strong 
reducing agent, with components and bioactive molecules in-
corporated into the fibers (S. Chen et  al.  2020). The second 
reported method of 3D expansion of electrospun fibers is via 
depressurization of subcritical CO2 fluid. Jiang et al. showed 
that cellular infiltration and tissue formation were promoted 
in developed scaffolds compared to traditional electrospun 
mats. Moreover, an in  vivo study revealed blood vessel for-
mation in expanded scaffolds and a lack of neovasculariza-
tion in conventionally electrospun ones (Jiang et  al.  2018). 
Interestingly, a completely different approach to creating a 
hierarchical structure of scaffolds is using short fibers, which 
can be used alone but also in combination with hydrogels 
(Niemczyk-Soczynska et  al.  2023; Ning et  al.  2023; J. Wang, 
Lin, et al. 2022). S. Qian et al. (2022) developed a Janus elec-
trospun short fiber scaffold for wound healing, showing an 
improved healing process, collagen deposition, and neovas-
cularization. Recently, it was shown that PCL short fibers 
modified with nano-hydroxyapatite and loaded with alkaline 
phosphatase (ALP) were successfully tested in  vivo to treat 
3D osteoporotic defects (Y. Yang et al. 2024). These short fi-
bers can be produced by optimizing the process of electrospin-
ning and direct collection of short fibers on the collector or 

by cutting standard electrospun fibrous mat by shear stress 
fluid flow, UV cutting, mechanical cutting, and electric spark-
induced cutting (Fathona and Yabuki 2013; Y. Huang, Zhan, 
et  al.  2023; Raja et  al.  2023; Stoiljkovic and Agarwal  2008). 
Another study presents coaxially electrospun fibers loaded 
with protoporphyrin IX (PpIX) in the shell for sonodynamic 
therapy to damage giant cell tumors of bone selectively. Core–
shell fibers were shattered into nano-scaled short fibers for 
further incorporation in PEO and hyaluronan, and prepara-
tion of 3D printing inks for scaffold-derived osteochondral 
defects treatment (W. He et al. 2024). In vitro studies showed 
osteogenic and chondrogenic differentiation of bone marrow 
stromal cells (BMSCs), while in  vivo experiments in nude 
mice models revealed antitumor activity and good support 
for bone and cartilage tissue repair. Another strategy used to 
fabricate scaffolds with enhanced porosity is a combination 
of electrospinning and electrospraying. Both methods rely on 
the interaction of electric fields with polymer solutions, but 
their combination can yield even more advanced structures. 
Lavielle et  al.  (2013) demonstrated creating micropatterned 
nonwoven composite membranes by simultaneously electro-
spraying microparticles and electrospinning nanofibers onto 
a common collector. The process promotes self-organization 
between fibers and particles, forming honeycomb-like hier-
archical structures. Similar studies show that by alternating 
electrospraying and electrospinning on a micropatterned 
collector, a cooperative effect between the electric field and 
charges allows for precise control over pore size, ranging from 
tens to hundreds of microns. The result is a robust 3D scaffold 
with cylindrical pores, exhibiting strong mechanical proper-
ties suitable for easy handling (Wittmer et al. 2014).

3.2.5   |   Hierarchical Structure 
of Additive-Manufactured Scaffolds

Another promising strategy is the combination of 3D print-
ing and electrospinning, which allows for obtaining multi-
scale, hierarchical structures with increased porosity and 
overall scaffold size compared to solely electrospun materials 
(Dalton et al. 2020; Hrynevich et al. 2018; Muerza-Cascante 
et al. 2015; Xu et al. 2024). Additionally, it allows for tailoring 
mechanical properties and degradation rate by optimizing the 
polymer's choice and manufacturing properties (Gonzalez-
Pujana et al. 2022; Y. Yu et al. 2016). 3D printing is an additive 
manufacturing process that creates various shapes based on 
computer designs, prepared by segmenting, and selecting the 
filling percentage. Additionally, nozzle size and speed of print-
ing help to adjust the resolution of the final product, with the 
diameter of the extruded filament in the range of hundreds of 
micrometers. In a typical approach, the process is performed 
from a solid polymer filament that is heated to the right tem-
perature to soften and further is extruded through the nozzle 
to be finally deposited on the platform in the manner specified 
by the computer design (S. Park et al. 2022). Therefore, addi-
tive manufacturing allows the preparation of a larger scaffold 
structure that can be personally designed based on magnetic 
resonance imaging (MRI) to match the size and shape of 
the patient's tissue defect, a vital issue in bone regeneration 
(Cámara-Torres et al. 2023). Interestingly, already introduced 
above, electrospun Janus fibers can also be translated into 3D 
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printing technology to produce Janus scaffolds. Researchers 
demonstrate that dynamic additive-manufactured Janus 
scaffolds can be remotely activated by ultrasound to induce 
mechanical nano vibrations, enhancing cell proliferation, 
matrix deposition, and osteogenic differentiation of human 
bone marrow–derived stromal cells. These scaffolds, made 
from phase-segregated PCL and PLA blends, effectively func-
tion as ultrasound transducers. The remote stimulation acti-
vates voltage-gated calcium ion channels in cells, suggesting 
a promising noninvasive approach for future in vivo applica-
tions to modulate cellular functions (Camarero-Espinosa and 
Moroni 2021).

Traditional nozzle-based 3D printing methods are highly ver-
satile but are hindered by limited printing speed and resolu-
tion. These techniques depend on mechanical stages to shape 
the geometry, which reduces their efficiency and precision. 
Recent advancements in this technique utilize EHD jetting, 
allowing submicrometer jets to be generated at speeds above 
1 m/s. This method overcomes the limitations of slow mechan-
ical stages by allowing the precise collection of jets and high-
resolution printing. Additionally, the electrostatic control of 
jet trajectory allows printing patterns on a micrometer scale 
and using various materials, including polymers, metals, ce-
ramics, wood, and biological tissues, preventing the risk of 
nozzle clogging while printing (Liashenko, Rosell-Llompart, 
and Cabot 2020).

Several strategies of electrospun fibers integration into the 3D-
printed scaffolds were developed and described, beginning with 
the two-step system of simple coating of printed structure with 
ultrathin fibers generated by elctrospinning (Ejiohuo  2023). 
This approach was used to create PCL scaffolds enriched with 
hydroxyapatite and multiwalled carbon nanotubes (PCL/nHA/
MWCNTs) by extrusion-based 3D printing followed by electro-
spinning resulting in enhanced cell–cell interactions and os-
teogenic differentiation (Y. Cao et  al.  2023) In another work, 
3D-printed PLLA scaffolds were functionalized with gelatin 

electrospun fibers loaded with osteogenon drug improving bio-
activity and cell adhesion (Rajzer et  al.  2018). The drawback 
of using electrospinning as post processing modification of 
printed structures is the presence of fibers only on the topmost 
layer, not inside the scaffold. Therefore, another solution is the 
integration of two devices allowing sequential 3D printing and 
electrospinning to create multiscale structures with alternating 
layers. Manufactured macro/micro-PCL porous scaffolds by 
combination of two technologies in the same fabrication plat-
form were found to promote the expression of early and late 
osteogenic markers (Gonzalez-Pujana et  al.  2022). Moreover, 
hybrid printing process combining screw-assisted additive 
manufacturing and rotational electrospinning allowing to cre-
ate PCL dual-scale anisotropic scaffolds for bone tissue engi-
neering was described (Ejiohuo  2023). The higher rotational 
velocity in electrospinning process promoted nanofibers align-
ment leading to more elongated and stretched cell morphol-
ogies. Although various configurations of both processes are 
described in the literature, there are still areas that require im-
provement, especially to ensure the proper adhesion between 
individual layers.

4   |   Vascularization Strategies in Bone Tissue 
Engineering With a Focus on Electrospun Scaffolds

The main effort of tissue engineering research is focused on 
creating a fully functional, living cellular structure to replace 
damaged tissues. Tissue regeneration requires a continuous 
supply of oxygen and nutrients through diffusion, ensuring cells 
develop correctly. This primary transport mechanism allows 
cells to be nourished at a maximum distance of about 200 μm 
from the existing capillaries (Shafiee and Atala 2017; G. Yang 
et  al.  2020). Hence, the leading challenge in fabricating scaf-
folds is engineering vascularized tissue for further translation 
to clinical application. Figure 5. presents selected publications 
focusing on the vascularization of electrospun scaffolds show-
ing proposed in vitro and in vivo models.

FIGURE 5    |    Types of in vitro and in vivo models for the investigation of vascularization in electrospun scaffolds based on arbitrarily chosen 15 
references: Mayoral et al. (2022), Xie et al. (2024), Kang et al. (2019), W. Zheng et al. (2022), J. Wu et al. (2014), Rubenstein, Greene, and Yin (2020), 
Mukherjee et al. (2020), Ye et al. (2019), Shamosi et al. (2017), Liu et al. (2018), Gugutkov et al. (2017), Del Gaudio et al. (2013), S. M. Park et al. (2019), 
Klumpp et al. (2012), and Rahmani et al. (2019).
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4.1   |   In Vitro Pre-Vascularization Strategies

One of the leading strategies for building blood vessel networks 
in cellular scaffolds involves using cell sources that exhibit pri-
mary angiogenic behavior. The advantage of using vascular ECs 
is that they can create a functional vascular network that, when 
implanted, will anastomose to the existing vascular network in 
the tissue surrounding the scaffold. We distinguish three main 
groups of cells, including somatic cells, stem cells, and induced 
pluripotent stem cells (Saberianpour et al. 2018). Nevertheless, 
these cells require isolation from the patient, which greatly 
complicates the procedure and carries additional risks (G. Yang 
et al. 2020). Moreover, these cells may lose their functionality 
in in vitro cultures. Utilizing stem cells, characterized by their 
unique ability for unlimited self-renewal and differentiation, 
holds promise in overcoming the limitations associated with 
primary cell acquisition. Initial efforts to generate regenera-
tive cells for in vitro expansion involved isolating and expand-
ing EPCs obtained either from peripheral blood or through the 
spontaneous differentiation of stem cells into embryoid bodies. 
However, owing to their restricted availability in the blood and 
unregulated specification as embryoid bodies, attention has 
shifted toward investigating controlled, directed differentiation 
approaches (Y. Wang, Keshavarz, et al. 2022). Table 1 presents 
examples of cell types used as a source of ECs in vascular tis-
sue engineering with their main function in the vascularization 
process. It is indicated that the use of ECs alone is insufficient 
to reconstruct vascularization, and a promising solution is the 
parallel use of the pericytes, fibroblasts, or human vascular 
smooth muscle cells (VSMCs) (G. Yang et al. 2020). For example, 
it was shown that using a co-culture of ECs (human umbilical 
vein endothelial cells [HUVECs]) with human mesenchymal 
stem cells (hMSCs) on electrospun fibers resulted in improved 
proliferation and osteogenic differentiation in  vitro (Carvalho 
et al. 2019). Regarding co-cultures, it is worth noticing that there 
is a communication mechanism between ECs and osteoblasts 
defined by different paths: through membrane molecules or cy-
toplasmic connections of two adjacent cells and secretion of fac-
tors in the ECM environment (Cenni, Perut, and Baldini 2011). 
These paths can be affected by the material properties of the 

used scaffold, making it crucial for cell–material interaction and 
angiogenic behavior.

4.2   |   Hypoxia-Induced Angiogenesis

Hypoxia is a state characterized by reduced oxygen levels within 
the tissue or its surrounding microenvironment. Oxygen is 
pivotal for numerous cellular processes, encompassing metab-
olism, proliferation, differentiation, and cell survival. When 
oxygen levels decline below physiological thresholds, cells en-
counter stress and initiate adaptive mechanisms to mitigate 
the effects of hypoxic conditions (Araldi and Schipani  2010; 
Hannah et al. 2021; Maes, Carmeliet, and Schipani 2012; Potier 
et al. 2007). Oxygen levels regulate signaling pathways like the 
hypoxia-inducible factor (HIF) pathway, essential for cellular 
responses to hypoxia. HIFs, crucial mediators in this context, 
orchestrate adaptive mechanisms that enable hypoxic cells to 
survive and differentiate, with VEGF as a key downstream target 
in angiogenesis (Maes, Carmeliet, and Schipani 2012). There is 
a growing interest in hypoxia-mimicking scaffolds for induced 
angiogenesis. However, controlling the reduced oxygen level is 
difficult, especially since each tissue type requires specific levels 
varying between 14% and 1% O2 concentration (Krock, Skuli, and 
Simon 2011). For instance, preferable oxygen pressure for avas-
cular tissues is between 1% and 5% O2, while vascularized ones, 
like bone, require higher levels of 5%–12% O2 (Fu et al. 2021). 
Moreover, hypoxia-based strategies in tissue engineering can be 
divided into two groups. The first one uses hypoxia as an in vitro 
tool for preconditioning tissue-engineered scaffolds before trans-
plantation, and the second aims to induce angiogenic pathways 
in  vivo (Hadjipanayi and Schilling  2013). Chemical regulation 
from the scaffolds is the most popular approach in tissue engi-
neering to induce angiogenesis by hypoxia. We can distinguish 
several chemicals commonly used to regulate the expression 
of HIF, such as dimethoxyallyl glycine (DMOG), deferoxam-
ine (DFO), metal ions, small molecule drugs, and nitric oxide 
(NO) (Fu et al. 2021; M. Zhou et al. 2019). Electrospun scaffolds, 
known as excellent carriers in drug delivery as mentioned in the 
previous sections, can be used as hypoxia-mimicking materials 

TABLE 1    |    Examples of the most common cells used as a source of endothelial cells in vascularization tissue engineering.

Type of cells Function/in vitro or in vivo study Ref.

Endothelial progenitor cells (EPCs) Injected into the ischemic hindlimbs of a mouse 
model, it enhanced neovascularization and 

seamlessly integrated into the walls of capillary 
vessels. The in vitro study also confirmed good 
integration of cells with electrospun scaffolds.

(Asahara et al. 1997; 
Jiménez-Beltrán 

et al. 2022; Rubenstein, 
Greene, and Yin 2020)

Human pluripotent stem cells (HPSCs) Ethical concerns related to the isolation of cells. (Y. Wang, Keshavarz, 
et al. 2022)

Human-induced pluripotent stem cells 
(hiPSCs)

hiPSCs can proliferate extensively and subsequently 
undergo differentiation into specialized 

human brain capillary endothelial cells, and 
further functional blood–brain barrier using 

electrospun scaffold in the in vitro study.

(Rohde et al. 2022)

Human mesenchymal stem cells (hMSCs) MSCs showed capability in vessel 
formation and angiogenic effect in a mouse 

ischemic hind-limb in vivo model.

(Z. Yao et al. 2020)
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by incorporation of chemicals that regulate HIF expression 
(Nazarnezhad et al. 2020). Cui et al. (2022) showed electrospun 
core–shell PCL fibers loaded with DFO in the shell and dexa-
methasone (DEX) loaded in the core of the fiber as a promising 
system for parallel enhancement of angiogenesis and osteogen-
esis. Another group studied the exposure of cells to the hypoxic 
conditions seeded onto electrospun fibers and standard 2D con-
trols. Studies indicated significantly better cellular responses by 
observing HIF-1A gene expression upregulation in PCL-nHA 
electrospun scaffolds (Frontini-López et  al.  2023). Rafique 
et  al. fabricated DMOG-loaded PCL grafts via electrospinning, 
achieving sustained DMOG release for up to 2 weeks and en-
hancing proliferation, migration, and VEGF and NO release 
from HUVECs in vitro through HIF-1α stabilization. Moreover, 
in vivo implantation of these DMOG-loaded PCL grafts into rat 
abdominal arteries facilitated vascular regeneration, including 
cellularization and capillary formation (Rafique et  al.  2021). 
Also, bioactive glass, is extensively used to stimulate vasculariza-
tion and bone regeneration (Ghorbani et al. 2023). Incorporated 
in electrospun PCL fibers stimulated the HIF pathway by re-
leasing cobalt, which led to hypoxic conditions in the scaffold 
(Solanki et al. 2021). To summarize, the hypoxic microenviron-
ment, particularly prevalent in injured bone tissues due to lim-
ited vascularization, poses challenges for cell survival and tissue 
regeneration. Culturing cells under hypoxic conditions may en-
hance their survival and regenerative potential postimplantation 
in conditions such as bone fractures, where oxygen levels can 
drop close to anoxic levels (< 1% oxygen). This approach holds 
promise for improving the efficacy of cell-based therapies aimed 
at bone repair, regeneration, and vascularization.

4.3   |   Oxygen Delivery

One major barrier in tissue engineering is providing an adequate 
oxygen supply to implanted tissue scaffolds. Oxygen diffusion 
from surrounding vasculature in vivo is limited to the periph-
ery of the scaffolds, leading to insufficient oxygen reaching the 
inner regions of the engineered tissues. This limitation can re-
sult in necrosis or apoptosis of cells in the core of the scaffold, 
impacting cell viability and tissue functionality.

The requisites for scaffolds to facilitate oxygen delivery to cells 
encompass several key aspects. First is the interconnected po-
rosity in scaffolds, so the interconnected pores enable the dif-
fusion of oxygen-enriched media throughout the construct. 
Another is the mechanical strength to achieve an optimal bal-
ance between high porosity for effective oxygen transport and 
maintaining mechanical resilience. It is essential, especially in 
scenarios where rigid or sturdy scaffold structures are required. 
Importantly, the interconnected vascular channels should bio-
mimic naturally occurring in the tissues thus allowing media 
perfusion, thereby ensuring sustained oxygen supply critical for 
supporting cell viability and promoting successful tissue growth 
(Augustine et al. 2023).

To overcome current barriers in scaffolds for oxygen delivery 
in tissue engineering applications, hyperbaric oxygen therapy 
(HBOT) and oxygen-generating materials are explored by re-
searchers. HBOT involves exposing patients to 100% oxygen at 
pressures greater than atmospheric pressure. This therapy has 

been traditionally used to treat conditions like decompression 
sickness in divers but is now being investigated for tissue en-
gineering applications. HBOT can increase oxygen concentra-
tion in tissues, promoting cell survival, enhancing metabolic 
activity, and supporting tissue regeneration (Y. Zhang, Zhou, 
et al. 2023). Another option is hemoglobin-based oxygen carri-
ers (HbOCs) derived from hemoglobin extracted from red blood 
cells, show potential for controlled oxygen delivery in tissue 
scaffolds. These carriers mimic the oxygen-binding properties of 
natural hemoglobin, releasing oxygen selectively in hypoxic en-
vironments where oxygen demand is high (M. Cao et al. 2021). 
Incorporating HbOCs into biomaterials could offer a safe and 
effective method for supplying oxygen to engineered tissues. 
The most recent is oxygen-releasing biomaterials (ORBs) for 
providing sustained oxygen supply to engineered tissues, both 
in  vitro and in  vivo. These materials release oxygen through 
diffusion or chemical generation, aiming for controlled, grad-
ual release to avoid cell death from high oxygen concentrations. 
Common ORBs include sodium percarbonate, calcium peroxide, 
magnesium peroxide, hydrogen peroxide, and fluorinated ma-
terials. Incorporating ORBs into tissue engineering constructs 
in various forms, such as microspheres, films, nanofibers, and 
scaffolds, allows for prolonged oxygen release. However, some 
ORBs produce reactive oxygen species, like hydrogen peroxide, 
which can be cytotoxic. To mitigate this, catalase, an antioxi-
dant enzyme, can be incorporated into scaffolds to decompose 
hydrogen peroxide into oxygen and water. Microencapsulation 
techniques, such as using PLGA and alginate layers, enable con-
trolled release of oxygen from hydrogen peroxide while mini-
mizing cytotoxic effects (Gholipourmalekabadi et  al.  2016). 
Thus, peroxides and inorganic peroxide salts release oxygen 
through controlled degradation processes. These materials can 
provide a continuous oxygen supply to tissue-engineered con-
structs, overcoming oxygen diffusion limitations in large scaf-
folds. These materials include solid peroxides like magnesium 
peroxide and calcium peroxide, as well as liquid hydrogen per-
oxide. Solid peroxides, such as CaO2 and MgO2, offer sustained 
oxygen release compared to liquid H2O2. They generate oxygen 
by reacting with water, forming H2O2, which then decomposes 
into water and oxygen. Perfluorocarbons (PFC) are also used 
as oxygen carriers. The choice of oxygen-generating material 
depends on factors like cell density, scaffold size, and tissue 
regeneration requirements. Optimization of oxygen release 
kinetics is crucial for specific tissue engineering applications 
(Gholipourmalekabadi et  al.  2016). By incorporating oxygen-
generating materials into scaffolds, researchers aim to ensure 
sufficient oxygen levels reach all regions of the engineered tis-
sues, promoting cell viability and functionality. Incorporating 
OGBs into hydrophobic polymers, such as cell scaffolds, hydro-
gels, and electrospun meshes, enables sustained oxygen release 
until early neovascularization occurs. OGBs hold the potential 
for regenerating not only bone tissue but vital organs like the 
brain and heart, where oxygen supply is crucial for tissue health 
and function. However, concerns about the production of toxic 
byproducts like hydrogen peroxide and reactive oxygen species 
need to be addressed. Factors affecting oxygen release, such as 
hydration rate, pH, and environmental catalysts, require careful 
consideration. Research efforts are underway to optimize oxy-
gen delivery systems and develop novel strategies, particularly 
in advancing 3D scaffold-based organ regeneration using biolog-
ical and synthetic materials (Hosseini et al. 2023).
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4.4   |   Vascularization in Organoids

Organoids are 3D clusters of self-organized cells derived from 
stem cells, replicating the functions and diversity of their orig-
inal organs. Stem cells obtained from human cells are cultured 
in vitro or in vivo. The first organoid was developed in 2009 to 
model various differentiated cells of the intestine in vivo (Sato 
et al. 2009). To date, among the brain, retina, kidney, liver, lung, 
and prostate, also bone organoids have been established (J. 
Huang, Zhang, et  al.  2023). As discussed in terms of classical 
bone tissue–engineered scaffolds, vascularization is an indis-
pensable aspect of culture cells as 3D structures that properly 
perform their functions. Again, similarly, we recognize bone 
organoid vascularization as the main challenge to overcome 
(Strobel, Moss, and Hoying 2023). Among the methods of organ-
oid vascularization, we can distinguish strategies of incorporat-
ing into the organoid structure: ECs, typically HUVECs (Wenger 
et al. 2004), other cells like MSCc, pericytes, or fibroblasts that 
help to increase microvessel complexity and contribute to ECs 
development (Hsu et al. 2021; Kook et al. 2022; Lee, Han, and 
Lee 2016), and lastly, stem cells which induce the process of vas-
cularization (Homan et al. 2019; Pitaktong et al. 2020).

Incorporating individual cell types such as ECs, fibroblasts, 
MSCs, or pericytes has shown utility, but they do not fully rep-
licate the complexity of native microvessels. Native microvessels 
interact continuously with diverse cells and matrix types, mod-
ulating functions within the vessel and surrounding tissue. This 
cellular complexity is crucial for forming perfused microvascu-
lar networks capable of adapting and remodeling in response to 
hemodynamic and metabolic cues, ensuring networks are well 
suited for specific tissue environments and meet essential per-
fusion requirements (J. Kim et al. 2015; Kosyakova et al. 2020; 
Lin and Melero-Martin 2012; Rambøl, Han, and Niklason 2020). 
To overcome the insufficient complexity of the incorporation of 
individual cell types, Strobel et  al. successfully applied an ap-
proach to vascularize tissue organoids using isolated microvessel 
fragments combined with MSCs. These fragments formed a neo-
vascular network that invaded and vascularized the surrounding 
matrix. They developed vascularized adipose organoids through 
a staged differentiation approach, demonstrating that the pres-
ence of microvasculature enhanced insulin receptor expression 
in adipocytes. This suggests that microvessels may play a func-
tional role even without perfusion; therefore, further research is 
needed to understand these interactions and their implications 
for tissue engineering fully (Strobel, Gerton, and Hoying 2021).

Scaffolds improve nutrient diffusion and waste removal, ad-
dressing challenges associated with traditional organoid sys-
tems where limited accessibility can lead to necrosis at the core 
of larger organoids. The porosity of scaffolds enables better ac-
cess to nutrients and mechanical stimuli, promoting longer cul-
ture lifespans (Hofer and Lutolf 2021; D. Kim et al. 2023; H. Liu 
et  al.  2023). Electrospun membranes are excellent for applica-
tion in organoids/spheroids but also as a construction platform 
in tissue barrier models (D. Kim et al. 2023).

Poling et al. (2024) presented study where they verify whether 
incorporating piezoelectric materials into organoid develop-
ment could promote earlier organoid formation and support 
their further stimulation using external ultrasound for tissue 

engineering applications. It was presented that electrospun 
nanofiber matrices fasten the organoid formation 3 days earlier 
than in the control group. Moreover, ultrasound stimulation en-
hanced cell proliferation, proving that piezoelectric fibrous ma-
terials can stimulate organoid development.

5   |   Vascularization Analysis Techniques In Vitro, 
In Vivo, and Ex Vivo

This section focuses on techniques to analyze biomaterials for 
biocompatibility and angiogenesis potential. The tools com-
monly used by scientists are presented in Figure 6. Proliferation, 
migration, and viability tests are the basic techniques for testing 
a material's biocompatibility. This is the first step in evaluating 
the material's potential for use as a scaffold in tissue engineer-
ing. This is no different for electrospun fibers used in vascular-
ization during bone tissue regeneration, which are meticulously 
verified in vitro before being tested in vivo. The most common 
proliferation tests are based on the following:

	 I.	 Cell metabolism assays which include MTT (3-[4,5-di
methylthiazole-2-yl]-2,5-diphenyltetrazolium bromide), 
MTS (3-[4,5-dimethylthiazol-2-yl]-5-[3-carboxymethox
yphenyl]-2-[4-sulfophenyl]-2H-tetrazolium), WST-1 (2-​
[4-iodophenyl]-3-[4-nitrophenyl]-5-[2,4-disulfophenyl]-
2H-tetrazolium), and water-soluble tetrazolium.

	 II.	 Nuclei acid, such as PicoGreen and CyQUANT.

	III.	 Other methods, such as ATP (adenosine triphosphate) 
measurements, counting nuclei or immunolabeled cells, 
flow cytometry, and TEER (transepithelial/transendo-
thelial electrical resistance) measurements (Fischer and 
Aparicio 2020).

Importantly, cell viability tells us whether the cells are alive 
or dead, in contrast to cell proliferation, which measures cell 
division. To measure cell viability, we can apply the following 
tests: LIVE/DEAD, cytoplasmic enzyme lactate dehydroge-
nase (LDH), or transmembrane potential, which are based on 
the breakdown of the cell and nuclear membrane (Fischer and 
Aparicio 2020).

Other in  vitro tests focus on crucial aspects of cell migration. 
In the context of vascularization in electrospun fibers, research-
ers are usually concentrating on EC's behavior. A relatively easy 
and popular technique to examine the migration of cells is the 
scratch test, which can also be modified. Ahmed et al. (2018) in-
vestigated the ECs migration on electrospun PLGA fibers with 
different diameters to verify geometry as a factor affecting cel-
lular response. Their scratch test consisted of preventing cells 
from migrating through a physical barrier for a specified period 
of time and later subsequent confocal imaging of the rate of cell 
movement through the unpopulated scaffold area after barrier 
removal. This experiment is useful in determining which scaf-
fold's geometry and other surface properties are preferable for 
certain types of cells.

A separate group of experiments allows the quantification 
of pro-angiogenic factors. Here, we can perform western 
blotting that can be employed to assess various biological 

 19390041, 2024, 6, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
nan.2022 by A

kadem
ia G

orniczo-H
utnicza im

 Stanislaw
a Staszica w

 K
rakow

ie, W
iley O

nline L
ibrary on [07/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



13 of 24

processes and protein expressions. For instance, evaluation of 
osteoblast differentiation in hMSCs to detect the expression 
levels of ALP and runt-related transcription factor 2 (Runx2). 
This application helps understand osteoblast's differentia-
tion process derived from hMSCs, providing insights into 
bone formation and remodeling. Additionally, by utilizing a 
western blot, we can assess the angiogenic activity of cells, 
as shown for HUVECs seeded on electrospun PLA scaffolds 
(Bhattarai et al. 2020). This application allows researchers to 
investigate the signaling pathways involved in angiogenesis. 
Furthermore, ELISA (enzyme-linked immunosorbent assay) 
is a useful tool for measuring the presence of commonly 
used growth factors like angiogenic factor VEGF-A (vascu-
lar endothelial growth factor A) as a substance incorporated 
in the scaffolds, but it is also possible to quantify the secre-
tion of these enzymes from cells (S. Chen et al. 2020; Gritsch 
et  al.  2020). Typically, it measures the levels of specific pro-
teins or factors involved in the biological processes (C. Qian 
et al. 2020; Shimazaki et al. 2021; Xi et al. 2020). Lastly, PCR 
(polymerase chain reaction) is a widely used technique in bi-
ology that focuses on specific segments of DNA and allows the 
analysis of gene expression levels. PCR can be used to assess 
the biocompatibility and osteoconductive properties of scaf-
folds. By analyzing gene expression profiles of cells cultured 
on different scaffolds, it is possible to determine the scaffold's 
ability to support specific cellular behavior, like osteogenic 
differentiation or angiogenic gene expression (Y. C. Chen, 
Fu, et al. 2022; R. Yang et al. 2022; H. Yu et al. 2023). Zhan 
et al. (2021) presented a study of osteogenesis and angiogene-
sis potential in electrospun PLLA fibers enriched with liquid 
crystals and hydroxyapatite, which created a novel composite 
supporting bone regeneration. They implemented real-time 
quantitate PCR (RT-PCR) experiments to analyze osteogenic 
and vascularization-related gene expression, specifically the 
angiogenic CD31 gene, proving their composite to accelerate 
the angiogenic activity of cells.

The neovascularization potential in biomaterials can be as-
sessed using several imaging techniques ex vivo and in vivo, 
such as microscopy study of histological sections with im-
munostained ECs, CLSM, microcomputed tomography 
(MicroCT), high-frequency ultrasound, optoacoustic imaging, 
or MRI. Among the others, the most popular is histological 
assessment (Woloszyk et  al.  2019). However, its main draw-
backs are the 2D analysis and difficulty evaluating blood ves-
sel functionality (Kiessling, Razansky, and Alves 2010). The 
vessel network and interaction of cells with the biomaterial 
cannot be verified in the real 3D model (Woloszyk et al. 2019). 
Here, MicroCT, as a technique that allows the transforma-
tion of scans into 3D vessel trees, enables the investigation 
of vascularization patterning. Using this technique to quan-
tify scaffold vascularization, it was reported that electrospun 
PCL/collagen-blend fibers with different geometries influ-
enced the number of vessels (Klumpp et al. 2012). Moreover, 
MicroCT, in combination with MRI, allows to verify in vivo 
neovascularization in bone regeneration, visualizing both bio-
material and the tissue. Ribot et al.  (2017) successfully used 
these two techniques to investigate neovascularization in 
biomaterials implanted in a femoral defect in rats. However, 
as in vivo animal experiments are time-consuming and chal-
lenging to carry out, requiring specialized infrastructure and 
bioethical approvals, an increasingly common alternative for 
analyzing angiogenesis in biomaterials is using a chick cho-
rioallantoic membrane (CAM) model (Vimalraj, Renugaa, and 
Dhanasekaran 2023). According to the European Parliament 
Directive 2010/63/EU and the 3Rs concept (the concept of re-
duction, refinement, and replacement of animal models), it 
is strongly recommended to strive for more ethical biological 
models than standard animal ones, where the CAM model is 
found as one of the most attractive and ethical (Mapanao and 
Voliani  2020; Sarogni et  al.  2021). We are seeing increasing 
use of chicken-embryo assay in the study of angiogenesis and 
vasculogenesis in electrospun scaffolds for the regeneration of 

FIGURE 6    |    Scheme of typical techniques applied in scaffold vascularization analysis divided to three categories: pre-vascularization, imaging, 
and quantification of pro-angiogenic factors.
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various tissues (D. Li, Zhang, et al. 2023; Oliinyk et al. 2023; 
T. Yao et al. 2023): urethral tissue (Abbas et al. 2024), wound 
healing (Amiri et al. 2024; Koohzad and Asoodeh 2024; Pamu 
et  al.  2024; Patole et  al.  2024), and bone regeneration (de 
Oliveira et al. 2022; Dhinasekaran et al. 2021; Näf et al. 2024). 
Woloszyk et  al.  (2019) present a study of vascularization in 
scaffolds for bone regeneration using MicroCT, MRI, and 

CAM assay as a model instead of an animal one. They report 
using a CAM assay as an efficient bioreactor that is a cost and 
time-effective model for angiogenesis studies in biomaterials. 
Figure  7 shows the application, advantages, and disadvan-
tages of the used techniques, proving that the comprehensive 
combination of them in vivo and ex vivo gives full information 
about the functionality of blood vessel formation.

FIGURE 7    |    The scheme presents a comprehensive blood vessel analysis through a combined in  vivo CAM assay, advanced magnetic reso-
nance imaging (MRI), microcomputed tomography (MicroCT), and histology, with advantages and disadvantages. Reprinted with permission from 
Woloszyk et al. (2019).
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Following further analysis of the vascularization of scaffolds 
in vitro and in vivo in addition to the CAM model, we often 
come across the use of the Matrigel model (Dikici, Claeyssens, 
and MacNeil  2020; Hasmad et  al.  2022). Matrigel is a sub-
stance derived from the basement membranes found in normal 
tissues, which are thin sheets of ECM serving various roles 
in the body. These membranes are highly insoluble, making 
extracting and studying their components difficult. However, 
the EHS tumor in mice (named after Dr. Engelbreth-Holm, 
who isolated it) has provided a significant amount of basement 
membrane material, enabling researchers to characterize its 
components structurally and functionally. Due to its compo-
nents, Matrigel, an extract derived from the EHS tumor, forms 
a solid gel at body temperature (37°C). This gel replicates the 
structure of basement membranes and has been extensively 
utilized in cell culture and in vivo experiments. It is reported 
that up to 2021, more than 12,000 scientific publications pre-
sented studies with embryonic, normal, stem, or malignant 
cells using Matrigel as a model for experiments (Passaniti, 
Kleinman, and Martin  2022). This in  vivo basement mem-
brane mimics the ECM and allows experiments to be con-
ducted focusing on different aspects of vascularization in 
scaffolds (Laschke et al. 2008). For example, it was shown that 
ECs started to create capillary-like tubes on the membrane 
within 12 h of culture (Benton et  al.  2011). Cui et  al. claim 
that the tubular formation of ECs is an in vivo gold standard 
in bone tissue engineering, leading to a comprehensive eval-
uation of angiogenesis critical for tissue regeneration. They 
produced electrospun core–shell fibers with programmed 
drug release to boost vascularized bone regeneration. It was 
observed that HUVECs cultured on Matrigel created tubular 
formation after 6 h (Cui et al. 2022). Another group produced 
electrospun PLA fibers with sequential release of taurour-
sodeoxycholic acid (TUDCA) and bone morphogenic protein 
2 (BMP2), which were tested for potential stimulation of an-
giogenesis. Also, in this study, HUVECs tubular formation on 
Matrigel was analyzed, showing more extended tube forma-
tion and more than three times better cellular migration on 
scaffolds containing bioactive substances compared to pure 
PLA fibers (Bhattarai et al. 2020).

6   |   Conclusions

Conventional scaffold fabrication methods such as solvent cast-
ing and particulate leaching, gas foaming, phase separation, 
freeze-drying, or sol–gel methods can produce scaffolds with 
large pores, but controlling pore size and interconnectivity re-
mains challenging. Electrospinning can uniquely create scaf-
folds with porosity ranging from 100 nm to 10 μm, enhancing 
cell adhesion. In contrast, 3D printing achieves higher scaffold 
porosity, from 100 to 550 μm, facilitating adequate nutrient flow. 
Combining electrospinning and 3D printing yields scaffolds that 
offer both excellent cell adhesion and robust mechanical sup-
port, with appropriate free spaces for nutrient flow. This synergy 
makes them ideal candidates for scaffolds aimed at improving 
tissue vascularization.

Effective vascularization often requires co-culturing ECs with 
other cell types like pericytes and fibroblasts. Additionally, 
the scaffold's material properties significantly impact cell 

communication and angiogenesis, making the choice of scaf-
fold material crucial for successful vascular network forma-
tion. Reviewing vascularization assessment, histological 
analysis remains the most popular method for evaluating 
neovascularization in biomaterials despite its limitations. 
MicroCT presents a promising alternative, offering a 3D per-
spective and overcoming traditional histology constraints. 
Integrating MicroCT with MRI holds significant potential for 
enhancing our understanding of vascularization dynamics 
and improving tissue engineering strategies, particularly in 
bone regeneration applications.

While hypoxia has been proposed as a viable strategy for induc-
ing vascularization, the opposite approach of utilizing oxygen-
delivering scaffolds presents a promising avenue for ensuring 
adequate oxygen supply, particularly in large scaffolds where 
the risk of cell necrosis is heightened. This alternative method 
offers potential advantages in mitigating the challenges associ-
ated with extremely low oxygen levels in regenerating regions 
and underscores the importance of tailored strategies in tissue 
engineering and regenerative medicine. Further research and 
development in this direction hold significant promise for im-
proving the efficacy and viability of tissue.

The field of organoid fabrication has significantly advanced, yet 
fully modeling native tissues remains challenging. A major hur-
dle is enhancing tissue complexity, especially through vascular-
ization, without complicating the process. Promising approaches 
include stem cell co-differentiation, incorporating whole mi-
crovessels, and adding tissue-specific cells and matrices. Stem 
cell–based fabrication of vascularized organoids offers significant 
advantages over methods using primary cells, such as greater 
proliferation and regeneration capacities and the potential for 
patient-specific models. Despite these benefits, challenges re-
main, particularly in co-culturing different cell types and achiev-
ing consistent differentiation results. Ongoing improvements and 
advancements in stem cell differentiation protocols are essential 
to overcome these limitations and enhance the reproducibility 
and practicality of vascularized organoids in in  vitro models. 
Future research should focus on mimicking in vivo complexity, 
emphasizing cell signaling and mechanical cues like intravascu-
lar perfusion. In summary, multi-stimuli research combining ma-
terial properties, growth factors, oxygen level manipulation, and 
biomechanical stimulation in designed bioreactors with the fol-
lowing complex vascularization assessment is necessary to over-
come insufficient vascularization in currently used approaches.

The future of bone tissue engineering holds great promise in ad-
dressing the need for bone substitutes, particularly in improving 
scaffold design and enhancing vascularization and focusing on 
better replicating the complexity of native tissues. Advances in 
electrospinning and biofabrication must focus on optimizing 
scaffold porosity and mimicking the ECM to improve oxygen 
and nutrient diffusion, which is critical for successful tissue re-
generation. The advantage of electrospinning is the application 
of high electric field strength to create fibers with controlled 
surface properties; however, combined with other manufac-
turing techniques, it will enable precise control over pore size 
and robust 3D scaffolds with enhanced porosity and mechanical 
properties. Bone organoids show promise for disease modeling 
and treatments but struggle with poor vascularization, so future 
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research should focus on developing better pre-vascularization 
strategies. Moving forward, scaling up the fabrication tech-
niques from lab-scale to large-scale manufacturing will be es-
sential for clinical applications, bringing us closer to effective, 
functional bone regeneration therapies. Nevertheless, to reach 
effective bone regeneration solutions, the integration of bioac-
tive materials and functional tissue constructs still needs new 
scaffold designs.
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PLLA scaffolds with controlled surface potential and piezoelectricity for 
enhancing cell adhesion in tissue engineering 
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A B S T R A C T   

The effect of the surface potential of biomaterials on cell attachment and development in regenerative medicine 
is still an unexplored area driving many regeneration processes, especially in piezoelectric bone tissue. Within 
this study, we electrospun poly(L-lactide) scaffolds constructed of fibers with either higher (− 600 mV) or lower 
(− 300 mV) surface potential, which is controlled by applied voltage polarity during their production. Interest
ingly, this way, the piezoelectric performance of PLLA fibers can be enhanced. The direct measurement of the 
PLLA fiber surface potential using Kelvin probe force microscopy (KPFM) showed a good correlation with the 
zeta potential analysis. The piezoelectricity of PLLA fibers was verified with piezoresponse force microscopy 
(PFM), indicating that it can be enhanced by applying the positive voltage polarity to the nozzle during elec
trospinning. Importantly, the cell adhesion assay showed a significant effect of the higher surface potential of 
PLLA fibers on osteoblasts behavior and creating a favorable bioelectric microenvironment. We observed 
enhanced initial adhesion of cells in the first 5 h with no additional effect of surface potential on proliferation, 
morphology, or collagen production. It was demonstrated that electrospun PLLA fibers with tunable surface 
potential and piezoelectricity are excellent for constructing bone tissue engineering scaffolds.   

1. Introduction 

Striving for the best possible imitation of the extracellular matrix 
(ECM) conditions in biomaterials application is one of the main goals of 
tissue engineering [1,2] to enhance the regeneration processes [3] and 
reduce bacterial infections [4]. Favorable bioelectric microenviron
ments for cell proliferation and adhesion vary depending on the cell 
type. Hence, the research focuses on combining cells’ specific prefer
ences with designing material properties for use as a tissue scaffold [5]. 
The typical surface modification approach in polymer fibers for tissue 
engineering includes adding bioactive molecules to control cellular 
attachment [1,6]. However, current knowledge on the stability of 
bioactive molecules on the surfaces of polymer fibers is limited; there
fore, attempts to eliminate interference with the chemistry of the fiber 
surface are needed. Alternatively, manipulating physical material 
properties can have a stable and long-term positive impact on cells’ 
responses [7,8]. 

The surface charges and electrostatic interactions in biological 

tissues are natural phenomena that occur due to ion-based physiological 
processes [9]. A characteristic feature of all types of cells is negatively 
charged cell membrane. The electric potential of cell membranes varies 
between − 10 to − 90 mV, depending on cell type. Moreover, the elec
trostatic forces play an essential role in the relationship of the negatively 
charged cell membrane and opposite charges accumulated on bioma
terial surfaces. Here, the positively charged surfaces are beneficial for 
cells adhesion, proliferation and spreading [10]. In tissue regeneration, 
charges guide the signaling process and further cell behavior leading to 
tissue repair [11,12]. Osteoblast cells are responsible for rebuilding 
bone tissue by producing collagen fibrils that create a bone matrix [13]. 
The piezoelectric effect in tissues, such as bone and tendons, is ascribed 
to the crystalline fibrillar structure of collagen or elastin [14,15]. 
Collagen is the most abundant protein in the human body and the 
dominant element of ECM, which plays an essential role in tissue growth 
and regeneration [9]. Thus, one of the most critical aspects of bone 
tissue engineering includes collagen formation by interacting cells with 
biomaterials [16,17]. Electrospun polymer fibers properties, including 
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morphology, and mechanical or electrical properties, can be tuned 
during the production process by a wide variety of changeable electro
spinning parameters but also by properties of the polymer solution itself 
[18–22]. Voltage polarity effect in electrospinning is one of the options 
which allows controlling the surface and the mechanical properties of 
fibers [23]. Varying between positive and negative polarity leads to the 
accumulation of different charges on the polymer jet, inducing molec
ular reorientation, which is quenched in produced fibers [24]. This 
molecular reorientation results in a change in both the structural and 
surface properties of fibers [25,26]. 

As mentioned above, the biologically important aspect of enhancing 
cell responses and tissue regeneration is the effect of electric charges 
generated by biomaterial. These charges can result from the material’s 
piezoelectric properties, leading to a relationship with the surface po
tential [17,27–29]. Cellular interactions with the piezoelectric material 
and vibrations are the mechanisms responsible for the generation of 
surface charges [30]. Cells exert enough stress during attachment and 
migration on scaffolds to generate electrical signals [14]. Notably, the 
increased cell activity can also be attributed to charges present on 
piezoelectric materials. It allows miming the original conditions for cells 
by providing the physiological electrical micro-environment [31]. In
duction of charges due to the piezoelectric effect was explored for poly 
(vinylidene fluoride) (PVDF) [32,33], poly(3-hydroxybutyric acid-co-3- 
hydrovaleric acid) (PHBV) [34], or poly(L-lactide) (PLLA) scaffolds and 
films [35,36]. 

PLLA is a widely researched and common biopolymer used in med
icine, especially in tissue engineering, due to its biocompatibility, sta
bility, and relatively slow degradation [37–40]. PLLA electrospun fibers 
show mechanical properties that meet the requirements of bone tissue 
engineering [41]. The mechanical properties of PLLA fibers can be 
controlled via electrospinning parameters, and solvents, and molecular 
weight of the polymer used to prepare the solution, which can contain 
particles too [42,43]. Electrospun PLLA fibers’ crystallinity can also be 
enhanced after thermal annealing due to the presence of α-crystalline 
phase [44]. The piezoelectric effect in PLLA electrospun fibers for tissue 
engineering is well known [36]. However, to date, it is still unclear how 
the surface potential of PLLA electrospun fibers affects cell adhesion and 
collagen mineralization which is crucial for the bone regeneration pro
cess [45–47]. 

In this study, we controlled the piezoelectricity and surface potential 
of produced PLLA fiber by applying positive and negative voltage po
larity to the nozzle during electrospinning. Applying positive voltage 
polarity led to a higher surface potential of PLLA fibers (PLLA+ ), and 
negative voltage polarity resulted in a lower surface potential of PLLA 
fibers (PLLA-). Additionally, the piezoelectric properties of the individ
ual electrospun PLLA fibers have been measured using high voltage 
switching spectroscopy piezoresponse force microscopy (HVSS-PFM). 
Therefore, we were able to investigate both: piezoelectric and surface 
potential effects of PLLA fibers on osteoblasts behavior in scaffolds 
enhancing bone tissue regeneration. We studied the effect on osteoblast 
adhesion, proliferation, and later collagen formation. Notably, the PLLA 
scaffolds are manufactured with a single-step approach without any 
chemical modifications, showing the ability of applied voltage polarity 
to tune the surface properties of electrospun polymer fibers. Knowing 
the significance of surface potential in the biomaterials field, we have 
proved that controlled surface charges on PLLA scaffolds can guide and 
enhance osteoblast responses. 

2. Materials and methods 

2.1. Material 

Poly(L-lactide) (PLLA, PURASORB PL18, Mw = 221, 000 g⋅mol− 1, 
Corbion, The Netherlands) was dried before solution preparation for 2 h 
at 30 ◦C in a drying oven (POL-EKO-APARATURA, Poland). A polymer 
solution of 9 wt% concentration was prepared by dissolving PLLA in a 

mixture of dichloromethane (DCM, analytical standard, Avantor, 
Poland) and dimethylformamide (DMF, analytical standard, Avantor, 
Poland) in the ratio of 7:3 w/w. The polymer was dissolved entirely after 
3 h of stirring at 25 ◦C at a constant speed of 400 rpm using the magnetic 
stirrer (IKA, Germany). 

2.2. Electrospinning 

Two types of PLLA scaffolds were prepared by applying either pos
itive (PLLA+ ) and negative voltage polarity (PLLA-) to the stainless- 
steel nozzle (hypodermic injection needle KD Fine 0.8 × 40 mm 21 G 
× 1 1/2′ ′ green, KD Medical GmbH Hospital Products, Germany) while 
electrospinning with apparatus SKE E-FIBER EF 100 (SKE Research 
Equipment, Italy). PLLA fibers were electrospun by applying a voltage 
of + 13.5 kV or − 13.5 kV to the nozzle, with a solution flow rate of 6 ml/ 
h and a distance of 16 cm between the nozzle and the collector. The 
process was conducted in a climate-control chamber at a T = 25 ⁰C and 
RH = 30 %. 

2.3. Scanning electron microscopy (SEM) 

Sample preparation before imaging included coating with an 8 nm 
Au layer using rotary-pumped sputter coating (Q150RS, Quorum 
Technologies, UK). Samples were imaged with the SEM (Merlin Gemini 
II, Zeiss, Germany) using a SE detector, applying a current of 
100 – 150 pA, a voltage of 3 kV, and a working distance of 3 – 9 mm. 
Diameters of the fibers Df were analyzed from SEM images using Fiji 
software (ImageJ 2.1.0, USA). The average fiber diameter was calcu
lated from 100 measurements taken from SEM images. 

2.4. Contact angle measurement 

Contact angle measurement consisted of deposition of deionized 
water droplets (Spring 5UV purification system, Hydrolab, Poland) with 
a volume of 3 µL onto the surface of PLLA scaffold and taking the images 
using a Canon EOS 700D camera with EF-S 60 mm f/2.8 Macro USM 
zoom lens. MB ruler software (version 5.3, USA) was used to measure the 
contact angles. The average water contact angle was obtained from 
measurements of ten droplets per sample. 

2.5. Surface and bulk chemistry analysis 

Characterization of the surface chemistry of fibers deposited onto 
silicon wafers was done with XPS. The Angle-Resolved XPS (ARXPS) 
analyses were carried out in a PHI VersaProbeII Scanning XPS system 
using monochromatic Al Kα (1486.6 eV) X-rays focused to a 100 µm 
spot. The photoelectron take-off angle varied at 15 ⁰ and 30 ⁰, and the 
pass energy in the analyzer was set to 46.95 eV (0.1 eV step) to obtain 
high energy resolution spectra for the O 1 s regions. A dual beam charge 
compensation with 7 eV Ar + ions and 1 eV electrons were used to 
maintain a constant sample surface potential regardless of the sample 
conductivity. All XPS spectra were charge referenced to the unfunc
tionalized, saturated carbon (C–C) C 1 s peak at 285.0 eV. The oper
ating pressure in the analytical chamber was less than 2 × 10-9 mbar. 
Deconvolution of spectra was carried out using PHI MultiPak software 
(v.9.9.2). Spectrum background was subtracted using the Shirley 
method. 

The bulk chemistry was investigated with Fourier transform infrared 
spectroscopy (FTIR, Nicolet iS5, Thermo Fisher, USA). The samples were 
scanned 2 h after electrospinning in a range of 400 to 4000 cm− 1 in a 
total scan number of 64. Total crystallinity of the samples was estimated 
by calculation of the ratio of the peak area at 921 cm− 1 and the sum
mation of 921 cm− 1 and 955 cm− 1 using equation (1)[48] 

XC(FTIR) =
I921

I955 + I921
100% (1) 
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where I921 and I955 corresponds to the area of the crystalline and 
amorphous bands, respectively. 

Differential scanning calorimetry (DSC) carried out using DSC (DSC 
3, Mettler Toledo, Switzerland) allowed the analysis of thermal prop
erties of PLLA+ and PLLA- fibers and PLLA pellets. Three independent 
examinations of each sample were performed, and the results present 
the average values. Samples were heated at a rate of 10 Kmin− 1 from 
0 to 230 ⁰C. DSC results allowed us to calculate the crystallinity using 
equation (2), 

C =
ΔHmeasured

ΔH100%
100% (2)  

where ΔHmeasured is the heat of fusion of measured sample, ΔH100% is the 
heat of fusion of 100 % crystalline sample taken from literature, which is 
96.3 Jg− 1 [49]. 

2.6. Kelvin probe force microscopy and piezoresponse force microscopy 

Atomic force microscopy (AFM), Kelvin probe force microscopy 
(KPFM), and high voltage switching spectroscopy piezoresponse force 
microscopy (HVSS-PFM) measurements were carried out using Cor
eAFM (Nanosurf, Switzerland). For KPFM, conductive HQ:NSC18/Pt 
(MikroMasch, Bulgaria) tips with force constant of 2.8 Nm− 1 and a 
resonance frequency of 75 kHz were used. For HVSS-PFM, conductive 
ElectriCont-G (BudgetSensors, Bulgaria) tips with force constant of 
0.2 Nm− 1 and a resonance frequency of 13 kHz were used. Topography 
was obtained simultaneously with KPFM measurements. Depending on 
the measurement, areas of 15 × 15 and 50 × 50 µm were scanned. 

KPFM data is an average of scan lines taken on the uppermost section 
of 7 different fibers measured on 4 separate scan regions. Gold was 
measured in tandem with PLLA fibers to serve as a control measurement 
of the KPFM signal. All measurements were carried out in one session to 
ensure similar room conditions and were carried out 24 h after elec
trospinning to control for the surface potential decay and to ensure that 
identical material conditions as applied in cell studies. The environ
mental conditions during the experiments were 50–65 % RH and 23 ⁰C. 
The values for Au are an average of 10 separate lines on each of the 4 
scans. Data were processed using Gwyddion (v2.56, gwyddion.net) and 
OriginPro (v9.7.0.188, OriginLab Corporation, USA) software. 

HVSS-PFM data is an average of 3 separate measurements on the 
uppermost sections of the scanned fibers. The approach regarding the 
time of measurements, temperature, humidity, and data analysis were 
the same as for KPFM measurements except for the substrate for fibers, 
which for PFM measurement was glass with ITO coating. Spectroscopy 
was performed with a pulse time of 50 ms in 200 steps in the voltage 
range from − 90 to 0 V, 0 to 90 V, and back from 90 to − 90 V. The tip 
remained stationary on the material during the measurement. A com
plete method description has been reported previously [50] Using pulses 
instead of a continuous voltage ramp in this approach, the destructive 
contribution of surface potential is negated. HVSS-PFM allows deter
mining the local piezoelectric response of the material in contact with 
the conductive tip of the AFM cantilever. The deflection amplitude 
(displacement) provides information on the strength of piezoelectric 
behavior. The phase of the deflection provides information on the po
larization direction and its value, as well as the coercive bias of the 
material. 

2.7. Zeta potential measurement 

Streaming zeta potential analysis was conducted with a high-end 
electrokinetic analyzer (SurPASS 3, Anton Paar, Austria). The stream
ing potential was measured between two meshes with dimensions 20 ×
10 mm placed in the cell with the adjustable gap set to 110 μm. The pH 
value was controlled in the range of 3.0–9.0 with pH steps of 0.3. The 
titrations were done by the progressive addition of 0.05 M HCl or 0.05 

M NaOH to a 0.01 M KCl solution. The zeta potential was measured with 
four repetitions for each pH. The titration curves are shown as the 
average value with error bars calculated from these 4 tests. 

2.8. Cell culture study 

Human osteoblast-like cells (MG-63) (Sigma Aldrich, UK) were used 
for the cell culture study. Before cell seeding, which took place 24 h after 
scaffold electrospinning, samples of PLLA fibers were cut into 15 mm 
diameter circles, placed in 24-well plates, and sterilized with UV light 
for 30 min. Glass was used as a control. For cell seeding, an equal cell 
density of 2 × 104 cells per 1 ml in culture media was used for each cell 
culture study. Incubation was provided at 37 ⁰C and humidity of 95 % in 
a 5 % CO2 atmosphere in the incubator (Memmert GmbH + Co.KG, Inc 
108med, Schwabach, Germany). The cellular medium consisted of 
Dulbecco’s modified Eagle Medium (DMEM with 4.5 g/LD - glucose, 
Biological Industries, Israel), supplemented with 10 % of fetal bovine 
serum (FBS, Biological Industries, Israel), 2 % of antibiotics (penicillin 
− streptomycin, Biological Industries, Israel), 1 % of L-glutamine solu
tion (Biological Industries, Israel), and 1 % of amino acids (mem 
nonessential amino acid solution 100×, Sigma-Aldrich, USA). 

2.8.1. Cell adhesion and viability 
For the adhesion test in three-time points 1 h, 3 h, and 5 h, cells were 

seeded on PLLA+ and PLLA- samples and on the glass as a control. After 
the required time from cell seeding for each time point, samples were 
washed in phosphate-buffered saline (PBS, Biomed Lublin, Poland) to 
remove unattached cells. In the next step, scaffolds and the control 
sample were fixed with 4 % paraformaldehyde for 15 min and rinsed 
with PBS. For nuclear staining 4′,6-diamidino-2-phenylindole dye 
(DAPI, Sigma-Aldrich, UK) incubation was performed for 15 min, fol
lowed by rinsing with PBS. Imaging was done by confocal laser scanning 
microscopy (Zeiss LSM 900, Germany). Quantitative cell analysis was 
carried out using macros in the Fiji software (ImageJ 2.1.0, USA). 

The cell viability was evaluated using the CellTiter-BlueR©Assay 
(GloMax Discover plate Reader, Promega, USA) after 1, 3, and 7 days of 
incubation. At each time point media was replaced with 1 ml of media 
containing 20 % of CellTiter-BlueR© reagent (Promega, USA) and 
incubated for 4 h at 37 ⁰C. From each well, 100 μm of reagent was 
transferred to a 96-well plate in triplicates, and fluorescence was read at 
560/590 nm using the microplate reader GloMaxR©DiscoverSystem 
(Promega, USA). For the cell culture study, tests were conducted on two 
repetitions for each type of PLLA sample and glass. The statistical 
analysis was performed in OriginPro (ver. 2022 9.9 USA). 

2.8.2. Confocal microscopy: Focal adhesion staining 
Cells were seeded on each PLLA+ and PLLA- sample and glass and 

cultured for 1, 3, and 7 days. Further, scaffolds were fixed with 4 % 
paraformaldehyde (Sigma-Aldrich, UK) for 15 min. After fixation, the 
samples were washed with PBS. Afterward, incubation was carried out 
in 0.1 % Triton X-100 (Sigma-Aldrich, UK) for 10 min and followed by 
rinsing in PBS. The blocking step included incubation in 3 % bovine 
serum albumin (BSA, Sigma-Aldrich, UK) in PBS for 60 min. For over
night staining with primary antibodies, monoclonal anti-paxillin anti
bodies were used (ab32084, Abcam, UK) to stain paxillin in the focal 
adhesion complex. After staining, samples were rinsed in PBS for 15 min. 
Further, cells were incubated with an anti-rabbit secondary antibody 
conjugated with Alexa Fluor Plus 555 (A32732, Thermo Fisher, USA) for 
1 h. Next, cells were incubated for 1 h at 23 ⁰C with Alexa Fluor™ 
488 Phalloidin (Thermo Fisher, USA) for actin staining. The last step was 
nuclear staining with DAPI for 15 min. The images were acquired using 
the confocal microscope (Zeiss LSM 900, Germany). During experi
ments, the Plan-Apochromat 10x/0.45 M27, 20x/0.8 M27, 40x/ 
1.30 Oil DIC M27 and 63x/1.4 Oil DIC M27 objectives were used. Im
aging was possible using the 405 nm or 488 nm, or 555 nm laser lines for 
exciting DAPI, Alexa Fluor™ 488 Phalloidin, Alexa Fluor Plus 555, 
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respectively. 

2.8.3. Confocal microscopy: Collagen staining 
The extracellular collagen was immunofluorescently stained on days 

14 and 21 after cells seeding on PLLA+ and PLLA- fibers. Cells were 
incubated for 1 h with monoclonal anti-collagen, type I antibody 
(C2456, Merck, USA) at 37 ⁰C. Afterward, the cells were rinsed with 5 % 
FBS in PBS and then were fixed with 4 % formaldehyde in PBS for 15 min 
at 23 ⁰C and rinsed two times with PBS. Cells were permeabilized with 
0.1 % Triton X-100 in PBS for 10 ⁰min at 23 ⁰C and further incubated in a 
blocking solution (3 % BSA in PBS) for 1 h. Next, the cells were incu
bated with anti-mouse secondary antibody conjugated Alexa Fluor Plus 
555 (A32727, Thermo Fisher, USA) for 1 h. For visualization of actin 
filaments, cells were incubated for 1 h at T = 23 ⁰C with Alexa Fluor™ 
488 Phalloidin (Thermo Fisher, USA) and then rinsed three times in PBS. 
Nuclear DNA was counterstained with DAPI (Sigma-Aldrich, UK) for 10 
min. After staining, samples were rinsed with PBS three times (15 min 

each). The same laser parameters were used for focal adhesion imaging 
with the confocal microscope. 

2.8.4. SEM imaging of cells 
SEM imaging of cells on PLLA scaffolds was done after 7 and 14 days 

of culture. Cells were fixed with 2.5 % glutaraldehyde (Sigma-Aldrich, 
UK) for 1 h at 25 ⁰C. Next, samples were rinsed three times with PBS and 
dehydrated in alcohol solution series (Avantor, Poland) with increasing 
ethanol concentrations (50 %, 70 %, 80 %, 90 %, 100 %). The scaffold 
incubation lasted 7 min for each solution and was repeated twice for 
100 % ethanol solution. Further, samples were incubated in hexame
thyldisilazane (HDMS, Sigma-Aldrich, UK). After complete evaporation 
of HDMS, samples were coated with an 8 nm thick gold layer and imaged 
with the same SEM parameters mentioned above for fibers 
characterization. 

Fig. 1. SEM micrographs of electrospun of A) PLLA+ and B) PLLA- fibers, C) histogram of fiber diameter distribution with the average fiber diameter (Dfavg) of 2.2 
µm for PLLA+ and 2.4 µm for PLLA-, D) XPS results of surface chemistry of PLLA+ and PLLA- fibers, E) DSC for PLLA+ and PLLA- fibers, and PLLA pellets, F) FTIR 
results, and G) FTIR results with focus on 921 and 955 cm− 1 peaks, zoom of the spectra region marked in F). 
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3. Results and discussion 

3.1. PLLA fibers morphology and wetting properties 

The SEM micrographs show a smooth PLLA fiber surface in both 
cases without any pores or beads. The average fiber diameter was 2.2 µm 
± 0.7 µm for PLLA+ and 2.4 µm ± 0.9 µm for PLLA-; see SEM images and 
histogram of the fiber diameter in Fig. 1 A) – C). To evaluate the wetting 
properties, water contact angles were measured and resulted in 120⁰ 
depicting the hydrophobic nature of PLLA fibers (see Supplementary 
Information Fig. S1 A) and B)). The scaffold topography and wettability 
are essential in regulating the initial cell behavior, such as cell adhesion 
and proliferation. It is noteworthy that the porosity of electrospun 
scaffolds is in the range of 70 % − 90 %. Both PLLA scaffolds provide 
similar structural support and geometry for cells [51–54]. The repre
sentative image of scaffold is presented in Supplementary Information 
Fig. S1 C). 

3.2. Chemistry and surface potential 

The effect of the voltage polarity applied to the nozzle during the 
electrospinning of polymer fibers has already been described [23,52]. 
The applied charges at the liquid interface of a polymer solution affect 
the surface chemistry of electrospun fibers. Owing to the repulsion or 
attraction of electronegative functional groups with double-bonded 
oxygen, polymer chains in PLLA fibers can be reoriented toward the 
fiber surface [52]. Here, the surface chemistry of the PLLA fibers was 
examined with ARXPS to verify the presence of double and single- 
bonded oxygen for both PLLA+ and PLLA-, see Fig. 1 D) and Supple
mentary Information Fig. S2. The XPS study suggests that the reor
ientation of oxygen in PLLA molecules occurs due to a change in 
polarity, which is confirmed by the different intensity of O1s region at 
the 15 ⁰ angle measurement for PLLA+ and PLLA-. Additionally, the DSC 
results showed 2 ⁰C higher Tg for PLLA- fibers, indicating the structural 
changes in PLLA due to applied voltage polarity in electrospinning, see 
Fig. 1 E). 

DSC results showed the highest crystallinity for the PLLA pellets 88.9 
± 0.5 %, and comparable crystallinity within borders of error for PLLA+

Fig. 2. A) Topography images with corresponding surface potential maps of PLLA+ and PLLA- fibers, B) plot of average values of surface potential with accom
panying data for Au, C) zeta potential measurement results for PLLA+ and PLLA-. PFM measurement PLLA+ and PLLA- fibers: the exemplary plot of D) displacement 
versus voltage, and E) phase versus voltage. Errors are based on standard deviation. 
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and PLLA-, 53.43 ± 0.94 %, and 55.84 ± 1.72 %, respectively. The 
similar bulk chemistry of PLLA+ and PLLA- samples was confirmed via 
FTIR, see Fig. 1 F). The main characteristic peaks of PLLA are located at 
1750 cm− 1, corresponding to the C––O stretching mode of ester group 
[55,56]; 1211 and 1182 cm− 1 are assigned to C–O–C and CH3 groups 
[56] Bands at 1044 cm− 1, 1087 cm− 1, 1132 cm− 1, 1456 cm− 1 are 
attributed to asymmetric deformation of C-CH3, C–O–C, C-CH3, CH3, 
respectively. Stretching of CH3 group is also shown by peaks at 2946 and 
2996 cm− 1 [44]. The peak at 1384 cm− 1 is assigned to the stretching of 
C–H.[55] Weaker peaks at 872 and 921 cm− 1 indicate the existence of 
α-crystals [44]. The band at 755 cm− 1 is correlated with C––O bending. 
[49]. Importantly, we can obtain information about the crystallinity 
from the area of the amorphous band at 955 cm− 1 by observing its 
changes compared to the area of the band of the crystalline phase at 921 
cm− 1. Calculation of total crystallinity using eq. (1) showed the crys
tallinity of 60.8 % for the PLLA pellets, 28.06 % and 25.74 % for PLLA+
and PLLA- samples, respectively. Analysis of FTIR results, presented in 
Fig. 1 G), let us conclude that analog to DSC results, the PLLA pellets 
showed the highest crystallinity, whereas PLLA+ fibers are slightly more 
crystalline than PLLA-. Decreased crystallinity of PLLA fibers comparing 
to pellets is ascribed to the electrospinning parameters. During the so
lidification and stretching of fibers, polymer chains are limited in time to 
organize into crystal structure prior to their solidification [57]. 

The results for PLLA fibers from AFM topography scans with 
accompanying surface potential maps are shown in Fig. 2 A). The results 
demonstrate a significantly higher average surface potential of 589 ±
109 mV when electrospinning with positive voltage polarity (PLLA+ ), 
as compared to PLLA- fibers with a surface potential of 294 ± 62 mV 
when applying negative polarity. The values for Au used as control and 
background of the fibers samples were similar being 118 ± 25 mV and 
80 ± 47 mV for PLLA- and PLLA+ samples, respectively, see Fig. 2 B). 
Voltage polarity during electrospinning affecting surface chemistry has 
a significant impact on the surface potential of PLLA fibers, where the 
potential is almost doubled for PLLA produced with positive voltage 
polarity. To further study – fiber surface potential, the zeta potential of 
PLLA fibers was measured as a function of pH in the range from pH 3.0 to 
9.0 in a standard KCl solution. Zeta potential is key information on the 
behavior of the functional groups from the surface of the fibers in con
tact with acidic or base fluids that can represent the pH of the biological 
fluids. Therefore, this parameter is essential for understanding cellular 
interactions with the scaffold in the biological environment. [58]. Pre
viously, it was presented that PCL, PHBV, and PC fibers electrospun with 
different voltage polarity exhibit zeta potential varying in pH function 
[17,59,60]. In Fig. 2 C) we show titration curves of zeta potential 
disparity in the PLLA samples in the pH between 3.0 and 9.0. 

Notwithstanding, zeta potential is comparable for both scaffolds 
reaching values from 3.7 to − 30.94 mV for PLLA+ and from 0.86 to 
− 31.73 mV for PLLA-. The largest difference in the value between the 
PLLA samples was observed in the 3 to 4.5 range of pH, where the zeta 
potential varies by about 5 mV. However, at pH 7, which is in the range 
of the biological fluids, the results of the zeta potential for PLLA fibers 
with high and low surface potential are similar, indicating that the initial 
surface potential is stabilized for both PLLA scaffolds. 

Lately, the discovery of the piezoelectricity of PLLA caused a growing 
interest in exploring this biodegradable polymer as a substitute structure 
in bone regeneration [14,61]. The piezo activity of PLLA polymer was 
proved with a piezoelectric constant d14 of ~ 10 pC/N [49]. The elec
trospinning process can induce a piezoelectric response through 
stretching polymer chains of PLLA in an electric field which allows the 
transformation of the stable α-crystalline form into the β-crystalline form 
in which chains are aligned along the stretching direction, increasing 
polarization and piezoelectricity [62]. In this study, the incidence of 
β-crystalline form was not verified due to the lack of presence of the 
characteristic peak 908 cm− 1 in FTIR spectrum [44]. The piezoelectric 
response of electrospun PLLA single fibers was measured using PFM 
[45,49,61]. 

Here, the piezoelectric properties in PLLA electrospun fibers were 
verified using HVSS-PFM, see Fig. 2 D), E). We observed the piezoelec
tric response in d33 orientation, confirming previous reports for fibers 
[63]. On average, we observe 35 % difference in displacement between 
samples, with PLLA+ being more piezoelectric. At the highest, PLLA+
provided a 107 % stronger displacement than its PLLA- counterpart. The 
shift of the hysteresis loops centers from 0 V indicates the possible ex
istence of permanent change in the material caused by material pro
cessing [64] The average diameter of studied fibers was 1699 ± 42 nm 
and 1263 ± 6 nm for PLLA- and PLLA+, respectively, what can affect the 
d33 coefficient [36]. For both materials, we observed phase switching for 
similar voltages, namely − 40 and 60 V showing hysteretic behavior, see 
Fig. 2 E). PLLA scaffolds electrospun with positive voltage polarity to 
show significantly higher surface potential and piezoelectric response, 
which is confirmed with the increased content of crystalline phase in 
PLLA+ verified by FTIR results. 

3.3. Cell responses to material properties 

3.3.1. Cell adhesion and proliferation 
The initial cell adhesion, thus the first stage of attachment to the 

substrate, is a crucial factor affecting cell growth, differentiation, 
viability, and spreading[65]. Specific properties of polymer scaffolds, 
such as the geometry of fibers, stiffness, or surface charge, can promote 

Fig. 3. Graphs of A) adhesion and B) proliferation assays of osteoblasts cells (MG – 63 cell line) on PLLA+ and PLLA- fibers, glass as the control. * Statistical 
significance calculated with ANOVA, followed by Tukey’s post-hock test, p < 0.05; error bars are based on standard errors. 
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particular cell responses [10]. In this study, we analyzed osteoblast 
adhesion to electrospun PLLA+ and PLLA- fibers after 1, 3, and 5 h from 
seeding, see Fig. 3 A). Clearly, the higher surface potential of fibers in 
PLLA+ increases cell adhesion. The number of cells on PLLA+ per 1 mm2 

of the sample after 5 h was approximately 40 % higher than on PLLA-. 
The cell viability tested with MTS assay after 1,3, and 7 days of incu
bation was similar in the margin of error for both samples of PLLA fibers, 
see Fig. 3 B). As the geometry and morphology of the scaffolds was 
similar, the main difference between PLLA scaffolds was the surface 
potential and piezoelectricity. The higher surface charge stimulates cells 
to attach to the preferable surfaces, which affects the very early stage of 
cell development. It is worth mentioning that zeta potential values 
around pH 7 was also stabilized for both types of scaffolds at similar 

values, suggesting that in the cell culture medium, the initial difference 
surface charge measured with KPFM was neutralized in a basic envi
ronment at higher temperature reaching 37 ⁰C from the 23 ⁰C used or the 
dry condition measurement [66]. 

3.3.2. Cell morphology 
Microscopy investigation of osteoblast’s response to PLLA fiber is 

indicated by the morphology of cells presented in Fig. 4. This study 
showed that cells were developing their cytoskeleton parallel in both 
samples of PLLA scaffolds. SEM micrographs of the 1st day show only 
nuclei and inchoate actin filaments. On the 3rd and 7th day, actin fila
ments were nicely stretched along the PLLA fibers. After 7 days, cells 
were distributed throughout the volume of the samples with many 

Fig. 4. CLSM and corresponding SEM images of MG – 63 cells A) - F) on PLLA+, and G)– L) on PLLA- fibers after 1,3,7 days of culture. The nuclei were stained with 
DAPI (blue), and the actin filaments with Alexa Fluor™ 488 Phalloidin (green). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

M. Polak et al.                                                                                                                                                                                                                                   



Applied Surface Science 621 (2023) 156835

8

visible filopodia attached to the fibers (Fig. 4 C), F)). Also, focal adhe
sions, marked with yellow arrows in Fig. 5, were already present after 
one day of cell incubation on both PLLA samples. A large amount of 
visible focal adhesions on day 7 (Fig. 5 C) and F)) is a strong hint about 
proper cell–material interaction without any significant effect of high or 
low surface potential PLLA scaffolds. The osteoblasts’ shape and distri
bution together with the actin formation, were very similar for both 
PLLA scaffolds. Importantly, we start with the huge differences in the 
surface potential between the fibers in PLLA scaffolds initiating the 
differences in cell adhesion. However, the zeta potential indicates no 
differences at pH 7, which is a typical environment during cell culture 
studies. Therefore, cell proliferation up to 7 days is similar for both PLLA 
scaffolds. Zeta potential gives information about the surface charge of 
material in the physiological environment, which is crucial considering 
the adhesion of proteins affected by this surface potential and further 
tissue regeneration process [30]. However, not only the surface charge 
for PLLA scaffolds is important for investigating the osteoblasts re
sponses, but also piezoelectricity should be considered [29] We 
observed a higher piezo response for PLLA+, which can be related to the 
higher surface charge of fibers and better adhesion of cells. Simply, the 
piezoelectric materials generate surface charges of fibers due to cellular 
motion on the scaffolds [30]. Here, the morphology of osteoblasts up to 
7 days was similar for both types of PLLA scaffolds. Interestingly, we 
observe enhanced initial adhesion of osteoblast-like cells caused by the 
higher surface potential of material without a strong influence on the 
proliferation or morphology of cells. Previously a similar observation 
was in the context of the surface roughness effect on initial osteoblast 
adhesion, which was related to strengthening expressions of osteogenic 
genes that can improve osteoblastic differentiation [67]. The enhanced 
initial adhesion is shown to be associated with higher osteogenic gene 
expressions without differences in proliferation up to 5 days and 
morphology of cells in 24 h after seeding. 

3.3.3. Collagen 
Engineering of biomaterials imitating bone tissue focuses on 

designing and producing 3D structures that reflect the properties of ECM 

to the greatest possible extent. ECM is a highly organized structure, 
predominantly built of collagen fibrils and networks. It surrounds and 
supports cells, being a flexible substance that guides cellular behavior, 
tissue structure properties, and regeneration. So far, 28 collagen types 
have been identified [68]. Still, bone tissue consists mainly of type I 
collagen and a small quantity of type V [68]. Our investigation leads to 
the study of the relationship between the surface potential of PLLA 
fibrous scaffolds and type I collagen formation in the 14 and 21 days of 
culturing osteoblast cells. CLSM images (Fig. 6) demonstrate highly 
advanced 3D, fibrous collagen structures in each time point for PLLA+
and PLLA- fibers samples. The collagen networks showed a similar 
pattern for both types of PLLA scaffolds. SEM micrographs showing the 
surface of cells growing on PLLA fibers indicate that continuous bio
logical processes took place between 14 and 21 days, leading to a change 
in their morphology. For both PLLA+ and PLLA- scaffolds, cells on day 
21 form a more dense and solid structure that on day 14, with increasing 
collagen and actin formations, see Fig. 6. Previous studies of the relation 
between the surface potential of PCL fibers in the range of 550 and 700 
mV and collagen formation of osteoblast cells showed that increased 
surface potential favored better collagen formation [17]. The results for 
PLLA scaffolds indicate their excellent biomimicking environment for 
enhanced cell development and regeneration process of bone tissue. 
Still, quantitative analysis of collagen formation in further studies is 
needed to verify surface potential role in PLLA fibers. 

4. Conclusions 

This work was focused on creating a favorable bioelectric environ
ment using PLLA scaffolds. Within this study, we proved the great pos
sibility of tuning surface potential as well as piezoelectricity of PLLA 
fibers by applying positive or negative voltage polarity during the 
electrospinning process. We successfully produced PLLA scaffolds with 
higher surface potential and piezoelectric responses. We proved that 
enhanced PLLA scaffolds’ surface and structural properties cause 
significantly higher adhesion of osteoblast cells, especially in the first 5 
h. Further studies indicated a similar proliferation of up to 7 days for 

Fig. 5. CLSM images of MG – 63 cells on PLLA+ and PLLA- fibers after 1,3,7 days of culture. The nuclei were stained with DAPI (blue), and the focal adhesions 
(paxillin) Alexa Fluor™ Plus 555 (orange) indicated with yellow arrows. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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both scaffolds. Confocal microscopy analysis confirmed that cytoskel
eton, filopodia, and focal adhesions were developing at the same high 
level, without surface potential effect causing any abnormalities in cells. 
Moreover, collagen formation was observed, showing 3D structure of 
collagen for both PLLA scaffolds. Generally, PLLA fibers are the favor
able material in the form of electrospun scaffolds for osteoblasts, as 
indicated by numerous adhesion focal points and collagen production. 
Importantly, surface charges of PLLA fibers affected cell response 
resulting in enhanced adhesion due to the electrostatic interaction be
tween negatively charged cells. These significant results will be inves
tigated further in gene expression tests to understand the mechanism of 
cell adhesion and attachment process in early contact of cells with the 
PLLA scaffolds. 
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Figure S1. The exemplary images of the water droplets on A) PLLA(HSP), B) PLLA(LSP) 

for contact angle measurement and C) image of PLLA scaffold. 
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Figure S2. ARXPS spectra of O 1s region: A, C) for PLLA(HSP) and B, D) for PLLA(LSP) 

taken at 15° (information depth ≈2.1 nm) and 30° (information depth ≈4.0 nm), respectively. 

For all spectra, two lines were fitted corresponding to oxygen in O-C (533.5 eV, purple) and 

O=C (531.9 eV, green) bonds. 
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Figure S3. Confocal microscopy images of MG – 63 cells on glass after 1,3,7 days of 

culturing, showing A) - C) cytoskeleton and spreading of cells, D) - F) stained focal 

adhesions. The nuclei were stained with DAPI (blue) and the actin filaments with Alexa Fluor 

488 Phalloidin (green)).  
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A B S T R A C T   

Electrospun polymer scaffolds have gained prominence in biomedical applications, including tissue engineering, 
drug delivery, and wound dressings, due to their customizable properties. As the interplay between cells and 
materials assumes fundamental significance in biomaterials research, understanding the relationship between 
fiber properties and cell behaviour is imperative. Nevertheless, altering fiber properties introduces complexity by 
intertwining mechanical and surface chemistry effects, challenging the differentiation of their individual impacts 
on cell behaviour. Core-shell fibers present an appealing solution, enabling the control of mechanical properties 
of scaffolds, flexibility in material and drug selection, efficient encapsulation, strong protection of bioactive 
drugs against harsh environments, and controlled, prolonged drug release. This study addresses a key challenge 
in core-shell fiber design related to the blending effect between core and shell polymers. Two types of fibers, 
PMMA and core-shell PC-PMMA, were electrospun, and thorough analyses confirmed the desired core-shell 
structure in PC-PMMA fibers. Surface chemistry analysis revealed PC diffusion to the PMMA shell of the core- 
shell fiber during electrospinning, subsequently prompting an investigation of the fiber’s surface potential. 
Conducting cellular studies on osteoblasts by super-resolution confocal microscopy provided insights into the 
direct influence of interfacial polymer blending and, consequently, altered fiber surface and mechanical prop
erties on cell focal adhesion points, bridging the gap between material attributes and cell responses in core-shell 
fibers.   

1. Introduction 

Electrospun polymer scaffolds are widely used in biomedical appli
cations such as tissue engineering, drug delivery systems, or wound 
dressings due to the tunability of their properties [1–5]. As the inter
action between cells and materials represents a crucial and fundamental 
area of study in biomaterials research, the relationship between fiber 
properties and cell behaviour needs to be investigated [6–8]. Electro
spinning, due to a wide variety of changeable processing parameters, 
allows the manipulation of the surface, mechanical or geometrical 
properties of fibers directly affecting the proliferation, differentiation, or 
attachment of cells [9–11]. Electrospun scaffolds are designed to mimic 
the extracellular matrix (ECM), which is a network consisting of min
erals, proteins, and enzymes that provide structural and biochemical 
support for cells [12,13]. 

One drawback of modifying fiber’s mechanics using techniques like 

photopolymerization and blending is the introduction of interdepen
dence between mechanics and surface chemistry, making it challenging 
to distinguish their individual effects on cell behaviour. For example, 
polymer blends can alter the surface roughness and hydrophilicity of 
fibers, consequently affecting cell attachment and their mechanical in
teractions within the environment [14,15]. However, blend electrospun 
fibers are an attractive method of drug encapsulation for drug delivery 
systems and tissue engineering [15–19]. In contrast, core-shell fibers 
provide an appealing alternative, allowing independent control of me
chanical properties without influencing surface chemistry and scaffold 
geometry [20,21]. Numerous drug delivery methods have been thor
oughly explored, encompassing polymer micelles, liposomes, gels, 
complexes, and co-axially electrospun fibers [22]. Among these, 
core-shell fibers offer distinct advantages such as flexibility in material 
and drug selection, efficient encapsulation, strong protection of bioac
tive drugs against harsh environments, cost-effectiveness, ease of 
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operation, and controlled, prolonged drug release. This makes core-shell 
fibers an attractive appealing option for drug delivery [23]. Moreover, 
many studies show the successful incorporation of bioactive substances 
in the shell of fibers to increase their effects due to exposure at the 
surface of fibers and induce cellular responses [24–26]. In this study, we 
introduce a challenge in core-shell fibers design related to the occur
rence of a blending effect between core and shell polymers. While highly 
porous scaffolds made of electrospun fibers can successfully emulate 
significant characteristics of the extracellular matrix in tissue engi
neering, they face a limitation in their inability to safely incorporate and 
release biocompounds such as drugs and growth factors in a controlled 
manner [27]. Here, the interfacial blending effect in core-shell fibers, 
such as drug delivery systems, should be considered. 

In our research, we produced two types of fibers, PMMA (polymethyl 
methacrylate) and core-shell PC-PMMA (polycarbonate – polymethyl 
methacrylate), by electrospinning. We analyzed the morphology of the 
fibers, bulk and surface chemistry, thermal properties, and finally, me
chanical properties, proving the formation of the correct core-shell 
structure in PC-PMMA fibers. The surface chemistry, crucial from the 
point of view of interactions with cells, showed the occurrence of PC in 
the surface of PC-PMMA fibers, which consequently led us to the anal
ysis of the surface potential of the fibers using Kelvin probe force mi
croscopy (KPFM). Further, the surface chemistry analysis helped to 
investigate PC diffusion to the surface of core-shell fibers that occurred 
during the co-axial electrospinning. As the next step, we performed a 
series of cellular studies on osteoblasts, including unique super- 
resolution confocal microscopy, which allowed us to investigate the 
direct effect of changes in fiber properties on cell adhesion points [28]. 
How cells adhere to substrate materials significantly impacts cell func
tion and tissue development. Cell adhesion sets off signaling cascades 
that possess the capacity to govern a range of processes, encompassing 
embryogenesis, tissue differentiation, and cell migration. While focal 
adhesion size and assembly can be considered a critical cue for the 
correlation between cellular behaviour, functions, and substrate prop
erties, we investigated this relation [29,30]. 

2. Materials and methods 

2.1. Materials 

Polycarbonate granulate (PC, Makrolon 3108, Goodfellow GmbH, 
Germany) was dissolved in a mixture of N, N-dimethylformamide (DMF, 
Sigma Aldrich, UK) and N, N-dimethyloacetamide (DMAC, Thermo 
Fisher Scientific, USA) at 1:1 wt. ratio in the concentration of 24 wt%. 
The second solution was produced by dissolving 14 wt% of polymethyl 
methacrylate (PMMA, 350 000 g mol− 1, Sigma Aldrich, UK) in DMF. 
Solutions were stirred at 1000 rpm for 3 h on a hot plate set at 60 ◦C (IKA 
RCT basic, Staufen, Germany). 

2.2. Electrospinning 

Both types of fibers were electrospun (EC-DIG apparatus with 
climate control, IME Technologies, the Netherlands) at 25 ◦C and rela
tive humidity of 40%. Fabrication of PMMA fibers required using a 
stainless-steel nozzle (0.51 mm inner (ID) and 0.82 mm outer diameter 
(OD), 21 G x 1 ½”). PC-PMMA core-shell fibers were produced using a 
coaxial nozzle (IME Technologies, the Netherlands) with an ID of 
0.4 mm and a shell nozzle diameter of 1.2 mm. For PMMA fibers the 
distance between the nozzle and the collector was 15 cm, and the 
voltage applied to the nozzle of 14 kV, while for PC-PMMA core-shell 
fibers it was 25 cm, and 13 kV, respectively. The flow rate for electro
spinning PMMA fibers was 4 ml/h− 1, and for PC-PMMA core-shell fibers 
2.8 ml/h-1 of PC solution and 3.2 ml/h− 1 of PMMA solution. 

2.3. Scanning electron microscopy (SEM) 

Prior to SEM imaging, samples were coated with an 8 nm Au layer 
using rotary-pumped sputter coating (Q150RS, Quorum Technologies, 
UK). Then, samples were imaged with the SEM (Merlin Gemini II, Zeiss, 
Germany) using a SE detector, applying a current of 100 – 150 pA, a 
voltage of 3 kV, and a working distance of 3 – 9 mm. Diameters of the 
fibers Df were analyzed from SEM images using ImageJ software 
(ImageJ 2.1.0, USA), and the average value was calculated from 100 
measurements taken from SEM micrographs and presented in Fig. 1 
using Gaussian fit. For cross-section investigation fibers were immersed 
in liquid N2 for 5 min and cut using a scalpel. 

2.4. Contact angle measurement 

Deionized water (Spring 5UV purification system, Hydrolab, Poland) 
droplets of 3 µL volume were deposited onto the surface of electrospun 
PMMA and PC-PMMA membranes. Images were taken using the camera 
with the macro lens (EOS 700D camera with EF-S 60 mm f/2.8 Macro 
USM, Canon, Japan) in the first 3 s from droplet deposition. Contact 
angles were measured using ImageJ software (ImageJ 2.1.0, USA). The 
average water contact angle was obtained from measurements of ten 
droplets per sample. 

2.5. Bulk chemistry and structure analysis 

The bulk chemistry of PMMA powder, PC granules, PMMA, and PC- 
PMMA fibers was investigated with Fourier transform infrared spec
troscopy (FTIR, Nicolet iS5, Thermo Fisher, USA). The samples were 
scanned in a range of 400–4000 cm− 1 in a total scan number of 64. 

Differential scanning calorimetry (DSC) carried out using DSC 3 
(Mettler Toledo, Switzerland) allowed the analysis of thermal properties 
of PMMA powder, PC granules, and both PMMA and PC-PMMA elec
trospun fibers. The results present the average values taken from the 
three independent measurements of each sample. Samples were heated 
at a rate of 10 K⋅min− 1 from − 20 ◦C to 300 ◦C. 

2.6. Mechanical tests 

Fibrous mats were laser-cut into rectangular samples with a size of 
130×70 mm, which were later tested using a tensile machine (20 N cell, 
Kammrath & Weiss, Germany) at T=24 ◦C and RH=40%, with an 
extension rate 25 μms− 1. The stress was determined by dividing the 
force measured by the machine by the initial cross-section of the elec
trospun mats. The thickness of the samples was measured using a light 
microscope (Axio Imager M1m, ZEISS, Germany) in the z-direction at 5 
different points on each sample. To obtain the average values for 
toughness (W), maximum stress (Rm), elongation at maximum stress 
(Ɛmax), and elongation at failure (Ɛf), five separate measurements were 
taken and then calculated using the Integrate function in the OriginPro 
software (ver. 2022 9.9 USA). 

For tensile tests of single and two fibers, fibers were deposited 
directly onto the paper frames, with an inside hole size of 1×2 mm, 
during the electrospinning. The presence of fibers on the frames and 
their alignment along the stretching direction was verified with a light 
microscope (Primo Star 1, ZEISS, Germany). Analogical characteristic 
values were calculated as it was done for fibrous mats. Additionally, 
using the slope value of linear fitting in the OriginPro software (ver. 
2022 9.9 USA), it was possible to calculate the value of Young’s 
Modulus. The diameter of fibers required for calculations was deter
mined as the average diameter measured from SEM images as 
mentioned above. 

2.7. Surface properties investigation 

The surface chemistry analysis of fibers deposited onto silicon wafers 
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was conducted using the Angle-Resolved XPS (ARXPS PHI VersaProbeII 
Scanning XPS) system. Monochromatic Al Kα (1486.6 eV) X-rays were 
used, focused to a 100 µm spot. To achieve high energy resolution 
spectra for the C 1 s and O 1 s regions, the photoelectron take-off angles 
were varied at 10◦ and 90◦. The analyzer’s pass energy was set to 
46.95 eV with a 0.1 eV step. Dual beam charge compensation was 
employed using 7 eV Ar+ ions and 1 eV electrons, irrespective of the 
sample conductivity to maintain a constant sample surface potential. All 
XPS spectra were charge referenced to the unfunctionalized, saturated 
carbon (C–C) C1s peak at 285.0 eV. The operating pressure in the 
analytical chamber was kept below 2×10− 9 mbar. For data analysis, 
spectra deconvolution was performed using PHI MultiPak software 

(v.9.9.3), and the Shirley method was used for spectrum background 
subtraction. 

Kelvin probe force microscopy (KPFM) measurements were con
ducted using the CoreAFM system (Nanosurf, Switzerland). For KPFM 
measurements, conductive HQ:NSC18/Pt tips (MikroMasch, Bulgaria), 
with a force constant of 2.8 Nm− 1 and a resonance frequency of 75 kHz 
were utilized. During the measurements, topography data was obtained 
simultaneously with KPFM, and scanning areas of 15 × 15 µm2 and 50 ×
50 µm2 were used depending on the specific measurement. KPFM data 
was generated by averaging scan lines taken from the apex of 7 different 
fibers measured on 4 separate scan regions. To serve as a control mea
surement of the KPFM signal, measurements from the ITO layer of the 

Fig. 1. A) Scheme of core-shell electrospinning with a focus on the core-shell nozzle. SEM micrographs of B)-D) PMMA, and E)-G) PC-PMMA fibers. H) Fiber diameter 
distribution graph (Gaussian fit), I) FTIR results of PMMA powder, PC pellets, PMMA, and PC-PMMA fibers. J) DSC of PMMA and PC-PMMA scaffolds. 
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glass were taken alongside fibers. All measurements were performed in a 
single session to ensure consistent environmental conditions of RH at 
50–65% and 23 ◦C. The values for ITO represent an average of 10 
separate lines on each of the 4 scans. Data was processed using Gwyd
dion (v2.56, gwyddion.net) and OriginPro (v9.7.0.188, OriginLab Cor
poration, USA) software. 

2.8. Cell culture study 

2.8.1. Cell proliferation 
The cell culture study was performed using human osteoblast-like 

cells (MG-63) (Sigma Aldrich, UK). Before cell seeding, scaffolds were 
cut into 15 mm diameter circles, placed in 24-well plates, and sterilized 
with UV light for 30 min. Tissue culture polystyrene (TCPS) was used as 
a control. The cell density of 2 × 104 cells per 1 ml in culture media was 
used for the proliferation assay. Incubation was provided at 37 ◦C and 
RH of 95% in a 5% CO2 atmosphere in the incubator (Memmert GmbH 
Co.KG, INC 108med, Schwabach, Germany). The cellular medium con
sisted of Dulbecco’s modified Eagle Medium (DMEM with 4.5 g/LD – 
glucose, Biological Industries, Israel), supplemented with 10% of fetal 
bovine serum (FBS, Biological Industries, Israel), 2% of antibiotics 
(penicillin− streptomycin, Biological Industries, Israel), 1% of L-gluta
mine solution (Biological Industries, Israel), and 1% of amino acids 
(mem nonessential amino acid solution 100×, Sigma-Aldrich, USA). 

Proliferation tests were done using the CellTiter-BlueR Assay (Glo
Max Discover plate Reader, Promega, USA). Cell viability was evaluated 
after 1, 3, and 7 days of incubation. After each time point, the media was 
replaced with 1 ml of media containing 20% of CellTiter-BlueR© re
agent (Promega, USA), and incubated for 4 h at 37 ◦C. From each well, 
100 μm of reagent was transferred to a 96-well plate in triplicates, and 
fluorescence was read at 560/590 nm using the microplate reader Glo
MaxR©DiscoverSystem (Promega, USA). For the cell culture study, tests 
were conducted on two repetitions for each type of fibers and control. 
The statistical analysis was performed in OriginPro (ver. 2022 9.9 USA) 
using a one-way Analysis of variance (ANOVA) and Tukey’s post hoc test. 
Differences were considered statistically significant when p < 0.05. 

2.8.2. Confocal microscopy imaging: nuclei, actin, and focal adhesion 
staining 

For proliferation study, cells were seeded on samples as well as on 
glass and cultured for 1, 3, and 7 days. In the case of focal adhesion 
investigation, cells were seeded and cultured on samples for 3 days. 
Further procedure was similar for all immunofluorescent staining ex
periments. The scaffolds were fixed using a 4% paraformaldehyde so
lution (Sigma-Aldrich, UK) for 15 min. Following fixation, the samples 
were washed with PBS and then incubated in a 0.1% Triton X-100 so
lution (Sigma-Aldrich, UK) for 10 min, followed by rinsing with PBS. To 
prevent nonspecific binding, a blocking step was performed by incu
bating the samples in a 3% bovine serum albumin (BSA, Sigma-Aldrich, 
UK) solution in PBS for 60 min. Monoclonal anti-paxillin antibodies 
(ab32084, Abcam, UK) were used to stain the focal adhesion complex, 
and the samples were incubated with these antibodies overnight. After 
staining, the samples were rinsed with PBS for 15 min. Subsequently, the 
cells were incubated with an anti-rabbit secondary antibody conjugated 
with Alexa Fluor Plus 555 (A32732, Thermo Fisher, USA) for 1 h. To 
visualize actin, cells were incubated with Alexa Fluor™ 488 Phalloidin 
(Thermo Fisher, USA) for 1 h at 23 ◦C. The last step involved nuclear 
staining using DAPI for 15 min. 

Confocal microscopy (Zeiss LSM 900, Germany) was used to acquire 
the images. Different objectives, including Plan-Apochromat 10x/0.45 
M27, 20x/0.8 M27, 40x/1.30 Oil DIC M27, and 63×/1.4 Oil DIC M27, 
were utilized during the experiments. For the excitation of DAPI, Alexa 
Fluor™ 488 Phalloidin, and Alexa Fluor Plus 555, laser lines at 405 nm, 
488 nm, and 555 nm were used, respectively [31]. The following pa
rameters were used for Airyscan confocal superresolution microscopy: 
Plan-Apochromat 63×/1.4 Oil DIC M27, excitation 488 nm, 561 nm, 

emission detection bands 500 – 550 nm for Alexa Fluor 488 coupled 
with Phalloidin, 560 – 700 nm for Alexa Fluor 555 [28]. Registration 
was performed in sequential mode, 16-bit dynamic range. 

2.8.3. SEM imaging of cells 
Cells were fixed after 1, 3, and 7 days of culture with 2.5% glutar

aldehyde (Sigma-Aldrich, UK) for 1 h at 25 ◦C. In the next step, samples 
were rinsed three times with PBS for further dehydration in ethanol 
solution series (Avantor, Poland) (50%, 70%, 80%, 90%, 100%). Incu
bation in each ethanol solution lasted 7 min and was repeated twice for 
100% solution, followed by incubation in hexamethyldisilazane (HDMS, 
Sigma-Aldrich, UK) under a fume hood until complete evaporation of 
HDMS. SEM imaging and Au coating of cells on scaffolds were done 
using the same parameters for the fiber characterization mentioned 
above. 

3. Results and discussion 

3.1. Scaffold characterization 

PMMA fibers were electrospun using a single nozzle, contrary to PC- 
PMMA core-shell fibers produced using coaxial multichannel spinneret, 
schematically shown in Fig. 1A). In core-shell electrospinning, a droplet 
emerges at the exit point of the core-shell nozzle, which takes on a shape 
resembling a Taylor cone due to the attractive influence of electric 
Maxwell stresses exerted on the liquid [32]. Within the cone, the liquid 
experiences an electric field, leading to the formation of a compound jet. 
This jet then undergoes the bending instability propelled by electrical 
forces, similar to the typical electrospinning process. This 
instability-induced stretching of the jet is accompanied by significant 
thinning and rapid solvent evaporation. Consequently, the core-shell jet 
solidifies, and the resulting core-shell fibers are deposited onto a col
lector [32,33]. Performed SEM of randomly electrospun PMMA and 
core-shell PC-PMMA fibers shows smooth, beads-free morphology, 
Fig. 1B), E), which proves obtained stable process of electrospinning 
[34]. The average fiber diameter (Df) for PMMA fibers reached 2 ±
0.35 µm, while for core-shell PC-PMMA increased to 4.94 ± 0.88 µm. 
The histograms of fiber diameter for both samples show unimodal dis
tribution, Fig. 1H). Samples were manually stretched and imaged using 
SEM to observe the mechanical behaviour of materials. PMMA fibers 
demonstrated a brittle character, while core-shell fibers present a more 
elastic PC core and brittle PMMA shell damaged by mechanical defor
mation, Fig. 1C), F). Additionally, freeze fractures were done to present 
proper solid PMMA fibers and core-shell PC-PMMA formation, Fig. 1D), 
G). Contact angle measurement led to a comparison of wetting proper
ties of scaffolds, where for PMMA, the average contact angle was 120.94 
± 4.21 ◦, and for PC-PMMA, 124.75 ± 3.86 ◦, indicating a similar hy
drophobic nature of both types of fibers. Examples of images used for 
measurements are presented in SI Figure S1. Verification of bulk 
chemistry was performed using FTIR and allowed to prove the existence 
of PC in core-shell fibers, Fig. 1I). The presence of PMMA in core-shell 
fibers was confirmed by peaks at 2950 and 2990 cm− 1, observed for 
PMMA powder, PMMA fibers, and PC-PMMA fibers, which correspond 
to α-methyl, ester – methyl, and methylene C-H stretching [35]. 
Furthermore, for all samples consisting of PMMA was observed peak at 
1728 cm− 1 responsible for the C––O group stretching mode belonging to 
PMMA polymer [35,36]. Identification of PC in core-shell fibers was 
verified by the characteristic peak at 1768 cm− 1 associated with the 
carbonyl group, present for both PC pellets and PC-PMMA fibers [37]. 
The thermal properties of the two types of fibers were analyzed using 
DSC, and results show differences in glass transition temperature (Tg), 
Fig. 1J). PMMA fibers exhibit an average Tg = 105.29 ◦C, around 8 ◦

higher than the average Tg of PC-PMMA core-shell fibers. 
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3.2. Mechanical testing 

The distinctive mechanical behaviour of pure PMMA fibers and core- 
shell PC-PMMA fibers was observed after manual stretching fibrous mats 
and SEM imaging. It confirms the possibility of manipulating the me
chanical properties of PMMA fibers via co-axial processing [38]. PMMA 
fibers showed brittleness in opposition to core-shell fibers in which PC 
core tends to elongate, while the rigid shell cracked, Fig. 1C), F). This 

observation was verified with the mechanical testing of fibrous scaf
folds. In Fig. 2A), B), stress–strain curves are shown after tensile testing 
of PMMA and PC-PMMA scaffolds. Both curves show sharp stress peaks, 
which are characteristic for PMMA because for both samples strain at 
maximum stress is similar, 1.81 ± 0.52% for PMMA fibers, and 2.15 ±
0.46% for PC-PMMA, see Table 1. PC-PMMA fibers obtained a maximum 
stress value of more than two times higher, as well as an elongation of 
200%, which is 10 times higher compared to PMMA fibers. Moreover, 

Fig. 2. Stress-strain curves of A) PMMA and B) PC-PMMA mats; C) PMMA and D) PC-PMMA single fibers; E) PMMA and F) PC-PMMA two fibers.  
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the resulting toughness is 50 times higher for PC-PMMA fibers, 
demonstrating a significant trend of higher mechanical properties for 
core-shell fibrous mats, which was also previously reported for aligned 
PMMA and PC-PMMA fibers [38]. 

Additionally, the tensile tests of individual PMMA and core-shell PC- 
PMMA fibers were performed indicating much higher maximum tensile 
stress and elastic modulus for PMMA fibers. This trend is similar for both 
single and two fibers measurements. However, the elongation at failure 
for core-shell PC-PMMA single fiber (Fig. 2D)) is more than 100 times 
higher compared to PMMA (Fig. 2C)). Furthermore, the stress-strain 
curves of individual PC-PMMA fibers show sharp peaks around the 

strain of 100%, which can be assigned to the characteristic brittle 
behaviour of PMMA. The Young’s modulus for PMMA is also two orders 
of magnitude higher for individual fibers than for core-shell PC-PMM, 
indicating higher stiffness of PMMA than PC. Basically, our results 
confirm that PMMA is intrinsically brittle and PC is more ductile [39]. 

3.3. Surface properties of scaffolds 

The differences in the surface chemistry investigated via XPS analysis 
of PMMA fibers and PC-PMMA core-shell fibers are caused by diffusion 
of core material toward fiber surface, which is schematically shown in  
Fig. 3A). Identification of PC in the surface of the core-shell fibers using 
XPS showed the presence of carbonate group (-O-(C––O)-O-) in our 
electrospun fibers. XPS spectra of PMMA and PC-PMMA from the mea
surement depth of 1.4 nm are shown in Fig. 3B), C). Additionally, all the 
XPS spectra obtained at depths of 1.4 and 8 nm, performed at different 
measurement angles, are included in Supplementary Information, 
Figure S2. We observed increased intensity of peak energy at 289 eV, 
characterizing the O-C––O group present in PMMA. Carbon from this 
group marked as C4 in Fig. 3D) and Table 2, is present in both PMMA 
and PC-PMMA fibers, regardless of measurement depth. Carbon from the 
carbonate group of PC found at a binding energy of 291 eV (C5 in 
Fig. 3D) and Table 2) was present in PC-PMMA fibers in both 1.4 and 
8 nm depth of measurement in similar concentrations, proving diffusion 
of PC from the core to the surface of the fiber, see Table 2. Herein, we 
assume that interdiffusion between two miscible solutions was possible 
before the ejection of the compound jet, which occurred as the two so
lutions first met in the cone formed at the end of the coaxial nozzle [40, 
41]. Moreover, it was reported that this interdiffusion during the 
co-electrospinning process can lead to partial or complete mixing of core 
and shell layers [41–43]. Further, as the surface chemistry of our 

Table 1 
Tensile test results for PMMA and PC-PMMA mats, single fiber and two fibers. 
With the characteristics values of elongation at failure (Ɛf), maximum stress 
(Rm), toughness (W), elongation at maximum stress (Ɛmax), and Young’s 
Modulus Е. Errors are based on standard deviation, with N = 5, where N is the 
tensile test of one mat sample.  

Sample Ɛf [%] Rm [MPa] W [MJ⋅m− 3] Ɛmax 

[%] 
E [MPa] 

PMMA mat 19.41 ±
4.52 

58.31 ±
14.24 

2.25 ± 0.82 1.81 ±
0.53  

PC-PMMA 
mat 

260.39 ±
33.09 

142.89 ±
51.64 

117.71 ±
29.91 

2.15 ±
0.46  

PMMA 1 
fiber 

8.9 128.03 9.2 8.5 58.20 ±
7.98 

PMMA 2 
fibers 

15.4 537.26 62.92 12.2 98.83 ±
4.31 

PC-PMMA 1 
fiber 

1003.7 6.53 40.21 341.2 0.51 ±
0.27 

PC-PMMA 2 
fibers 

1012.9 18.84 108.11 117.2 0.61 ±
0.17  

Fig. 3. A) Scheme of core polymer diffusion in core-shell fiber. XPS spectra of B) PMMA, and C) PC-PMMA. D) Structural formula of PMMA and PC. E) KPFM maps of 
fibers topography and surface potential, and F) calculated values of surface potential (error bars present standard deviation calculated for N = 7, where N is the 
surface potential value for one fiber scan or scan of the ITO reference). 
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core-shell fibers is not pure PMMA, we performed additional surface 
analysis related to the surface potential of electrospun fibers used as 
scaffolds in tissue engineering. Charges at the surface of polymer fibers 
can be controlled by electrospinning parameters, especially via applied 
voltage polarity [44,45] It has a significant effect on the surface free 
energy of polymers [46,47], and their triboelectric performance [48] 
and follows with the cell interactions once placed in cell culture studies 
[3,49]. Higher surface potential can improve the adhesion of cells to 
fibers; thus, this effect should also be considered in later cell culture 
studies [50–53]. Therefore, in Fig. 3E) we present KPFM maps of fibers 
topography and surface potential. Measurements show around 150 mV 
higher surface potential of PMMA fibers, where the values were 
~650 mV for PMMA, and ~500 mV for PC-PMMA fibers, see Fig. 3F). 

3.4. Cellular behaviour to material properties 

3.4.1. Cell proliferation 
The proliferation assay, see Fig. 4A), was performed to analyze the 

viability of cells on polymer scaffolds after 1, 3 and 7 days of culture. 
Results for both samples show a continuously increased number of os
teoblasts with cell culture time. However, a significant difference in 
proliferation between the samples was observed after 7 days, indicating 
28% better viability of cells on PMMA fibers. In the standard confocal 
microscopy, we used a low-magnification lens with a large depth of 
field, as presented in the scheme in Fig. 4B), which gave us the ability to 
image cells on scaffolds and obtain comparable information about cell 
morphology as from SEM micrographs. As a control, cells were seeded 
and cultured on glass and further imaged with the confocal microscope, 
see SI, Figure S3. Notably, the proliferation results are consistent with 
the recorded SEM and CLSM images. Higher proliferation was observed 
on PMMA fibers after 7 days of cell culture, clearly visible contrasting 
PMMA scaffold after day 7, Fig. 4H), and PC-PMMA sample, Fig. 4N). 
Studies show that increased replicative activity of immortalized cell 
lines is observed only after 3 and even after 5 days of incubation. Hence, 
differentiated cell proliferation in response to the properties of electro
spun fibers are observed after this time [4]. The further examination 
indicates that cells on the PMMA fibers tend to create solid and dense 
structures, which is a different behaviour than on PC-PMMA fibers, 
where cells were more distributed and less numerous. Additionally, cells 
on core-shell fibers were stretched more with longer filopodia. These 
morphological differences can be caused by different mechanical prop
erties of fibers or surface properties like surface potential, higher for 
PMMA fibers which can promote better proliferation and adhesion of 
cells [53]. Generally, the diameter of fibers constructing scaffolds in
fluences cell morphology [4,54]; however, PMMA and PC-PMMA fiber 
diameters are in the same order of magnitude. It was already reported 
that PCL electrospun scaffolds with a fiber diameter range of 1 µm to 
8 µm did not affect the proliferation of stem cells [55]. Consequently, 
this aspect was neglected. In the context of tissue engineering, the me
chanical properties of scaffolds play a vital role at the cellular scale 
related to mechanotransduction. It pertains to the intricate molecular 
pathways through which cells perceive external forces and exert forces 
onto a substrate [56,57]. Throughout all stages of tissue development, 
cells, ranging from stem cells to mature cells, possess mechanoreceptors 
on their cell surface, enabling them to perceive their mechanical sur
roundings. Upon initial contact with the extracellular matrix, integrins, 

which are adhesive molecules on the cell surface, bind with ligands 
present on the matrix surface. This interaction leads to the formation of 
significant protein complexes known as focal adhesions, which anchor 
the cell cytoskeleton to the matrix. These intricate nanoscale processes 
are crucial in determining the cell’s attachment points, morphology, 
and, ultimately, their function [58]. While core-shell fibers hold the 
potential for independently regulating cell-matrix mechanical interac
tion regardless of surface chemistry, none of the studies have conducted 
measurements of the micromechanics of these fibers at the cell-sensing 
scale [14,59]. Furthermore, we show the inseparable impact of core 
material on surface potential and surface chemistry, which strongly af
fects cellular responses [50,53,60]. 

3.4.2. Morphology and focal adhesion analysis 
To investigate cell morphology and adhesion, single fibers of the 

analyzed samples were deposited on glass, and in the next step, cells 
were seeded and incubated for 3 days. After actin and paxillin were 
stained, confocal microscopy imaging was performed. This approach 
allowed us to obtain information about cell adhesion to glass and fiber 
from the same focal plane. The imaging parameters were identical 
regardless of the type of adhesion and the type of sample, which makes it 
possible to correlate the intensity of the signal with the amount of 
protein molecules accumulating at the cell-material contact sites. Actin 
provides insight into the cell’s morphology and shape, whereas paxillin 
functions as one of the focal adhesion proteins. Focal adhesions are 
complex structures containing integrins and multiple proteins, which 
create mechanical connections between the intracellular actin bundles 
and the extracellular substrate in various cell types. These focal adhe
sions are sizeable and dynamic protein complexes consisting, among 
other proteins, of paxillin, vinculin, talin, or zyxin that enable the cell’s 
cytoskeleton to link with the ECM [61,62]. Here, we use paxillin as an 
immunofluorescent marker to label the distribution of cell adhesion 
sites. For imaging the focal adhesion sides localization, the Airyscan 
confocal superresolution method was used [28]. For both samples, cells 
created advanced actin structure, which confirms accurate morphology, 
see Fig. 5C), G). Focal adhesions of osteoblasts to glass for PMMA (SI 
Figure S4 I), II), III)) as well as PC-PMMA (SI Figure S4 IV), V), VI)) 
samples show characteristic patterns and similar intensity compared to 
each other [62]. Interestingly, we observed completely different adhe
sion of cells to PMMA and PC-PMMA fibers. Adhesion to PMMA is 
intensive, and the amount of proteins is enormous (Fig. 5 I, II, III), while 
adhesion to PC-PMMA fiber is hardly seen (Fig. 5 IV, V, VI). For more 
precise results in the difference in focal adhesion to both types of fibers, 
we analyzed signal intensity profiles based on Airyscan images. 

To analyze the intensity of the signal coming from paxillin, actin 
filaments, which allow detection of the cell body, were also stained, see  
Fig. 6A), C). The cells show stretching along the fiber for both samples. 
Areas of paxillin in contact between the cell and the fiber were deter
mined from which signal intensity analysis was performed for PMMA 
(Fig. 6B)) and for PC-PMMA sample (Fig. 6D)). Despite the difference in 
paxillin distribution and signal intensity being confirmed, paxillin in PC- 
PMMA sample does not form as numerous adhesion sites as when 
interacting with PMMA. Local accumulation foci are very few, Fig. 6D). 
The signal intensity of focal points is about 7–8 times lower (Fig. 6G), 
H)) than for paxillin at sites of adhesion to PMMA (Fig. 6E), F)). This 
indicates that the number of paxillin molecules involved in the adhesion 

Table 2 
XPS results for PMMA and PC-PMMA samples at two angles, 10 and 90 ◦, corresponding to 1.4 and 8 nm measurement depth, respectively. The full spectra are 
presented in SI, Figure S2.  

Measurement depth [nm] PMMA PC-PMMA 

C1 C2 C3 C4 C1 C2 C3 C4 C5 
[%] [%]  

1.4  25.9  14.3  14.2  18.8  36.9  11.2  16.1  13.7  2.2  
8  26.6  16.8  15.3  14.2  40.1  12.3  14.2  9.4  2.0  
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process to PC-PMMA fibers is many times lower, making the strength 
and efficiency of adhesion to PC-PMMA fibers much lower. Weaker cell 
adhesion to PC-PMMA fibers correlates with inferior proliferation on PC- 
PMMA scaffolds compared to PMMA. While PMMA is a well-studied 
polymer with high biocompatibility tested on osteoblast cell cultures 
[63,64], we assume that diffused PC in core-shell fibers is responsible for 

decreased proliferation and adhesion due to the possible presence of 
residual xenohormone Bisphenol A (BPA) [65]. This study indicates that 
even infinitesimal diffusion of core polymer toward the surface of the 
core-shell fiber alters a number of fiber surface property parameters 
conditioning cell behaviour and, in this particular example, lowers the 
biocompatibility of PMMA shell. 

Fig. 4. Results from cell culture studies showing A) proliferation assay of osteoblasts on PMMA and PC-PMMA scaffolds. B) Scheme of the focal plane of imaging in 
confocal microscope investigation of scaffolds. SEM micrographs of cell culture after 1, 3, and 7 days on C) – E) PMMA, and F) – H) PC-PMMA scaffolds with 
corresponding CLSM images of F) – H) PMMA and L) – N) PC-PMMA scaffolds. Actin (green) stained with Alexa Fluor™ 488 Phalloidin and nuclei (blue) with DAPI. 
*Statistical significance is calculated with ANOVA, followed by Tukey’s post-hock test, p < 0.05; error bars are based on standard deviation. 
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4. Conclusions 

Co-axial electrospinning is a challenging process used to produce 
core-shell fibers combining properties of two different materials. It is 
possible to provide unique fiber features due to the variations in 
chemical composition and mechanical properties between core and 
shell, which is attractive in biomaterial applications. For the first time, 
our study shows the complexity of polymer interfacial blending occur
ring during co-axial electrospinning for further surface chemistry, sur
face potential, and mechanical properties of fibers. We conducted a cell 
culture study to verify if diffusion of core polymer is significant in 
affecting cell responses. Notably, after 7 days of cell culture, we 
observed 28% higher cell viability on PMMA than on PC-PMMA fibers. 
Additionally, with around 7 times stronger signal intensity, the focal 
adhesion point analysis indicated much stronger osteoblasts adhesion to 
the PMMA fibers. These favorable cellular responses to PMMA fibers 
were attributed to preferable surface properties, which were different in 
core-shell fibers because of the interfacial blending of polymers during 
co-axial electrospinning, resulting in the occurrence of PC in the fiber 
surface. The proliferation assay and the focal adhesion point analysis 
clearly show decreased biocompatibility of core-shell fibers caused by 
the diffusion of the less biocompatible core material toward the fiber 
surface. By using focal adhesion point analysis, we demonstrate the 
necessity to consider the influence of diffusion phenomena in co-axial 
electrospinning on the design of core-shell fiber surface properties for 

applications in tissue engineering or drug delivery systems. 
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Fig. 5. Focal adhesions analysis on PMMA fibers: A) in transmitted light channel, B) merged channels, C) stained actin (green), D) stained paxillin (orange). Zoom on 
paxillin from the cell adhesion to PMMA fiber images I) – III). Focal adhesions analysis on PC-PMMA fibers: E) in transmitted light channel, F) merged channels, G) 
stained actin (green), H) stained paxillin (orange). Zoom on paxillin from the cell adhesion to PC-PMMA fiber images IV) – VI). Paxillin and actin stained with Alexa 
Fluor™ Plus 555, Alexa Fluor™ 488 Phalloidin, respectively. 
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Figure S1. Water droplets on A) PMMA, B) PC-PMMA fiber mats for contact angle measurement 

with the average values indicated on the images. Error based on standard deviation where N = 10, 

and N is the angle measurement from one drop. 
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Figure S2. XPS spectra of C1 s for A), C) PMMA and B), D) PC-PMMA samples from 1.4 nm, 

and 8 nm measurement depth. 

The C 1s spectra for PMMA only fibers were fitted with four peaks: first centered at 285.0 eV 

attributed to aliphatic carbon (C1), second found at 285.8 eV originating from secondary shift C*-



 S4 

C-O (C2), third line positioned at 286.9 eV indicating C-O bonds (C3) and fourth line found at 

289.0 eV from O-C=O group (C4). For PC-PMMA fibers additional fifth line was applied 

positioned at 291.0 eV indicating carbonate group (C5)1,2. 

 

 

 

 

Figure S3. A) - C) Confocal microscopy images of MG – 63 cells on glass after 1,3,7 days of 

culture, showing cytoskeleton and spreading of cells. The nuclei were stained with DAPI (blue) 

and the actin filaments with Alexa Fluor 488 Phalloidin (green).  

 



 S5 

 

Figure S4. Focal adhesions analysis on PMMA fibers: A) in transmitted light channel, B) merged 

channels, C) stained actin (green), D) stained paxillin (orange). I) – III) Zoom on paxillin from the 

cell adhesion to glass for PMMA sample. Focal adhesions analysis on PC-PMMA fibers: E) in 

transmitted light channel, F) merged channels, G) stained actin (green), H) stained paxillin 

(orange). IV) – VI) Zoom on paxillin from the cell adhesion to glass for PC-PMMA sample. 

Paxillin and actin stained with Alexa Fluor™ Plus 555, Alexa Fluor™ 488 Phalloidin, 

respectively. 
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A B S T R A C T

The development of electrospun scaffolds that support cell adhesion and infiltration remains a critical challenge 
in tissue engineering. In this study, we investigate the influence of two-dimensional (2D) fillers—reduced gra
phene oxide (rGO) and MXene (Ti3C2Tx)—incorporated into poly(L-lactic acid) (PLLA) electrospun fibers on their 
properties and osteoblast responses. The presence of fillers modified fiber arrangement and created varying inter- 
fiber spacing due to surface charge repulsion and agglomeration. Importantly, surface potential measurements 
via Kelvin probe force microscopy (KPFM) of PLLA fibers show a significant shift caused by the incorporation of 
Ti3C2Tx to ~400 mV compared to ~50 mV for rGO. In vitro tests indicate that rGO-modified scaffolds support 
osteoblast infiltration up to ~100 μm, unlike PLLA fibers, which limit cell infiltration to a maximum of ~70 μm. 
However, Ti3C2Tx promotes even deeper (~120 μm) and more uniform cell’s infiltration due to changes in 
scaffold architecture. High-resolution confocal imaging confirmed that PLLA-Ti3C2Tx fosters larger, elongated 
adhesion site clusters of cells, whereas rGO increases cell’s adhesion site density in relation to PLLA scaffolds 
without any filler. Our findings highlight the distinct roles of rGO and Ti3C2Tx in modulating scaffold geometry, 
mechanical behavior, and cellular interactions. Tailoring the composition and distribution of conductive fillers in 
fibers offers a promising strategy for optimizing scaffold performance in tissue engineering applications.

1. Introduction

The design of advanced tissue engineering scaffolds focuses on 
developing materials mimicking the extracellular matrix (ECM) to 
create a supportive environment for tissue regeneration and expose cells 
to stimulating conditions. These highly complex materials, with prop
erties defined during their fabrication, are not only intended to regen
erate tissue by stimulating cells but are also utilized in other applications 
[1]. These include drug delivery, cancer treatment, the creation of 
organoids used as platforms to simulate specific organs, and studying 
and modeling diseases [2–4]. However, it is worth noting that funda
mental studies on novel scaffolds often miss the direct distinction be
tween the material’s single property and the triggered biological 
response. For instance, research on electrospun fibers often emphasizes 
their structural and functional design for specific applications; while 

these studies highlight the benefits of fibers, they frequently do not 
discuss challenges like cell migration throughout the scaffolds [5,6]. 
Limited pore size, dense fiber packing, and insufficient spacing between 
fibers are common in electrospun scaffolds and significantly hinder cell 
migration, which is essential for tissue ingrowth, nutrient transport, and 
long-term scaffold integration [5]. Moreover, cellular adhesion remains 
the initial cell response to the material, which affects on later tissue 
development, especially considering signaling pathways essential for 
early osseointegration and long-term bone healing [7–9]. Focal adhe
sions, as protein complexes, answer how cells interact with biomaterials 
[10]. Their size, distribution, and dynamics influence adhesion strength, 
migration efficiency, and cascade of cellular responses critical for scaf
fold integration [11]. Therefore, cell adhesion and migration are closely 
connected. It was reported that cells on nanofiber scaffolds formed 
larger focal adhesion clusters, enhancing migration speed compared to 
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cells on flat surfaces [12].
Despite numerous advances in scaffold fabrication, many current 

investigated scaffolds struggle to mimic the electroactive environment 
of ECM to support sufficient cell infiltration. These limitations hinder 
scaffold integration and functional tissue regeneration. Our study ad
dresses this gap by exploring how conductive fillers can be used not only 
to adjust surface charge but also to influence fiber arrangement and 
inter-fiber spacing, ultimately improving cell-fiber interactions and cells 
infiltration deep into scaffolds. The key strategy to improve cell infil
tration in the electrospun scaffolds is control over the scaffold porosity 
[5,13–15]. Among the various modifications in the electrospinning 
process to control scaffold geometry, we recognize the lack of research 
on composite fiber architecture and the fiber-fiber repellency effect 
caused by their charged surfaces [16–18]. Recently, we have observed 
increased interest in developing biomaterials biomimicking electrically 
active cell environments by incorporating conductive fillers [19,20]. 
Various cell behavior is influenced by local electric fields due to the 
usually negatively charged cell membrane [21]. Conductive fillers 
added to the scaffolds can create the favorable surface charges 
enhancing the electrostatic responses of cells to materials [22]. How
ever, the effect of their incorporation in electrospun fibers on their ar
chitecture and later cell infiltration and adhesion was never addressed. 
Among the others, two-dimensional (2D) inorganic materials like gra
phene oxide (GO), reduced graphene oxide (rGO), and transition metal 
carbides, nitrides, or carbonitrides (MXenes) have lately been exten
sively studied [23–25]. GO and rGO are investigated graphene de
rivatives in biomedical applications, attributed to their superior 
mechanical strength, thermal stability, and flexibility [26]. GO is 
distinguished by abundant hydrophilic functional groups—hydroxyl, 
carboxyl, and epoxy—on its surface, whereas rGO exhibits a reduced 
presence of these groups, resulting in decreased hydrophilicity. The 
integration of graphene-based nanoparticles into soft biomedical poly
mers has emerged as a promising strategy in tissue engineering [27,28]. 
Recent studies have explored the incorporation of rGO into electrospun 
polymer fibers to develop scaffolds with improved properties for tissue 
engineering applications [26,29]. For instance, electrospun poly
etherimide nanofibers integrated with rGO have shown enhanced con
ductivity and porosity, which are beneficial for electrochemical sensing 
electrodes [30]. Moreover, it was reported that rGO in polymer com
posite supported human mesenchymal stem cell (hMSC) proliferation 
and osteogenic differentiation. Additionally, these scaffolds showed 
antimicrobial properties [31,32]. On the other hand, MXenes, derived 
from MAX phases, invented by Naguib, Gogotsi, and Barsoum, are 2D 
materials possessing features like high electrical conductivity, large 
surface area, rich surface chemistry, hydrophilicity, and biocompati
bility [33,34]. MXenes, due to their unique properties, have garnered 
significant attention and show great promise as functionalizing mate
rials for electrospun fibers in various applications like energy storage 
and conversion, as well as biomedical [23,35–38]. Awasthi et al. showed 
that polycaprolactone-MXene composite electrospun fibers promoted 
protein adsorption and biomineralization for pre-osteoblast cells [39].

In response to the growing interest in rGO and MXenes due to their 
unique properties, we address the question of how 2D fillers, rGO, and 
MXenes – namely, Ti3C2Tx, influence the surface and mechanical prop
erties of fibers and if it is possible to use the fillers to induce a repelling 
effect in fibers. Using Kelvin probe force microscopy (KPFM) to evaluate 
the surface potential, we verify the surface charges with nanoscale 
precision. Poly(L-lactic acid) (PLLA) was selected as the polymer matrix 
due to its established biocompatibility, biodegradability, and mechani
cal properties suitable for bone tissue engineering applications [40–42]. 
Compared to other biopolymers such as PCL (polycaprolactone) and 
PLGA (poly(lactic-co-glycolic) acid), PLLA offers higher mechanical 
strength and a slower degradation rate, making it particularly advan
tageous for applications requiring long-term structural support, such as 
bone regeneration [43]. For the first time, we correlate the incorpora
tion of fillers with cell adhesion and infiltration. Our analysis uniquely 

examines focal adhesion points on fiber regions with 2D materials, 
revealing clear differences in adhesion patterns and density. We show 
that the problem of limited cell migration can be solved by incorporating 
fillers that can, in a controlled manner, change the surface potential of 
fibers, providing novel insights into scaffold design for biomedical ap
plications. The concept of the study is presented in Fig. 1.

2. Materials and methods

2.1. Materials

Poly(L-lactide) (PLLA, PURASORB PL18, Mw = 221, 000 g mol− 1, 
Corbion, The Netherlands) was dried before solution preparation for 2h 
at 30 ◦C in a drying oven (POL-EKO-APARATURA, Poland). A polymer 
solution of 9 wt% concentration was prepared by dissolving PLLA in a 
mixture of dichloromethane (DCM, analytical standard, Avantor, 
Poland) and dimethylformamide (DMF, analytical standard, Avantor, 
Poland) in the ratio of 7:3 w/w. The polymer was dissolved entirely after 
3h of stirring at 25 ◦C, at a constant speed of 400 rpm, using the mag
netic stirrer (IKA, Germany) in DCM. We prepared 3 solutions: PLLA, 
PLLA with reduced graphene oxide (PLLA-rGO), and PLLA with Ti3C2Tx 
(PLLA- Ti3C2Tx). The synthesis of Ti3C2Tx was performed from the 
Ti3AlC2 MAX phase (Carbon, Ukraine) by the classical acidic aluminum 
extraction method, as already reported [44]. The standard procedure of 
PLLA solution preparation requires first dissolving PLLA pellets in DCM, 
and when PLLA is dissolved, DMF is added. In the case of solutions with 
fillers, before adding DMF to the PLLA solution, it was used to prepare a 
homogenized suspension for two samples containing rGO and Ti3C2Tx. 
The fillers in the concentration of 16.7 wt% to polymer mass were 
ultrasonicated in DMF for 2 h using an ultrasonic bath (Sonorex Ban
delin, Germany). Next, DMF suspensions were added to PLLA solutions 
and stirred for 1 h and later ultrasonicated for 1 h. Finally, all solutions 
were mixed using a vortex with the highest possible vibration frequency 
(Labnet VX-200 Vortex Mixer, Labnet International, USA) for 2 min 
before electrospinning. As mentioned, the filler concentration reached 
16.7 wt% to ensure equal loading of rGO and Ti3C2Tx while maintaining 
a stable and repeatable fiber formation during electrospinning. It was 
the highest achievable concentration without causing nozzle clogging or 
electrospinning discontinuity, ensuring reproducibility of produced 
scaffolds.

2.2. Electrospinning

Electrospinning of all samples was conducted using equipment with 
a climate control chamber (EC-DIG apparatus, IME Technologies, the 
Netherlands) at a constant temperature T = 25 ◦C and relative humidity 
RH = 40 %. The process required using a stainless-steel nozzle (0.51 mm 
inner (ID) and 0.82 mm outer diameter (OD), 21G × 1 1/2). The voltage, 
nozzle-collector distance, and flow rate values are presented in Table 1. 
The thickness of the mats was controlled by the time of deposition and 
flow rate to collect the same amount of material for each sample for all 
the experiments. The conductivity of polymer solutions was measured 
with a Mettler Toledo Conductometer (Seven Compact S210, Zurich, 
Switzerland). The conductivity value is an average value from 10 mea
surements; the error represents the standard deviation.

2.3. Scanning electron microscopy, energy dispersive spectroscopy (SEM, 
EDS-SEM)

The morphology of the produced samples was analyzed using scan
ning electron microscopy (SEM, Merlin Gemini II, ZEISS, Germany). 
Before imaging, samples were coated with an 8 nm Au layer using a 
sputter coater (Q150RS, Quorum Technologies, UK). Imaging was con
ducted at an accelerating voltage of 2–3 kV and a working distance 
ranging from 3 to 7 mm, using an SE detector. The average diameters 
(Df) were determined by analyzing 100 randomly selected fibers from 
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SEM micrographs using ImageJ software (version 1.53d, USA). To pre
pare a graph, the kernel smooth distribution in Origin software was used 
(ver. 2022 9.9 USA). To investigate the distribution of Ti3C2Tx in PLLA 
fibers, elemental mapping was performed using energy-dispersive X-ray 
spectroscopy (EDS, Brucker, Germany). Before EDS analysis, samples 
were coated with a thin layer of C (approximately 15 nm) using a carbon 
evaporator (K950 Emitech, Quorum Technologies, UK). Mapping was 
conducted utilizing a backscattered electron detector for 500 s at an 
accelerating voltage of 15 kV, a current of 550 pA, and a working dis
tance ranging from 6 to 7 mm.

2.4. Contact angle measurement

Contact angle measurement was carried out by depositing 3 μL 
deionized water droplets (Spring 5UV purification system, Hydrolab, 
Poland) onto the surface of scaffolds. Images of droplets were captured 
after 3 s from the deposition, using a Canon camera (EOS 700D, EF-S 60 
mm f/2.8 Macro USM zoom lens, Canon, Japan). ImageJ software 
(version 1.53d, USA) was used to measure contact angles from the im
ages of ten droplets per sample.

2.5. Tensile test

Electrospun mats were cut into samples measuring 130 × 70 mm, 
which were subsequently tested using a tensile machine (20 N cell, 
Kammrath & Weiss, Germany) at T = 24 ◦C and RH = 40 %, with an 
extension rate of 50 μms− 1. The stress was calculated by dividing the 
force measured by the machine by the initial cross-sectional area of the 
electrospun mats. The thickness of the samples was measured in the z- 
direction at ten different points using a SEM (Phenom ProX Desktop 
SEM, Thermo Fisher Scientific, USA). To determine the average values 
for toughness (W), maximum stress (Rm), elongation at maximum stress 

(Ɛmax), and elongation at failure (Ɛf), five separate measurements were 
taken for each scaffold sample, and the data were processed using the 
Integrate function in OriginPro software (ver. 2022 9.9, USA). The 
curves presented on the graph are the averages of the five tensile tests of 
each type of sample. Errors are based on the standard deviation.

2.6. Filler agglomeration distribution analysis

For each sample, 20 images were captured in transmitted light across 
different fields of view (confocal laser scanning microscope, Zeiss LSM 
900, Germany). The images for all samples were recorded using the 
same imaging parameters. Agglomeration size detection for Ti3C2TX and 
rGO was performed using macros written in ImageJ software (version 
1.51, Fiji, USA). The first step of the process involved the detection of 
fibers. Ti3C2Tx or rGO agglomerations were identified exclusively within 
the areas defined by the previously established fiber mask in the images. 
Morphological analysis of the identified agglomerates was conducted 
using ImageJ (version 1.53d, USA). Errors on the graph represent the 
standard deviation.

2.7. Thermal properties (DSC), surface and bulk chemistry analysis (XPS, 
FTIR)

Thermal properties were analyzed using differential scanning calo
rimetry (DSC) (DSC 3, Mettler Toledo, Switzerland). The DSC curves 
present the average values of three independent measurements per 
sample heated at a rate of 10 Kmin-1 from 0 to 230 ◦C. To identify the 
functional groups in samples, Fourier transform infrared spectroscopy 
(FTIR) was used (FTIR, Nicolet iS5, Thermo Fisher, USA) in a range of 
400–4000 cm− 1 with a total number of 64 scans using Ge crystal plate.

Analysis of the surface chemistry of fibers deposited on silicon wafers 
was performed with X-ray photoelectron spectroscopy (XPS). The XPS 
analyses were carried out in a PHI VersaProbeII Scanning XPS system 
using monochromatic Al Kα (1486.6 eV) X-rays focused to a 100 μm spot 
and scanned over the area of 400 μm × 400 μm. The photoelectron take- 
off angle was 45◦ and the pass energy in the analyzer was set to 117.50 
eV (0.5 eV step) for survey scans and 46.95 eV (0.1 eV step) to obtain 
high energy resolution spectra for the C 1s, and O 1s regions. A dual 
beam charge compensation with 7 eV Ar+ ions and 1 eV electrons were 
used to maintain a constant sample surface potential regardless of the 
sample conductivity. All XPS spectra were charge referenced to the 
unfunctionalized, saturated carbon (C-C) C 1s peak at 285.0 eV. The 

Fig. 1. Conceptual scheme of the study on conductive filler effect on scaffold performance and cell responses.

Table 1 
Electrospinning parameters and polymer solution conductivity.

Sample Voltage 
[kV]

Nozzle-collector 
distance [cm]

Flow rate 
[mL/h]

Conductivity 
[μS/cm]

PLLA 13.5 16 6 1.83 ± 0.1
PLLA-rGO 16.5 16 3.5 11.78 ± 0.22
PLLA- 

Ti3C2Tx

19 16 1.2 10.53 ± 0.12
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analytical chamber operating pressure was less than 3 × 10− 9 mbar. 
Deconvolution of spectra was done using PHI MultiPak software 
(v.9.9.3). The Shirley method was used to correct the spectrum 
background.

2.8. Kelvin probe force microscopy (KPFM)

Atomic force microscopy (AFM) and KPFM were performed using a 
CoreAFM system (Nanosurf, Switzerland). For KPFM, conductive HQ: 
NSC18/Pt tips (MikroMasch, Bulgaria) with a force constant of 2.8 
Nm− 1 and a resonance frequency of 75 kHz were utilized. During KPFM 
measurements, topographical data were captured simultaneously. Scans 
covered areas of 100 μm2. KPFM data represent the average of 6 separate 
scan lines taken on top of the fibers. To provide a control for the KPFM 
signal, measurements from the ITO glass were taken alongside fiber 
measurements. KPFM measurements were performed in tapping/lift 
mode with simultaneous topography acquisition, and all scans were 
conducted in a controlled environment during a single session (RH =
50–65 %, T = 23 ◦C) to minimize electrostatic artifacts and ensure 
reproducible surface potential mapping, following similar protocols re
ported in the literature [37]. Data was analyzed using Gwyddion (v2.56, 
gwyddion.net) and OriginPro (version 2022 9.9, USA) software.

2.9. Zeta potential measurement

Streaming zeta potential analysis was performed using a high- 
performance electrokinetic analyzer (SurPASS 3, Anton Paar, Austria). 
The streaming potential was measured between two meshes, each with 
dimensions of 20 × 10 mm, positioned in the cell with an adjustable gap 
set to 115 μm. The pH was controlled within the range of 5.5–9.0. The 
pH was controlled by gradually adding 0.05 M HCl or 0.05 M NaOH to a 
0.01 M KCl solution. Zeta potential measurements were taken in four 
repetitions at each pH level, with the sample being replaced after each 
measurement. Results are presented as the average values, with error 
bars representing the standard deviation calculated from the four tests.

2.10. Cell culture studies

Human osteoblast-like cells (MG-63) (Sigma Aldrich, UK) were used 
for the cell culture study. Scaffolds were cut into 15 mm diameter cir
cles, placed in 24-well plates, and sterilized under UV light for 30 min. 
Glass was used as a control. For each study, an equal cell density of 2 ×
104 cells per 1 ml of culture medium was used. Incubation took place at 
37 ◦C with 95 % humidity in a 5 % CO2 atmosphere in an incubator 
(Memmert GmbH + Co. KG, Inc 108med, Schwabach, Germany). The 
cell culture medium consisted of Dulbecco’s Modified Eagle Medium 
(DMEM with 4.5 g/L D-glucose, Biological Industries, Israel), supple
mented with 10 % fetal bovine serum (FBS, Biological Industries, Israel), 
2 % antibiotics (penicillin-streptomycin, Biological Industries, Israel), 1 
% L-glutamine solution (Biological Industries, Israel), and 1 % non- 
essential amino acid solution (Sigma-Aldrich, USA).

2.11. Cell adhesion

Cells were seeded onto scaffolds for the cell adhesion evaluation and 
incubated for 5 h. After this time, samples were washed with phosphate- 
buffered saline (PBS, Biomed Lublin, Poland) to remove non-adherent 
cells. Subsequently, the scaffolds and control were fixed using 4 % 
paraformaldehyde for 15 min and then rinsed again with PBS. Nuclear 
staining was achieved by incubating the samples with 4′,6-diamidino-2- 
phenylindole (DAPI, Sigma-Aldrich, UK) for 15 min, followed by a final 
PBS rinse. The samples were investigated using a confocal laser scanning 
microscope (Zeiss LSM 900, Germany), and cell quantification was 
performed using 100 images per sample with CellProfiler 4.2.6 (Broad 
Institude, USA) software.

2.12. Confocal microscopy: nuclei, actin, focal adhesions

Cell actin was analyzed after 1, 3 and 7 days of incubation. Focal 
adhesions were visualized after 3 days. Staining protocols were similar 
to those previously reported [45]. Briefly, all immunofluorescence 
staining followed a procedure: scaffolds were fixed with 4 % para
formaldehyde (Sigma-Aldrich, UK) for 15 min, washed with PBS, and 
permeabilized with 0.1 % Triton X-100 (Sigma-Aldrich, UK) for 10 min. 
After blocking with 3 % BSA (Sigma-Aldrich, UK) in PBS for 60 min, 
focal adhesion complexes were stained with anti-paxillin antibodies 
(ab32084, Abcam, UK) overnight. Secondary staining with Alexa Fluor 
Plus 555 (A32732, Thermo Fisher, USA) and actin staining with Alexa 
Fluor 488 Phalloidin (Thermo Fisher, USA) were done for 1 h, followed 
by nuclear staining with DAPI (Sigma-Aldrich, UK) for 15 min.

Images were captured using a confocal microscope (Zeiss LSM 900, 
Germany) with objectives ranging from 10× to 63× . Excitation used 
laser lines at 405 nm, 488 nm, and 555 nm for DAPI, Alexa Fluor 488, 
and Alexa Fluor 555, respectively. Airyscan superresolution microscopy 
utilized a 63× oil objective with specific emission bands for fluorescence 
detection.

2.13. Confocal microscopy: cluster analysis

For each sample, images were captured in 15 different fields of view 
using both confocal and Airyscan modes. The confocal mode was used to 
capture transmitted light images of PLLA fibers, with visible Ti3C2Tx and 
rGO agglomerates. The Airyscan mode was employed for high- 
resolution imaging of paxillin proteins, which are involved in cell 
adhesion processes. Confocal laser microscopy imaging parameters are 
presented in Table 2.

The distribution of paxillin at cell adhesion sites on PLLA fibers (both 
with and without Ti3C2Tx or rGO) was imaged and analyzed using 
ImageJ software (version 1.51, Fiji, USA). Fluorescence images were 
normalized using the Statistical Dominance Algorithm (SDA) to reduce 
noise and correct uneven illumination. Cell adhesion regions were 
manually defined, and the analysis focused on these areas. ImageJ tools 
were used to identify local maxima of signal intensity, and nearest- 
neighbor (NN) analysis was conducted to determine the minimum dis
tances between the local peaks of paxillin and the identified Ti3C2Tx or 
rGO agglomerations, following the previously established protocols 
[10].

Clustering of these points was analyzed using the Density-Based 
Spatial Clustering of Applications with Noise (DBSCAN), which iden
tifies clusters and outliers based on the proximity of points. DBSCAN 
parameters (epsilon and minimum points) were optimized using a set of 
10 images and then applied to the remaining data. Statistical analysis of 
the results was performed using OriginPro software (version 2022 9.9, 
USA).

Table 2 
The summary of all confocal laser microscopy imaging parameters.

Imaging 
mode

Objective Laser 
wavelength

Detection 
wavelength

Pixel 
time

Pixel 
size

Confocal Plan- 
apochromat 
63x/1.4 Oil 
DIC M27

561 nm, 488 
nm, and 405 
nm for Alexa 
555, Alexa 
488, and DAPI, 
respectively

540–700 nm 
for Alexa 555, 
450–545 nm 
for Alexa 488, 
and 400–600 
nm for DAPI

1.91 
μs

0.071 
μm

Airyscan Plan- 
apochromat 
63x/1.4 Oil 
DIC M27

561 nm, 488 
nm, and 405 
nm for Alexa 
555, Alexa 
488, and DAPI, 
respectively

540–700 nm 
for Alexa 555, 
450–545 nm 
for Alexa 488, 
and 400–600 
nm for DAPI

3.82 
μs

0.035 
μm
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2.14. Cell proliferation, replication and infiltration

Cell proliferation was measured using the CellTiter-Blue® Assay 
(GloMax Discover plate reader, Promega, USA) at 1, 3 and 7 days post- 
incubation. At each time point, the culture media was replaced with 1 ml 
of fresh media containing 20 % CellTiter-Blue® reagent (Promega, USA) 
and incubated for 4 h at 37 ◦C. After incubation, 100 μl of the reagent 
mixture was transferred from each well to a 96-well plate in triplicate, 
and fluorescence was recorded at 560/590 nm using the GloMax® 
Discover system (Promega, USA). Each type of scaffold and control glass 
was tested in duplicate. Statistical analysis of the data was carried out 
using OriginPro software (version 2022 9.9, USA).

For the replication assessment, cells grown on scaffolds and glass (as 
a control) were treated with 10 μM 5-ethynyl-2′-deoxyuridine (EdU) for 
1 h after 1, 3 and 5 days of culture. Following treatment, the samples 
were washed with PBS, fixed with 4 % paraformaldehyde, and then 
permeabilized with 0.1 % Triton X-100 (Sigma-Aldrich, USA) and 
blocked in 3 % bovine serum albumin (Sigma-Aldrich, USA) at 25 ◦C. 
The incorporated EdU was detected using the ClickiT™ EdU AF488 
imaging kit (Invitrogen/Molecular Probes, USA). Cells were stained with 
DAPI (Millipore, Germany) for 15 min. Fixed samples were imaged using 
a Zeiss LSM 900 confocal microscope (CLSM, Carl Zeiss Microscopy 
GmbH). For imaging, 405 nm and 488 nm laser lines were used for 
excitation, with emission detection bands of 410–500 nm for DAPI and 
500–700 nm for Alexa Fluor™ 488 bound to the incorporated EdU. A 
Plan-Apochromat 20× /0.8 M27 objective was used for imaging. For 
each sample, over 60 images were captured from different fields of view. 
The images were recorded in two channels: the green channel, where the 
signal from Alexa 488-labeled EdU precursor incorporated into the cell 
was detected, and the blue channel, where the signal from labeled DNA 
in cell nuclei was captured. Nuclei detection in both channels was per
formed using the CellProfiler 4.2.6 software (Broad Institute, USA).

Cell infiltration into the scaffolds after 7 days of incubation was 
analyzed with CLSM. Parallel imaging of cell nuclei and actin was per
formed to provide a detailed evaluation of cellular distribution. All 
samples were fixed prior to imaging to preserve cellular morphology 
with DAPI and Alexa Fluor 488 Phalloidin. Imaging was conducted using 
Z-stacks, capturing the fluorescent signal. The imaging settings, 
including excitation light intensity, detection ranges, and detector gain, 
were kept consistent across all samples to ensure reliable and compa
rable results. Z-stacks were acquired with a step size of 1.7 μm. The 
acquisition range for each sample was individually adjusted, starting 
from the first in-focus layer where nuclei appeared and continuing 
deeper into the scaffold until the last visible labeled nuclei moved out of 
focus. From each layer within the Z-stack, the average pixel intensity 
was calculated. The depth corresponding to the maximum average pixel 
intensity in the Z-stack was identified as the plane with the highest 
density of in-focus nuclei, which was interpreted as the position of cells 
on the scaffold surface. In the resulting plots, the X axis represents the 
scanned depth for each sample, providing a visualization of cellular 
distribution and scaffold infiltration.

2.15. SEM of scaffolds with cells

SEM imaging of cells on PLLA scaffolds was carried out after 7 days of 
culture. The cells were fixed using 2.5 % glutaraldehyde (Sigma-Aldrich, 
UK) for 1 h at 25 ◦C. After fixation, the samples were rinsed three times 
with PBS and then dehydrated through a series of ethanol solutions 
(Avantor, Poland) with increasing concentrations (50 %, 60 %, 70 %, 80 
%, 90 %, 100 %). The scaffolds were incubated in each ethanol solution 
for 7 min, repeating the process twice for the 100 % ethanol. Following 
dehydration, the samples were treated with hexamethyldisilazane 
(HMDS, Sigma-Aldrich, UK). Once the HMDS had fully evaporated, the 
samples were coated with an 8 nm layer of Au and imaged using the 
same SEM parameters as previously used for fiber characterization. Cell 
infiltration was assessed by visualizing cross-sections of scaffolds, which 

were cut through the middle of the sample using a scalpel and then 
coated with an Au layer using the protocol mentioned above.

3. Results and discussion

3.1. Scaffold’s morphological, chemical, and mechanical characterization

Electrospinning is a straightforward technique for producing highly 
porous polymer scaffolds, with porosity exceeding 90 %, arranged in a 
random orientation. Thus, this method is widely used in tissue engi
neering, particularly for wound healing applications [46,47]. However, 
the interplay of the electric field and the surface tension in this elec
trohydrodynamic process is accompanied by many more parameters 
[48,49]. Importantly, whenever we start to create the hybrid scaffolds 
with rGO and MXene, one has to take into account the conductivity of 
the polymer solution. Following this essential line of thinking, we 
measured the conductivity for our three polymer solutions: PLLA, 
PLLA-rGO, and PLLA-Ti3C2Tx [48,50,51]. As expected, 2D conductive 
materials rGO and Ti3C2Tx enhanced the conductivity of the solution 
[52–54]. Results in Table 1 show that adding rGO increased the con
ductivity by approximately 11 μScm− 1, while adding Ti3C2Tx increased 
it by 10 μScm− 1. Consequently, due to the increased conductivity of 
solutions, the applied voltage and flow rate had to be adjusted to 
conduct electrospinning of fibers in a stable cone-jet mode (see Table 1). 
A similar observation was made based on experiments with polylactide 
(PLA) with the addition of cellulose nanocrystals [55].

Fibers of PLLA-rGO and PLLA-Ti3C2Tx samples differ compared to 
PLLA in many aspects. Firstly, we analyzed the morphology of fibers 
using scanning electron microscopy (SEM), see Fig. 2A. Material 
agglomeration is present for both samples containing fillers and looks 
similar to beads, contrary to smooth and uniform PLLA fibers. The 
average diameter of fibers for all the samples is similar, as presented in 
the histogram (Fig. 2B). It is 1.74 ± 0.42 μm for PLLA fibers, while for 
fibers with fillers, the value slightly decreased, resulting in 1.56 ± 0.51 
μm for PLLA-rGO and 1.14 ± 0.26 μm for PLLA-Ti3C2Tx. It has been 
demonstrated previously that variations of ~0.5 μm in fiber diameter do 
not significantly affect cell proliferation or differentiation when the di
ameters remain within the same order of magnitude [56]. Differences 
between the scaffolds are visible not only microscopically but also 
macroscopically, as presented in SI Figure S1 A, where it is shown that 
fillers affect the color of the scaffold. Moreover, to gather complex 
characterization of samples, we provide static contact angle measure
ments done with water, showing no significant differences, resulting in 
117.6 ± 4.1◦, 118.3 ± 2.9◦, and 120.1 ± 4.5◦ for PLLA, PLLA-rGO, and 
PLLA-Ti3C2Tx, respectively. Exemplary images of the water droplets on 
the scaffolds for this measurement are presented in SI Figure S1 B-D.

In terms of mechanical performance, the agglomeration of Ti3C2Tx 
and rGO within PLLA fibers significantly impacts their tensile properties, 
as shown in stress-strain curves (Fig. 2C). Fig. 2C presents the average 
curves from 5 measurements per sample, while all the curves are pre
sented in SI Figure S1 E-G. Table 3 summarizes mechanical properties, 
highlighting evident differences between all samples. The Young’s 
modulus of randomly oriented electrospun fiber mats was not deter
mined due to fiber slippage and non-linear deformation behavior during 
tensile testing. As already been indicated in several studies the obtained 
values of the Young’s modulus from not aligned electrospun fibers mats 
can be misleading [57–59]. Pure PLLA fibers exhibit good mechanical 
properties, with an elongation at break (Ɛf) of 42 ± 5.29 %, a tensile 
strength (σ) of 2.41 ± 0.18 MPa, strain at maximum stress (Ɛmax) of 
21.86 ± 4.56 %, and a toughness (W) of 70.62 ± 15.26 MJ m− 3. The 
tensile test results for PLLA fibers are comparable to those reported in 
the literature for electrospun mats made of PLA and other polymers 
commonly used in tissue engineering [55,60,61]. Incorporating rGO 
into PLLA fibers results in a slight increase in Ɛf to 43.43 ± 1.85 %, 
indicating that rGO has a minor effect on the flexibility of the composite. 
However, compared to PLLA fibers, the tensile strength of PLLA-rGO 
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fibers decreases significantly to 1.08 ± 0.19 MPa, while toughness drops 
to 30.37 ± 5.40 MJ m− 3. The large agglomeration sizes observed for 
rGO, contribute to this reduction in strength and toughness. These re
gions of high-stress act as initiation sites for crack propagation, dimin
ishing the overall mechanical integrity of the fibers [62]. Moreover, 
PLLA-Ti3C2Tx composite fibers exhibit an even more significant decrease 
in mechanical performance compared to PLLA and PLLA-rGO samples, 
with a lower tensile strength of 0.45 ± 0.10 MPa and a drastic reduction 
in Ɛmax to 2.17 ± 0.50 %. The toughness is also reduced to 8.34 ± 1.43 
MJ m− 3, reflecting a substantial drop in the deformation energy the 

Fig. 2. A) SEM micrographs of PLLA, PLLA-rGO, PLLA-Ti3C2Tx fibers. B) Fiber diameter distribution graph. C) Stress-strain curves from tensile tests of samples. D) 
Box chart of agglomeration size distribution within the fibers. E) FTIR results for fiber samples.

Table 3 
Tensile test results with the characteristics values of elongation at failure (Ɛf), 
tensile strength (σ), toughness (W), and elongation at maximum stress (Ɛmax). 
Errors are based on standard deviation, with N = 5, where N is the tensile test of 
one mat sample.

Sample Ɛf [%] σ [MPa] Ɛmax [%] W [MJ⋅m− 3]

PLLA 42 ± 5.29 2.41 ± 0.18 21.86 ± 4.56 70.62 ± 15.26
PLLA-rGO 43.43 ± 1.85 1.08 ± 0.19 20.76 ± 0.65 30.37 ± 5.40
PLLA-Ti3C2Tx 45.16 ± 3.29 0.45 ± 0.10 2.17 ± 0.50 8.34 ± 1.43

M. Polak et al.                                                                                                                                                                                                                                   Materials Today Bio 32 (2025) 101785 

6 



composite can absorb before failure.
To investigate the role of filler agglomeration size and distribution 

on the fiber properties, we analyzed agglomeration patterns of Ti3C2Tx 
and rGO within the fiber structures using confocal laser scanning mi
croscopy (CLSM) and its transmitted light imaging. Consistent imaging 
parameters were applied across all samples, capturing 20 images per 
sample to ensure a comprehensive agglomerate distribution and size 
assessment. Agglomerations of Ti3C2Tx and rGO were identified and 
analyzed within the fiber regions (SI Figure S1 H, J), delineated by the 
red mask (SI Figure S1 I, K).

Quantitative analysis revealed distinct differences in agglomeration 
size between the two fillers, as illustrated in the box plot in Fig. 2D. The 
average agglomeration size of rGO was significantly larger (7.63 ±
13.66 μm2) compared to Ti3C2Tx (1.44 ± 1.55 μm2). rGO also exhibited 
greater variability, as indicated by a broader interquartile range and 
overall range in the box plot. In contrast, Ti3C2Tx showed a narrower 
distribution and smaller agglomerates than rGO, suggesting better 
dispersion within the polymer matrix. These differences can be con
nected to distinct solvent-nanosheet interactions observed for Ti3C2Tx 
and rGO when dispersed in DMF. Ti3C2Tx is naturally terminated with 
surface functional groups (-OH, -F, -O) after the selective etching [63]. 
The presence of these polar functional groups renders its dispersion in 
polar solvents like DMF, as the polarity index of the solvent closely 
matches with the polarity of the material [64]. Here, the Hildebrand and 
Hansen models can be employed to predict the dispersion stability of 
nanomaterials in solvents. The Hildebrand solubility parameter (δT) is 
defined as the square root of the cohesive energy density, whereas the 
Hansen parameters refer to the contribution from dispersion, dipole, and 
hydrogen bonding interactions. According to these models, Ti3C2Tx is 
stable in solvents with a δT close to 25.1 MPA1/2 [65], which aligns well 
with DMF (δT of 24.9 MPA1/2). Furthermore, the Hansen model de
scribes that Ti3C2Tx is stable in solvents with high polarity and high 
dispersion interaction strength, explaining their favorable dispersion in 
polar solvents [64]. In contrast, the reduction process of rGO removes 
oxygen-containing surface functional groups, leading to a loss of surface 
polarity. Consequently, rGO exhibits poor dispersibility in DMF 
compared to Ti3C2Tx. The δT of rGO is approximately 22 MPA1/2 [66], 
but this value varies depending on the degree of reduction, indicating a 
lower compatibility with DMF.

Additionally, by energy-dispersive X-ray spectroscopy (EDS) we 
confirmed the presence of Ti3C2Tx in the fibers, as shown by elemental 
mapping (SI Figure S1 L-N). Channels highlighting carbon (C), titanium 
(Ti), and fluorine (F) (SI Figure S1 N), as well as isolated Ti and F maps, 
verified the material’s integration into fibers, appearing as agglomerates 
in beads-like features (SI Figure S1 L,M). The EDS spectrum for the 
PLLA-Ti3C2Tx sample (SI Figure S1 O) confirmed the presence of Ti. In 
summary, both fillers influence fiber mechanical properties, with their 
agglomeration size and distribution playing a critical role. Despite the 
smaller and more uniform agglomerates of Ti3C2Tx, its presence in the 
PLLA matrix contributes to greater deterioration of tensile properties 
compared to rGO. This highlights the need to carefully consider filler 
dispersion and agglomeration characteristics in the design of composite 
materials.

As a necessary verification step, we performed Fourier-transform 
infrared spectroscopy (FTIR), see Fig. 2E. In the FTIR spectra of the 
composite fibers, characteristic peaks corresponding to the PLLA matrix 
were clearly visible. Although vibrations associated with Ti3C2Tx —such 
as Ti–C stretching—are typically reported around 469 cm− 1, this peak 
was not clearly distinguishable in our samples. This is likely due to 
overlapping signals from the polymer and the relatively low filler con
tent. As a result, identifying MXene-specific peaks using FTIR is chal
lenging in this system, particularly in the 400–800 cm− 1 region where 
such features are expected to appear [39,67]. Therefore, we acknowl
edge the limitations of FTIR in confirming the presence of MXenes in our 
composites and rely on additional characterization techniques (e.g., 
EDS, confocal imaging) to confirm their incorporation. The analysis of 

Ti3C2Tx powder is presented in SI Figure S1 P. Characteristic peaks of 
rGO could not also be distinguished in PLLA-rGO fibers due to the 
overlapping of peaks with those coming from PLLA material. Analysis of 
pure rGO powder revealed increased intensity at 1715 cm− 1 assigned to 
the stretching vibration of C=O moiety, and 1634 cm− 1, which can be 
attributed to the absorbed water molecules (SI Figure S1 P) [68]. The 
FTIR spectrum of all three samples of fibers reveals several distinctive 
peaks associated with PLLA chemical structure. A prominent peak at 
1750 cm− 1 corresponds to the C=O stretching mode of the ester group 
[69]. Peaks at 1211 and 1182 cm− 1 are attributed to the C–O–C and CH3 
groups, respectively. Other characteristic bands appear at 1044, 1087, 
1132, and 1456 cm− 1, linked to the asymmetric deformation of the 
C-CH3, C–O–C, C-CH3, and CH3 groups, respectively [70]. Stretching 
vibrations of the CH3 group are further indicated by peaks at 2946 and 
2996 cm− 1 [71]. The peak at 1384 cm− 1 is also assigned to C–H 
stretching. Weaker bands at 872 and 921 cm− 1 suggest the presence of 
α-crystal, while the band at 755 cm− 1 is associated with C=O bending 
[71,72].

To complement the chemical verification provided by FTIR, differ
ential scanning calorimetry (DSC) was performed to assess the thermal 
properties of the composite fibers and evaluate whether the incorpora
tion of Ti3C2Tx and rGO affected the thermal behavior of the fibers. The 
DSC analysis (SI Figure S1 R) revealed no significant variation in the 
glass transition temperature (Tg) among the samples. The measured Tg 
values were 60.44 ± 0.51 ◦C for neat PLLA, 60.02 ± 0.22 ◦C for PLLA- 
rGO, and 60.27 ± 0.59 ◦C for PLLA-Ti3C2Tx. These results indicate 
that the addition of Ti3C2Tx and rGO did not alter the crystalline 
structure and further the thermal stability of the polymer matrix [73]. 
The consistency in Tg across all samples suggests limited interaction 
between the fillers and the polymer chains at a level that would signif
icantly influence the thermal transitions. Comparing these findings with 
the literature is difficult because changes in the polymer structure are 
dependent on the composite fabrication process. However, similar re
sults were reported with no change in Tg caused by incorporating rGO in 
polycaprolactone (PCL) or PLA matrix [73,74]. Although our thermal 
analysis did not reveal strong interactions between the polymer and 
fillers, previous studies suggest that conductive fillers within an insu
lating polymer matrix can still enhance charge transport, influencing the 
properties of composite fibers. For example, Wang et al. demonstrated 
that in polyethylene/graphene nanocomposites, improved conductivity 
was achieved through trap-modulated charge carrier transport, even 
with minimal polymer–filler interaction [75].

3.2. Surface properties of scaffolds

XPS analysis was performed to verify the surface chemistry of elec
trospun fibers. Table 4 lists the surface concentrations of chemical bonds 
obtained from fitting XPS data for all analyzed samples. The C 1s spectra 
were fitted with three components typical for PLLA polymer [76]. The 
first line centered at 285.0 eV indicates the presence of aliphatic carbon 
C-C, the second line at 286.9 eV indicates the presence of C-O groups, 
and the third line at 289.0 eV comes from O-C=O type bonds [76]. The O 

Table 4 
Atomic composition (%) of the surface of electrospun samples determined by 
fitting XPS data, see SI Figure S2.

C O Si

Binding 
energy [eV]

285.0 286.9 289.0 532.2 533.6 535.0 100–103

Group C-C C-O O- 
C=O

O=C O-C 
O-Si

H2Oads Si 
SiOx

PLLA 22.5 16.7 23.9 16.4 17.0 2.6 0.9
PLLA-rGO 21.0 18.2 20.8 17.3 17.7 2.7 2.3
PLLA- 

Ti3C2Tx

18.1 16.4 21.6 15.0 17.5 4.4 6.9
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1s spectra were fitted with three components: the first line centered at 
532.2 eV, which points out the existence of O=C type bonds; the second 
line centered at 533.6 eV, indicating the presence of O-C type bonds, 
both typical for PLLA polymer and the last line centered at 535.0 eV 
comes from the presence of adsorbed water [76,77]. There is also a small 
amount of silicon in both metallic state and oxide form (from the sub
strate, which is a silicon wafer). High-resolution spectra are presented in 
SI Figure S2. The XPS analysis reveals that the surface chemistry of all 
samples is characterized only by bonds typical for PLLA, not the rGO and 
Ti3C2Tx. It suggests that most of the fillers are blended inside the fibers 
during electrospinning, as the XPS analysis depth is up to 5.7 nm from 
the fiber surface at a 45◦ measurement angle [78,79]. If the filler mixed 
with the PLLA solution were located at the surface, the XPS analysis 
would be able to detect that [80]. Similar surface chemistry of all the 
samples let us exclude this parameter from the possible effect on cell 
response.

As discussed in the literature, the changes in the surface chemistry of 
electrospun fibers can be correlated with the surface potential variation 
measured directly by KPFM or validated by zeta potential investigation, 
which highly affects cell integration with the scaffolds [81,82]. For 
instance, it was reported that the charges on the fibers can be tuned by 
changing voltage polarity during electrospinning, further improving cell 
adhesion [45,83]. Fig. 3A shows the KPFM maps illustrating the fiber 
topography and the corresponding surface potential. The KPFM 

measurements revealed that fibers with rGO exhibited an average sur
face potential shift of approximately 50 mV compared to pure PLLA fi
bers, as presented in Fig. 3B. Notably, fibers containing Ti3C2Tx 
displayed an even greater surface potential shift, exceeding 400 mV 
relative to pure PLLA. The observed change in surface potential is likely 
due to a shift in the material’s work function after blending PLLA with 
rGO and Ti3C2Tx fillers. It is due to the relationship between work 
function and the contact potential difference obtained in the KPFM 
measurement as stated in the equation: 

VCPD =
WFtip − WFsample

e
(1) 

where WFtip and WFsample are the work functions of the tip and the 
sample, respectively, and e is the elementary charge [84]. In this work, 
we determined the work function (WF) of PLLA using highly ordered 
pyrolytic graphite (HOPG) as a reference, obtaining a value of 4.7 ± 0.1 
eV. This estimated WF is consistent with previous findings, where, 
although the WF of PLLA was not directly reported, data suggested a 
similar range, allowing us to approximate a WF of 4.6 ± 0.1 eV [45]. 
Therefore, we estimate the WF of electrospun PLLA to be in the range of 
4.6–4.7 eV. Thus, the relatively small shift in surface potential for the 
PLLA-rGO fibers is probably due to the similarity between the WF of 
PLLA and rGO, which is approximately 4.8 eV according to the litera
ture, which results in minimal impact on the overall surface potential of 

Fig. 3. Surface properties of fibers: A) topography images and surface potential maps (KPFM), B) surface potential of fibers (KPFM), and C) zeta potential results in 
the pH range of approximately 5.5–9.
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PLLA-rGO fibers [85]. In contrast, PLLA-Ti3C2Tx fibers showed a sub
stantial increase in surface potential, likely due to the lower WF of 
Ti3C2Tx (~4.2 eV) [86] The introduction of Ti3C2Tx filler thus shifted the 
WF of the composite material, resulting in the observed change in sur
face potential. It is important to note that these measurements were 
conducted under ambient conditions, which may introduce variations 
and contribute to the observed standard deviation in WF calculations. 
While KPFM provides localized surface potential measurements on in
dividual fibers, the consistent trends observed across multiple sites 
suggest these values are representative. The data demonstrate a clear 
correlation between the filler type and the resulting surface potential, 
highlighting the potential of rGO and MXene for tuning fiber surface 
properties in relevant applications.

Results given by XPS and KPFM prove that even if the incorporated 
particles are not exposed on the surface being covered with a layer of 
polymer thicker than 6 nm, they still affect the surface charge of fibers. 
As KPFM measures the local surface potential at the nanoscale, 
providing the data on the work function or contact potential difference, 
this is a direct reflection of surface charge density, but on a dry, solid 
surface in a controlled environment. In contrast, zeta potential indicates 
the electrostatic potential near the slipping plane in a liquid environ
ment, reflecting the charge that can develop when the material is sus
pended in a solution [87]. We performed zeta potential measurements to 
give a more comprehensive view of the material behavior across 
different conditions (Fig. 3C). The results show no significant differences 
between the samples in zeta potential values in the pH range of 5.5–9. 
We have chosen this pH range to reflect conditions relevant to the 
human body, encompassing the physiological pH spectrum commonly 
observed in various biological systems. For pH around 7.5, zeta potential 
was − 26.61 mV for PLLA, − 24.7 mV for PLLA-rGO, and − 25.52 mV for 
PLLA-Ti3C2Tx. Work published by Yin and Drelich discusses the role of 
electrokinetic effects and surface heterogeneity challenges in zeta po
tential measurements [88]. Their study highlights how zeta potential 
measurements can often average out the actual heterogeneity of surface 
charges, as traditional electrokinetic approaches do not provide local
ized information and only offer an overall potential across complex 
surfaces. Due to the complex composition of the cell culture media, the 
interpretation of the zeta potential data is challenging, however, it has 
been previously validated for the simulated body fluid [89].

3.3. Cell adhesion and focal adhesion point analysis

Cell adhesion after 5h of incubation, followed by scaffold rinsing to 
remove non-adhered cells, was measured as cell density per mm2 of 
fibrous scaffold (see Fig. 4A). Here, PLLA and PLLA-Ti3C2Tx demon
strated similar adhesion of osteoblasts. In contrast, PLLA-rGO showed 
significantly higher cell adhesion than pure PLLA fibers, reflected by the 
greater median cell density and a wider range of values, suggesting 
strong cell-fiber interactions. This suggests that rGO can enhance 
physical adhesion due to rGO agglomerates being much bigger in size (SI 
Figure S1 H-K), changing scaffold geometry, and creating supportive 
architecture. To the best of our knowledge, agglomerated fillers were 
never used to diversify the architecture of electrospun fibers for better 
cell-material interaction in tissue engineering. Interestingly, beaded 
electrospun fibers have similar morphology and have recently drawn 
attention in drug delivery systems [90–92]. A study by Santillan et al. 
presents that beads-on-string fibers benefit osteoblast attachment and 
filipodia formation, serving more attachment sites [93].

Since adhesion after 5 h is an initial cell response, we additionally 
provide a detailed analysis of focal adhesion points after 3 days of in
cubation. Here, we use the protocol of osteoblast’s focal adhesion for
mation assessment that was already published for electrospun PMMA 
fibers [10]. Similarly, we verified cell-individual fiber interaction as 
presented in the scheme in Fig. 4B. In this study, paxillin, a key protein 
forming the multiprotein complex responsible for cell adhesion to the 
extracellular matrix, was labeled using immunofluorescence. Paxillin, 

visualized in orange in the images, enabled detailed analysis of adhesion 
sites. High-resolution CLSM (Airyscan) imaging provided high-quality 
images of paxillin distribution within cells, subsequently used for 
quantitative analysis of cell adhesion site distribution on different 
scaffolds. In Fig. 4: C, C1, D, D1, E, E1 we present CLSM images of focal 
adhesions (stained paxillin - orange) and transmitted light channel for 
single fiber and single cell for PLLA, PLLA-rGO, and PLLA-Ti3C2Tx fibers. 
The application of high-resolution CLSM imaging enabled precise visu
alization of the distribution of cell adhesion sites to the scaffold fibers 
(C2, C3, C4). High-resolution CLSM imaging resulted in a higher 
signal-to-noise ratio, allowing for the identification of a greater number 
of distinguishable adhesion sites and structural features, which were not 
as clearly resolved with confocal imaging [10,94,95]. Agglomerations of 
rGO and Ti3C2Tx are visibly seen in transmitted light Fig. 4: D1, D3, E1, 
E3, respectively.

The quantitative analysis involved binary processing and quantifi
cation of the labeled adhesion site signals, followed by cluster and 
morphological analyses. The cluster analysis, see Fig. 4: D4, E4, utilized 
the DBSCAN algorithm to identify and quantify the distribution of 
adhesion sites. Morphological analysis focused on determining funda
mental parameters, including: area (the size of identified adhesion 
clusters, see Fig. 4F), density (the number of detected intensity maxima 
within each cluster area see Fig. 4G), Feret diameter (the maximum 
dimension of the adhesion clusters, see Fig. 4H), distance between 
clusters (the spatial arrangement and separation between adhesion 
clusters, see Fig. 4I). For regions where cells interacted with Ti3C2Tx or 
rGO containing fibers, additional analysis was conducted. This involved 
measuring the distance from each detected local intensity maximum 
(adhesion site) to the centroid of the corresponding Ti3C2Tx or rGO area. 
These measurements provided detailed insights into how scaffold 
properties influence the spatial organization of adhesion sites (Fig. 4J) 
[10].

The analysis of the area of cell adhesion clusters (Fig. 4F) revealed 
notable differences depending on the scaffold material. The average 
cluster size for cell adhesion to PLLA fibers was comparable to that 
observed for PLLA-rGO fibers, indicating similar interactions between 
cells and these scaffolds in terms of adhesion area. However, in the case 
of cells adhering to PLLA-Ti3C2Tx fibers, the average cluster size was 
over 50 % larger than those observed for the other two materials. This 
significant increase suggests that the inclusion of Ti3C2Tx in the scaffold 
composition enhances the development of larger adhesion sites. This 
could be attributed to the unique surface potential of PLLA-Ti3C2Tx fi
bers, which may promote stronger or more extensive interactions be
tween cells and the scaffold surface.

The density (Fig. 4G), representing the local maxima per millimeter 
within identified adhesion clusters, did not reveal significant differences 
between the tested scaffolds. However, a wider spread of values was 
observed for adhesion to PLLA-Ti3C2Tx and PLLA-rGO fibers. For 
adhesion complexes on PLLA fibers, the variability in this parameter was 
approximately two times lower, suggesting a more uniform cell adhesion 
process. This can be explained by the cells interacting either directly 
with regions enriched with Ti3C2Tx or rGO agglomerates or with areas of 
the scaffold lacking these additives.

The Feret diameter (Fig. 4H), defined as the maximum distance be
tween two points on the outer contour of an object along a specific di
rection, provides insights into the elongation of adhesion clusters on 
different scaffolds. The results indicate that the most elongated adhesion 
clusters were observed in the interactions between cells and PLLA- 
Ti3C2Tx fibers, with an average Feret diameter of 2.35 μm. Additionally, 
this scaffold type exhibited the highest variability in Feret diameter 
distribution among all tested scaffolds, suggesting diverse morphologies 
of adhesion clusters. In contrast, the least elongated adhesion clusters 
were associated with cell adhesion to PLLA-rGO fibers, with an average 
Feret diameter of 1.68 μm and the smallest variability in distribution. 
This observation implies that adhesion clusters on PLLA-rGO fibers are 
more compact and uniform in shape than those on PLLA-Ti3C2Tx or pure 
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PLLA fibers.
The analysis of the distance between clusters (Fig. 4I) examined the 

spatial distribution of adhesion clusters on different scaffold types. The 
results revealed no statistically significant differences in the average 
distance between adhesion clusters on PLLA and PLLA-rGO fibers, 
indicating a similar spatial arrangement of adhesion sites on these ma
terials. In contrast, interactions between cells and PLLA-Ti3C2Tx fibers 
showed a broader spread in the measured distances between clusters. 
Additionally, the average distance between adhesion clusters on PLLA- 
Ti3C2Tx was approximately 30 % greater than that observed for PLLA 
and PLLA-rGO fibers. This increased variability and larger average dis
tance suggest that the incorporation of Ti3C2TX alters the spatial orga
nization of adhesion clusters, potentially due to the unique surface 
properties or very good distribution of Ti3C2Tx within the scaffold.

The histogram in Fig. 4J represents the distribution of measured 
distances between the center of intensity for each identified paxillin 
accumulation site (as a marker of cell adhesion) and the centroid of 
polymer fibers containing either Ti3C2Tx or rGO. This analysis provides 
insight into how cells form adhesion sites relative to regions enriched 
with Ti3C2Tx or rGO in PLLA fibers. The results presented in this histo
gram (Fig. 4J) indicate that for PLLA-rGO fibers, cells exhibit a stronger 
tendency to form adhesion sites in close proximity to or directly at fiber 
regions rich in rGO, compared to Ti3C2Tx. In both cases, the majority of 
identified adhesion sites are located near regions containing Ti3C2Tx or 
rGO. However, a significant portion of adhesion sites associated with 
PLLA-Ti3C2Tx fibers are found at greater distances from the "Ti3C2Tx- 
enriched" regions. This observation is somewhat counterintuitive. 
Ti3C2Tx-rich regions in fibers are smaller and more uniformly distrib
uted compared to rGO-rich regions, theoretically giving cells more op
portunities to form adhesion sites close to Ti3C2Tx agglomerates. 
Conversely, rGO clusters within the fibers are significantly larger, 
making it expected that the measured distances between adhesion sites 
and the centroids of rGO-enriched regions would be greater, but sur
prisingly, this is not the case. This phenomenon can be explained by the 
differences in the accessibility and spatial distribution of rGO and 
Ti3C2Tx within the PLLA fibers. Data from Fig. 2D and SI Figure S1 H-K
highlight substantial differences in the distribution of Ti3C2Tx and rGO 
within the fibers. Cells have relatively greater access to rGO-enriched 
regions within PLLA-rGO fibers, which encourages the formation of 
adhesion sites directly at these regions. In contrast, the smaller and more 
evenly dispersed Ti3C2Tx agglomerates result in cells forming adhesion 
sites at varying distances from Ti3C2Tx regions. The larger rGO ag
glomerates within fibers promote more consistent and closer adhesion, 
whereas the smaller, more uniform Ti3C2Tx areas lead to a broader 
distribution of adhesion distances.

Summarizing, cluster and morphological analyses revealed signifi
cant differences in the architecture of cell adhesion sites formed on PLLA 
fibers compared to PLLA fibers with Ti3C2Tx or rGO additives. Cell 
adhesion clusters on PLLA-Ti3C2Tx fibers were observed to be longer, 
larger, and denser in terms of local maxima of adhesion sites compared 
to those on the other fiber types. This indicates that the addition of 
Ti3C2Tx significantly alters the adhesion site architecture, promoting the 
formation of more extensive and dense adhesion clusters. In contrast, the 

adhesion clusters formed on PLLA and PLLA-rGO fibers exhibited similar 
morphological characteristics, including comparable sizes and elonga
tion. However, cells interacting with PLLA-rGO fibers formed a denser 
network of local adhesion sites compared to those on pure PLLA. It is 
important to note that the initial cell adhesion measured after 5 h re
flects early attachment dynamics, whereas the analysis of focal adhesion 
points via paxillin staining after 3 days provides insight into more 
mature and stabilized cell–material interactions, which follow different 
trends over time.

3.4. Cell proliferation, replication, and infiltration into the scaffold

Cell proliferation is the critical step of material biocompatibility 
assessment, which gives information on how well cells grow and 
multiply on the material, indicating the material’s ability to support 
cellular functions vital for tissue regeneration and repair [96–101]. The 
surface properties of electrospun fibers, such as topography, porosity, 
architecture, surface chemistry, and surface charges, play a role in 
influencing cell proliferation by modulating cell adhesion, nutrient 
diffusion, and signaling pathways [21,45]. Hence, proliferation, repli
cation, and adhesion provide complementary evaluations of cell 
behavior in response to fiber surface properties [12,102–104]. The 
replication test is used to detect new DNA synthesis during cell repli
cation. This assay enables the measurement of DNA synthesis activity, 
accurately determining whether cells are undergoing division during the 
specific time window in which they were incubated with the precursor 
[105]. It offers high sensitivity and specificity, helping in the interpre
tation of the results of standard proliferation and adding information 
about its dynamics [102,106–109]. Fig. 5A presents results from the 
proliferation of cells on different substrates: PLLA, PLLA-rGO, and 
PLLA-Ti3C2Tx fibers at days 1, 3, and 7 of incubation. On day 1, all 
materials showed similar cell proliferation, suggesting no significant 
difference in initial compatibility. Day 3 results indicate significantly the 
best proliferation for PLLA-rGO, slightly lower for PLLA, and lastly for 
PLLA-Ti3C2Tx. The last time point at day 7 presents significantly 
increased proliferation for all of the samples, with the highest fluores
cence coming from PLLA fibers, followed by PLLA-rGO and PLLA-
Ti3C2Tx. Replication activity, defined as the ratio of replicating to all 
cells, was relatively similar for all samples on days 1 and 3, see Fig. 5E. 
In contrast, at day 7, PLLA-Ti3C2Tx displayed the highest replication 
activity, significantly higher than for PLLA-rGO. Exemplary CLSM im
ages used for the replication study are shown in SI Figure S3, where 
green nuclei represent the replicating and blue non-replicating cells.

The confocal images in Fig. 5C1-C9 demonstrate the increased 
number of cells on all scaffolds over time, starting from day 1 (Fig. 5C1- 
C3), progressing through day 3 (Fig. 5C4-C6), and culminating at day 7 
(Fig. 5C7-C9). During this period, the cell morphology remains consistent 
with standard cellular structures, indicating no adverse effects on cell 
morphology. By day 7, a monolayer of cells is evident on the surface of 
the PLLA fibers. In contrast, for the PLLA-rGO and PLLA-Ti3C2Tx scaf
folds, the cells appear less densely packed on the top surface of fibers.

Due to observed differences in the properties of scaffolds and vari
eties in cell responses, we provide a study on cell infiltration into the 

Fig. 4. A) Cell adhesion after 5 h of incubation. B) Scheme presenting the focal adhesion point analysis of cells to PLLA fibers, and fibers with filler enriched regions 
(rGO, and Ti3C2Tx), underlying single fiber – single cell interaction. High-resolution imaging and quantitative analysis of cellular interaction with different scaffolds: 
C) CLSM image of single cell and single PLLA fiber with stained paxillin (orange), and C1) the same view in transmitted light. C2), C3) Graph displaying the differences 
in the resolution contrast between CLSM and high-resolution CLSM (Airyscan mode) imaging. C4) Graph presenting the intensity profile, which demonstrates 
improved spatial resolution of Airyscan mode compared to confocal imaging. D) CLSM image of single cell and single PLLA-rGO fiber with stained paxillin (orange), 
and D1) the same view in transmitted light. D2), D3) Zoomed images on selected areas from D) and D1) marked with pink squares. D4), D5) Segmented paxillin and 
rGO agglomerations for quantitative analysis, respectively. E) CLSM image of single cell and single PLLA-Ti3C2Tx fiber with stained paxillin (orange), and E1) the 
same view in transmitted light. E2), E3) Zoomed images on selected areas from E) and E1) marked with blue squares. E4), E5) Segmented paxillin and Ti3C2Tx ag
glomerations for quantitative analysis, respectively. F) Box chart presenting cluster analysis of the area of focal adhesions. G) Graph showing foci density, and H) 
Feret diameter of focal adhesions. I) Box chart presenting the distance between the clusters, and J) graph of nearest-neighbor (NN) distance distribution between rGO 
and Ti3C2Tx agglomerations and focal adhesions. Focal adhesions (paxillin) stained with Alexa Fluor Plus 555 (orange). (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.)
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fibrous structure. Cells are visibly growing into the scaffold structure, as 
evidenced by cell bodies extending out of the focal plane of the confocal 
images (Fig. 5C7-C9). This observation was further confirmed by 3D 
CLSM imaging (z-stack) and signal depth analysis, which captured sig
nals from both actin filaments and nuclei presented in a digital movie (SI 
Movie S1). This technique confirms cellular penetration throughout the 
PLLA, PLLA-rGO and PLLA-Ti3C2Tx scaffolds, and CLSM signal depth 
analysis gives insights into cell infiltration. The mean intensity profiles 

of nuclei (Fig. 6A) and actin (Fig. 6B) across the depth of the scaffolds 
PLLA, PLLA-rGO, and PLLA-Ti3C2Tx highlight the variations in cellular 
behavior. The actin signal for PLLA scaffolds peaks with a full width at 
half maximum (FWHM) of 30.1 μm. This sharp and narrow peak in
dicates that cells predominantly reside near the scaffold’s surface, with 
very limited migration into deeper layers. Similarly, the nuclei signal 
shows a maximum intensity of 10.9 with an FWHM of 29.7 μm, con
firming restricted cellular penetration. The PLLA-rGO scaffold exhibits a 

Fig. 5. A) Proliferation and B) replication assessment after 1, 3, and 7 days of cell incubation on three types of scaffolds and glass slide as a positive control. 
Morphology of cells on PLLA, PLLA-rGO, and PLLA-Ti3C2Tx fibers at 1 (C1-C3), 3 (C4-C6), and 7 (C7-C9) days of culture visualized with CLSM. The actin filaments were 
stained with Alexa Fluor 488 Phalloidin (green). *statistical significance calculated with ANOVA followed by Tukey’s post hock tests, p < 0.05. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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broader actin signal profile, with a maximum intensity of 5.8 and an 
FWHM of 52.1 μm. This indicates enhanced cellular infiltration 
throughout the scaffold, with cells distributed over a wider depth range, 
reaching depths up to 100 μm. The nuclei signal also supports this 
observation, with a maximum intensity of 4.0 and an FWHM of 48.3 μm. 
The broader depth distribution in PLLA-rGO sample (up to ~100 μm) 
reflects improved scaffold properties, which promote cellular migration 
and integration compared to PLLA. The actin signal for the PLLA-Ti3C2Tx 
scaffold shows a maximum intensity of 7.4 μm and an FWHM of 37.3 μm. 
This distribution suggests the best cellular infiltration, with cells 
extending deeper into the scaffold than for PLLA and PLLA-rGO. The 
cells penetrate to depths of approximately 120 μm. The nuclei signal 
mirrors this trend, with a maximum intensity of 5.6 μm and an FWHM of 
38.0 μm. This suggests that PLLA-Ti3C2Tx scaffolds provide the most 
preferable environment for cellular migration into deeper layers (up to 
~120 μm), while the PLLA scaffold limits cellular penetration to surface 
layers, with cells concentrated within the first ~30 μm from the surface.

Supplementary data related to this article can be found online at http 
s://doi.org/10.1016/j.mtbio.2025.101785

The scheme in Fig. 6C shows the methodology of seeding cells and 
choosing the plane for top and bottom observations of cell infiltration. In 
Fig. 6D1-D61-D, we present SEM micrographs of scaffolds after 7 days of 
cell incubation with a focus on the top (Fig. 6D1-D3), and the bottom 
(Fig. 6D4-D6) of the scaffold. In all scaffolds, cells were visibly growing 
on the top surfaces of the fibers. PLLA scaffolds show a dense layer of 
cells on the top, while no cell is on the bottom of the scaffold. Minimal or 

no cellular infiltration beyond the surface layer of PLLA fibers suggests a 
barrier effect likely caused by the structural density of the fibers limiting 
cell migration through the scaffold. In contrast, analyzing together re
sults from CLSM cell morphology and SEM, we observe a less dense cell 
layer on the top of PLLA-rGO and PLLA-Ti3C2Tx scaffolds. Still, there is a 
higher degree of cell infiltration demonstrated by the presence of cells at 
the bottom of these two samples, highlighted with red arrows (Fig. 6D5, 
D6). Definitely, the best infiltration was observed for PLLA-Ti3C2Tx with 
the highest number of cells on the bottom side. It can be assumed that 
both rGO and Ti3C2Tx incorporated in fibers affected the surface po
tential of fibers, which also led to changed scaffold geometry supporting 
better cellular penetration. rGO incorporated in fibers affected scaffold 
architecture due to large filler agglomerates. However, it must be noted 
that it is PLLA-Ti3C2Tx that shows the highest surface potential 
measured with KPFM and the highest level of cell infiltration. The highly 
charged PLLA-Ti3C2Tx fibers were repelling each other, increasing 
scaffold porosity and supporting better cell infiltration [110–112].

Previous studies have demonstrated that incorporating rGO into 
electrospun scaffolds can enhance cell proliferation, osteogenic differ
entiation, and even impart antimicrobial properties due to improved 
surface roughness and conductivity [113–115]. Similarly, 
MXene-containing scaffolds have shown potential for promoting protein 
adsorption, biomineralization, and supporting osteoblast activity, as 
reported by Awasthi et al. [39]. However, these studies did not directly 
evaluate or compare the impact of rGO and MXene fillers on local sur
face charge or correlate these effects with focal adhesion dynamics. Our 

Fig. 6. Analysis of signal intensity from immunofluorescently stained actin and nuclei of osteoblasts on varying depths of z-stack imaging of PLLA, PLLA-rGO, and 
PLLA-Ti3C2Tx scaffolds (7th day of incubation), with depth 0 μm being the top view of the sample. A) Graph with the signal intensity of nuclei channel (DAPI), and B) 
the actin channel (Alexa Fluor 488 Phalloidin). C) Scheme of cell seeding with indicated top and bottom view of sample observation. D1-D6) SEM micrographs of cells 
after 7 days of culture on PLLA, PLLA-rGO, and PLLA-Ti3C2Tx fibers, taken at: D1-D3) top view, D4-D6) bottom view of the samples, allowing analysis of cell 
infiltration into the scaffolds.
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study uniquely addresses this gap by analysis of surface charges and zeta 
potential of scaffolds and cells responses. This is a unique comparative 
approach to investigation of rGO and MXenes fillers in fibrous PLLA 
scaffolds. A summary of the key findings of our studies and their rele
vance for tissue engineering applications is provided in Table 5.

4. Conclusions

This study demonstrates the consequences of the scaffold properties 
related to the incorporation of conductive fillers, such as rGO and 
Ti3C2Tx, into electrospun PLLA fibers. We identified two major findings. 
First, the correlation between cell adhesion to fibers and cell infiltration 
into scaffolds is not straightforward. Second, the conductivity of the 
polymer solution during electrospinning, along with the surface charge 
retained by the produced fibers, has a significant impact on cellular 
responses in tissue engineering.

In more detail, the morphological analysis of fibers using CLSM 
revealed distinct agglomeration patterns where rGO forms larger and 
more variable clusters, while Ti3C2Tx produces smaller, more uniform 
agglomerates. These differences have significant implications for the 
mechanical performance of the fibers. Incorporating rGO and Ti3C2Tx 
into PLLA significantly altered the tensile strength, which decreased by 
55 % with rGO and 81 % with Ti3C2Tx compared to neat PLLA. 
Toughness dropped substantially by 57 % with rGO and 88 % with 
Ti3C2Tx, reflecting a significant reduction in the material’s ability to 
absorb deformation energy. Additionally, strain at maximum stress 
remained stable for PLLA-rGO but was reduced by 90 % for PLLA- 
Ti3C2Tx, indicating increased brittleness.

KPFM analysis revealed substantial shifts in surface potential, high
lighting the impact of the fillers on fiber surface charge density. PLLA- 
rGO fibers exhibited a modest surface potential difference compared 
to PLLA (~50 mV), while PLLA-Ti3C2Tx fibers showed a significant shift 
exceeding 400 mV. These surface potential changes correlate with the 
filler’s influence on cellular interactions despite their sub-surface 
embedding, confirmed by the XPS analysis.

Cell studies showed that cell adhesion after 5 h of incubation is 
significantly better for PLLA-rGO than PLLA fibers. Later, cell focal 
adhesion points were verified, highlighting that the incorporation of 
rGO and Ti3C2Tx altered adhesion site architecture. Ti3C2Tx promoted 
the formation of larger, elongated, and denser adhesion clusters, while 
rGO enhanced the density of localized adhesion points. These results 
emphasize the role of filler type and distribution in modulating cell 
adhesion characteristics. Moreover, cell infiltration was affected by 
differences between scaffolds. Pure PLLA fibers support surface-level 
cell proliferation but exhibit limited cellular penetration, while the 
incorporation of rGO changes scaffold architecture and provides more 
cell anchoring spots, enabling deeper cell migration (~100 μm). Ti3C2Tx 
also changes the geometry of the scaffold similarly to rGO but improves 
infiltration even better, allowing cells to penetrate uniformly to depths 
of ~120 μm.

Importantly, incorporating rGO and Ti3C2Tx into electrospun PLLA 
fibers distinctly alters fiber morphology, mechanical properties, surface 
potential, and cellular behavior. While rGO creates the most diversified 
scaffold architecture and improves adhesion density, Ti3C2Tx stands out 
for its ability to enhance cellular infiltration and support extensive 
adhesion cluster formation. Despite the promising results presented in 
this study, certain limitations should be acknowledged. While versatile 
and scalable, the electrospinning process still faces challenges in 
achieving precise control over filler dispersion and maintaining batch- 
to-batch consistency. Additionally, isolating the specific contribution 
of surface charge from other properties, such as topography and stiff
ness, remains complex. Using non-degradable conductive fillers like rGO 
and MXenes also raises questions about long-term biocompatibility and 
clearance, which require further investigation. Nevertheless, our study 
contributes to the fundamental understanding of how local surface 
properties of biomaterials affect cell adhesion and infiltration. These 

insights are relevant for scaffold design in tissue engineering and pro
vide a broader framework for interpreting cell–material interactions 
across various biomedical applications.
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Table 5 
Summary of the key findings from this study and their implications for tissue 
engineering applications. The table highlights the effects of rGO and Ti3C2Tx 
incorporation on scaffold properties and cell behavior.

Parameter Studied Key Finding Implications for Tissue 
Engineering

filler type (rGO vs 
Ti3C2Tx)

Ti3C2Tx produced higher 
charged surfaces compared to 
rGO

filler selection affects 
bioelectric interactions with 
cells

fiber morphology filler aggregates affected 
morphology and the 
mechanical performance of 
scaffolds

morphological and 
mechanical properties affect 
cell behavior and integration 
with scaffold

surface potential 
(KPFM)

PLLA-TI3C2Tx scaffolds 
showed highest surface 
potential

high surface potential 
promotes stronger/ 
enhanced cell-material 
interactions

early cell adhesion 
(up to 5 h in vitro 
studies)

addition of rGO promoted 
early adhesion; PLLA-TI3C2Tx 

showed comparable adhesion 
to pure PLLA

early cell adhesion can affect 
subsequent cell responses

focal adhesion 
cluster size 
analysis

addition of TI3C2Tx increased 
cluster size and density of 
focal adhesion sites of cells

enhanced adhesion clusters 
can promote better 
integration of cells with 
scaffold

cell infiltration 
depth

cell infiltration improved 
from ~70 μm (PLLA) to ~100 
(PLLA-rGO) and ~125 μm 
(PLLA-TI3C2Tx)

deep cells infiltration in the 
scaffolds improves and 
speeds up tissue 
regeneration

scaffold porosity 
and spacing 
between fibers

repelling effect and 
agglomeration of fillers led to 
more open structure of PLLA- 
TI3C2Tx scaffolds

scaffold 3D architecture can 
be tuned via surface charge 
effect on polymer fibers
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U. Stachewicz, Accelerated wound closure rate by hyaluronic acid release from 
coated PHBV electrospun fiber scaffolds, J. Drug Deliv. Sci. Technol. 77 (2022), 
https://doi.org/10.1016/j.jddst.2022.103855.

[47] U. Stachewicz, T. Qiao, S.C.F. Rawlinson, F.V. Almeida, W.Q. Li, M. Cattell, A. 
H. Barber, 3D imaging of cell interactions with electrospun PLGA nanofiber 
membranes for bone regeneration, Acta Biomater. 27 (2015) 88–100, https://doi. 
org/10.1016/j.actbio.2015.09.003.

[48] J. Fernandez De La Mora A N D, I.G. Loscertales, The Current Emitted by Highly 
Conducting Taylor Cones, 1994.

[49] U. Stachewicz, J.F. Dijksman, C.U. Yurteri, J.C.M. Marijnissen, Experiments on 
single event electrospraying, Appl. Phys. Lett. 91 (2007), https://doi.org/ 
10.1063/1.2826279.

[50] Y. Xin, D.H. Reneker, Garland formation process in electrospinning, Polymer 53 
(2012) 3629–3635, https://doi.org/10.1016/j.polymer.2012.05.060.

[51] C.J. Angammana, S.H. Jayaram, Analysis of the effects of solution conductivity on 
electrospinning process and fiber morphology, IEEE Trans. Ind. Appl. 47 (2011) 
1109–1117, https://doi.org/10.1109/TIA.2011.2127431.

[52] K. Gong, K. Zhou, X. Qian, C. Shi, B. Yu, MXene as emerging nanofillers for high- 
performance polymer composites: a review, Compos. B Eng. 217 (2021), https:// 
doi.org/10.1016/j.compositesb.2021.108867.

[53] M. Jakubczak, D. Bury, A. Wojciechowska, J. Mitrzak, K. Budnik, D. Moszczyńska, 
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Figure S1. A) Macroscopic images of scaffolds deposited on baking paper. Exemplary images 

of 3 µL water droplets deposited on B) PLLA, C) PLLA-rGO, and D) PLLA-Ti3C2Tx scaffolds for 
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static contact angle measurements. Stress-strain curves for F) PLLA, G) PLLA-rGO, and H) PLLA-

Ti3C2Tx. H) CLSM (ESID) representative image of PLLA-rGO for identification of rGO 

agglomerations, and I) accompanying images with a red mask indicating rGO agglomerations. 

Similarly, J) CLSM (ESID) representative images of PLLA-Ti3C2Tx, and K) images with a red mask 

indicating Ti3C2Tx agglomerations. SEM EDS maps of L) titanium, M) fluorine, and N) merged 

channels for the PLLA-Ti3C2Tx fibers. O) SEM EDS spectrum for PLLA-Ti3C2Tx fibers. E) FTIR 

spectrum for rGO and Ti3C2Tx powders. F) DSC curve for all scaffolds.  

 

 

 



S4 
 

Figure S2. High-resolution XPS spectra of A) PLLA, B) PLLA-rGO, and C) PLLA-Ti3C2Tx scaffolds. 
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Figure S3. CLSM micrographs representing osteoblasts on glass, PLLA, PLLA-rGO, and PLLA-

Ti3C2Tx scaffolds on day 1 (A–D), day 3 (E-H), and day 7 (I-L). Nuclei were stained with DAPI 

(blue); additionally, EdU incorporated during replication was stained with Alexa Fluor™ 488 

(green). 

 

Movie S1. Visualization of z-stack recorded with CLSM for PLLA, PLLA-rGO, and PLLA-Ti3C2Tx 

scaffolds on the 7th day of cell culture, presenting infiltration of cells starting from the top of 

the scaffold (defined as 0 µm imaging depth).  


