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Abstract: Background/Objectives: While the nanocomposite of poly(L-lactic acid) with graphene 
oxide (PLLA-GO) shows promise for tissue engineering, its specific bioactive interactions with 
diverse cell lineages during early tissue regeneration remain unclear. This study comprehensively 
investigated PLLA-GOʹs multifaceted in vitro biocompatibility using human fibroblasts (FN1), 
murine mesenchymal stem cells (mBMSCs), and human umbilical vein endothelial cells (HUVECs). 
Methods: We assessed morphological characteristics via optical and scanning electron microscopy, 
proliferation using CFSE, cell cycle progression with flow cytometry, mitochondrial potential via 
TMRE, and inflammatory cytokine profiles through Cytometric Bead Array (CBA). Results: PLLA-
GO demonstrated primary biocompatibility across all cell lines, characterized by efficient adhesion 
and proliferation. However, significant cell-type-dependent modulations were observed. FN1 cells 
exhibited proliferative adaptation but induced accelerated scaffold degradation, evidenced by a 
substantial increase in cellular debris (5.93% control vs. 34.38% PLLA-GO; p=0.03). mBMSCs 
showed a transient initial proliferative response and a significant 21.66% increase in TNF-α 
production (179.67 pg/mL vs. 147.68 pg/mL in control; p=0.03). Notably, HUVECs displayed 
pronounced mitochondrial sensitivity, with a 32.19% reduction in mitochondrial electrical potential 
(97.07% control vs. 65.82% PLLA-GO; p≤0.05), alongside reductions in pro-inflammatory cytokines 
TNF-α (8.73%) and IL-6 (12.47%). Conclusions: The PLLA-GO processing method is crucial for its 
properties and subsequent cellular interactions. Therefore, rigorous and specific preclinical 
evaluations, considering both cellular contexts and fabrication, are indispensable to ensure the 
safety and therapeutic potential of PLLA-GO in tissue engineering and regenerative medicine. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 June 2025 doi:10.20944/preprints202506.0415.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202506.0415.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 28 

 

Keywords: tissue engineering; nanocomposite; graphene oxide; biocompatible materials; poly(lactic 
acid); fibroblasts cells/metabolism; mesenchymal stem cells/metabolism; human umbilical vein 
endothelial cells/metabolism; biological specimen banks 

 

Highlights 

• PLLA-GO is biocompatible, but its interaction is cell-type-dependent. 

• HUVECs exhibited a significant 32.19% reduction in mitochondrial potential. 

• mBMSCs showed a 21.66% increase in TNF-α production. 

• PLLA-GO modulated inflammatory cytokines (TNF-α, IL-6) distinctly by lineage. 

 

1. Introduction 
Tissue Engineering (TE), a continually evolving multidisciplinary field, is dedicated to 

developing biological substitutes with the aim of restoring, repairing, or enhancing the function of 
damaged or lost tissues and organs [1,2]. In this context, the success of effective regenerative therapies 
hinges critically on the synergistic interaction among cells, growth factors, and biomimetic scaffolds 
[3]. 

The design of scaffold materials that integrate physical and biological characteristics, and that 
facilitate the emission of essential biological signals, is fundamental to mimic a specific regenerative 
niche, promoting cellular development, morphogenesis, and consequently, the re-establishment of 
the tissueʹs morphofunctional integrity [3,4]. 
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For these biological substitutes to be effective, they must exhibit carefully optimized physical 
and biological properties. This includes biodegradability, with a degradation rate synchronous with 
new tissue growth, and the ability to mimic the appropriate mechanical properties for the in vivo 
environment, resisting physiological forces [5,6]. 

Among biocompatible polymers, poly-L-lactic acid (PLLA) emerges as a promising strategy due 
to its proven biocompatibility, adaptable biodegradability, and capacity to reproduce structural and 
biomechanical characteristics comparable to the host tissueʹs extracellular matrix (ECM) [7]. 
However, despite its high crystallinity, chemical stability, and resistance to enzymatic degradation—
which results in a prolonged reabsorption time—PLLA presents challenges. The hydrolytic 
degradation of PLLA generates acidic byproducts, such as lactic acid, which can acidify the in situ 
microenvironment, compromising the viability and differentiation of cells seeded on the scaffolds [8]. 
Additionally, the inherently hydrophobic nature of PLLA limits cell-material interactions and 
biological recognition at the materialʹs surface. This can lead to non-specific protein adsorption and 
undesirable reactions, thereby negatively impacting the biological response in vivo [9]. The typical 
degradation time for PLLA ranges between 30 and 40 weeks, depending on the in vitro or in vivo 
environment [10]. 

To overcome the intrinsic limitations of PLLA and expand its spectrum of applications, its 
combination with other materials has been widely explored. In this context, graphene oxide (GO) 
stands out as a highly relevant carbonaceous material in contemporary research [11]. Its structure, 
rich in oxygen-containing functional groups (epoxy, hydroxyl, and carboxyl), confers upon GO 
remarkable hydrophilicity and a reversibly adjustable interlayer distance with increasing relative 
humidity, thereby facilitating its dispersion and functionalization [12]. 

The combination of PLLA and GO results in hybrid nanocomposites that offer synergies to 
enhance the individual performance of each material [20]. These nanocomposites leverage the 
biodegradability and processability of PLLA for fabricating complex three-dimensional scaffolds, 
while simultaneously incorporating the enhancements conferred by GO in the compositeʹs 
mechanical properties, bioactivity, and, notably, its electrical conductivity [13]. This strategic 
combination confers a myriad of functional applications in tissue engineering and regenerative 
medicine, providing a favorable microenvironment for the morphofunctional restoration of various 
tissues, such as bone, cartilage, skin, and blood vessels [14]. 

Additionally to scaffold development, a critical challenge in tissue engineering is the judicious 
selection of relevant cell types that adequately mimic the intrinsic characteristics of in vivo tissue, 
including their specific functional Properties [15]. While tissue engineering research prioritizes the 
development of promising in vitro approaches for eventual translation to in vivo regeneration, 
understanding the natural response to tissue injury reveals a paradigm of spontaneous regeneration 
when the stromal tissue remains intact. 

However, in cases of extensive injuries in non-regenerative tissues, where stromal tissue loss is 
significant, there is an urgent need to induce repair mechanisms, highlighting the importance of 
resident cells [16]. In this study, the investigation focuses on three cell lineages, whose relevance in 
the reconstruction of various organic tissues stems from their complementary and intrinsic biological 
roles within the stromal microenvironment and the repair process. 

Human fibroblasts (FN1), cells of mesenchymal origin widely distributed in connective tissues, 
are crucial for tissue repair and remodeling. Their primary function lies in the synthesis and 
organization of the extracellular matrix (ECM), which provides the structural framework and the 
bioactive microenvironment indispensable for angiogenesis and the subsequent deposition of new 
tissue [17]. In the stromal context, these fibroblasts act as essential components that shape the niche, 
responding to injury stimuli and contributing to the formation of granulation tissue, a precursor to 
repair, thus positioning them as key cells in stromal support and communication [18,19]. 

Mesenchymal stem cells (BMSCs), recognized as multipotent adult stem cells, exhibit the 
remarkable capacity for differentiation into various connective tissue cell subtypes. Such cells play a 
primary role in replenishing progenitor and tissue-specific cell populations, in addition to 
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contributing significantly to the processes of angiogenesis, modulation of the inflammatory response, 
and consequently, tissue regeneration [20,21]. Within the stromal environment, MSCs act as 
multifunctional regulators, not only differentiating into tissue components but also exerting 
paracrine effects through the secretion of factors that modulate the activities of fibroblasts and 
endothelial cells. This promotes a pro-regenerative and anti-inflammatory environment critical for 
the restructuring of damaged stroma [22,23]. 

Human Umbilical Vein Endothelial Cells (HUVEC) are instrumental due to their proven ability 
to establish a functional vasculature, which is essential for promoting vascularization in tissue 
engineering contexts. This property is mediated by the secretion of angiogenic growth factors and 
intricate synergistic interaction with scaffold componentes [24]. Essentially, HUVECs are 
fundamental components of the stromal vascular network, facilitating the transport of nutrients, 
oxygen, and trophic factors vital for the survival and proliferation of other stromal and parenchymal 
cells, in addition to modulating the initial inflammatory response. Consequently, the strategy of in 
vitro pre-vascularization, by seeding HUVECs into three-dimensional scaffolds, constitutes a 
promising approach to optimize graft vascular integration and accelerate the formation of functional 
tissue [25,26]. 

Despite advancements in the quest for ideal scaffolds that mimic the intrinsic conditions of the 
extracellular matrix and optimize tissue synthesis, a gap in in-depth knowledge persists regarding 
the systematic interaction of novel biomaterials, such as the PLLA-GO nanocomposite, with different 
key cell populations during the early stages of tissue repair. Recognizing this gap, our research group 
proposes a rigorous methodology to evaluate the response of specific resident cell types to the new 
scaffold. 

Thus, the main objective of this study was to investigate the cellular viability and proliferation, 
as well as the potential cytotoxicity, of the PLLA-GO nanocomposite using three distinct cell lines: 
human fibroblasts (FN1), human umbilical vein endothelial cells (HUVEC), and mesenchymal stem 
cells (mBMSCs). Analyses were conducted with each cell type separately, avoiding co-cultures at this 
initial stage to ensure the reliability of the results for the proposed analyses and the unequivocal 
elucidation of specific material-cell interactions. 

2. Materials and Methods 
2.1. Cell Culture and Experimental Setup 

The murine mesenchymal stem cells (mBMSCs) from C57BL/6J mice (Butantan Institute Animal 
Experimentation Ethics Committee - CEEA, Protocol n° 928/12), normal human fibroblasts (FN1) 
(CEEA Protocol n° 921/06), and primary human umbilical vein endothelial cells (HUVEC) (ATCC 
CRL-1730, BSL 1®) utilized in this study belong to the cell bank of the Molecular Biology Laboratory 
at the Butantan Institute, under the responsibility of Prof. Dr. Durvanei Augusto Maria. 

Cell lines were cultured in RPMI-1640 medium (Cultilab, Campinas, São Paulo), adjusted to pH 
7.2 and supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2 mM L-glutamine, and 
1% antibiotic solution containing 10,000 IU/mL penicillin and 10 mg/mL streptomycin. Cultures were 
maintained in 75 cm² culture flasks under controlled humidified atmosphere conditions with 5% CO₂ 
at 37 °C until they reached over 90% confluence. 

Prior to conducting the experiments, cell concentration and viability were determined by 
counting with a Neubauer chamber, using the trypan blue exclusion dye (1%). This method allows 
for distinguishing between viable cells, characterized by plasma membrane integrity and consequent 
dye exclusion, and non-viable cells. Cell batches with viability equal to or greater than 95% were 
selected for subsequent assays. 

For interaction with the nanocomposite, cells were suspended at a concentration of 1 x 10⁴ 
cells/mL. The exposure of cells to the PLLA/GO nanocomposite was monitored for a period of up to 
72 hours, as outlined in the experimental protocol. 
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2.2. Preparation of PLLA-GO Nanocomposite 

Graphene oxide (GO) was obtained via the chemical exfoliation of graphite (Nacional de Grafite 
Ltda®, São Paulo, Brazil), following the modified Hummers method [27]. The PLLA-GO 
nanocomposite (Mackgrape Laboratory, Mackenzie University, São Paulo, Brazil) was produced by 
incorporating a 0.2% (weight) fraction of GO into the poly(L-lactic acid) (PLLA; Evonik RESOMER® 
L 210S) matrix. This was achieved using a Thermo Fisher Scientific Process 11 parallel twin-screw 
extruder (L/D 40, Waltham, MA, USA) under a controlled temperature profile with the following 
heating zones: Die (220°C), Zone 8 (220°C), Zone 7 (215°C), Zone 6 (210°C), Zone 5 (210°C), Zone 4 
(210°C), Zone 3 (210°C), and Zone 2 (200°C). This process yielded filaments with a 1.75 mm diameter. 
As demonstrated by characterization analyses, the PLLA-GO nanocomposite used as a scaffold 
exhibited a crystallinity degree of 42.5% [28]. 

The polymeric nanocomposite filaments were utilized as raw material for the production, via 
3D printing (Supplemental Material 1A), of discoidal scaffolds measuring 4 mm in diameter and 2 
mm in height. These dimensions are compatible with the wells of 96-well plates (U-bottom 
microplate, lot 1712201-1, Greiner Bio-One® Ltda, Frickenhausen, Germany) (Figure 1B). The 
nanocomposite was sterilized with ethylene oxide during the manufacturing process. Additionally, 
prior to the experiments, the scaffolds were re-sterilized by autoclaving (121°C, 15 psi, 20 minutes). 
To ensure the absence of contamination, a negative control was performed by seeding PLLA-GO 
scaffolds without cells under the same experimental culture conditions (Supplemental Material 1C). 
These scaffolds were designed to promote adhesion and structural support for the mBMSCs, FN1, 
and HUVEC cell cultures. 

 

Figure 1. Morphological analysis by inverted optical microscopy of cell line interaction with the PLLA-GO 
nanocomposite. (A, D, G) 24 hours; (B, E, H) 48 hours; (C, F, I) 72 hours. Photomicrographs of FN1 (A-C), 
mBMSCs (D-F), and HUVEC (G-I) cell lines cultured in the presence of PLLA-GO. Legend: Asterisk (*): Indicates 
the PLLA-GO nanocomposite. White arrows: Point to cells at the interface or migrating towards the 
nanocomposite. Red arrows: Indicate areas of contact or cellular concentration at the nanocomposite interface. 
Objective: 10x (magnification: × 100). 
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2.3. Cellular Characterization Techniques 

To investigate the effects of the PLLA-GO nanocomposite on different cell types, in vitro 
experiments were conducted using three distinct cell lines (see Section 2.1): normal human fibroblasts 
(FN1), murine mesenchymal stem cells (mBMSCs), and human umbilical vein endothelial cells 
(HUVEC). Within each plate, cells from each lineage were allocated into two experimental groups: a 
control group (48 wells), consisting of cells cultured under standard conditions without exposure to 
the nanocomposite, and an experimental group (48 wells), where cells were exposed to discoidal 
PLLA-GO nanocomposite scaffolds (4 mm in diameter and 2 mm in height). 

2.3.1. Evaluation of Cell Adhesion and Morphology via Inverted Optical Microscopy 

Cell adhesion and morphology on PLLA-GO substrates were assessed by inverted microscopy, 
using an LSM 780-NLO confocal microscope coupled to an Axio Observer Z.1 inverted system (Carl 
Zeiss AG, Jena, Germany), equipped with a 40× objective (scale bar: 100 µm). Cell cultures were 
maintained under standard incubation conditions (37°C, 5% CO₂ in a humidified atmosphere) during 
image acquisition. Images were captured at predefined time intervals (24, 48, and 72 hours) using an 
Axiocam 506 color digital camera (Carl Zeiss AG, Germany) and ZEN 2 (Blue edition) image 
acquisition software (Carl Zeiss AG, Jena, Germany). 

2.3.2. Morphological Characterization by Scanning Electron Microscopy (SEM) 

The surface morphology of cells in the presence of PLLA-GO scaffolds was investigated by 
scanning electron microscopy (SEM) after 72 hours. Fragments containing the PLLA-GO 
nanocomposite and cells were prepared by primary fixation in 3% (v/v) glutaraldehyde in 0.1 M 
sodium phosphate buffer (PBS), followed by post-fixation in 1% osmium tetroxide (OsO₄). Sequential 
dehydration was performed using a gradual series of ethanol (80%, 90%, and 100%, with two 5-
minute immersions each), culminating in critical point drying with liquid carbon dioxide (CO₂), 
employing the LEICA EM CPD300 equipment (Leica Microsystems GmbH, Wetzlar, Germany) to 
preserve cellular ultrastructure. 

The dried samples were then mounted on aluminum stubs using conductive carbon tape and 
subjected to the deposition of a thin gold layer by sputtering, using an EMITECH® K550 metalizer 
(Quorum Technologies Ltd., Ashford, UK), operated at 35 mA for 120 seconds. The thickness of the 
conductive layer was optimized to maximize secondary electron emission and signal-to-noise ratio 
without compromising spatial resolution (Supplemental Material 2A-C). 

Images were acquired using a Leo 435VP scanning electron microscope (Leo, Cambridge, UK) 
operated in secondary electron mode, with acceleration voltages and beam currents optimized for 
each experimental condition (Supplemental Material 2D). Processing was performed at the Advanced 
Center for Image and Molecular Diagnostics (CADIM) (Faculty of Veterinary Medicine and Animal 
Science-USP). The magnifications used for documentation were specified in the corresponding 
figures (Results section). 

2.3.3. Flow Cytometric Analysis of Cell Cycle Distribution 

The distribution of cell cycle phases was determined by flow cytometry through the 
quantification of cellular DNA content. Cells adhered to the scaffolds were trypsinized and 
centrifuged at 1500 rpm for 5 minutes. The resulting cell pellet was then resuspended in a solution 
containing 70% (v/v) alcohol and RNase alcohol, and stored at -20°C for 24 hours for fixation. Prior 
to analysis, fixed samples were centrifuged at 1500 rpm for 5 minutes, and the pellet resuspended in 
200 µL of FACS buffer (Fluorescence Activated Cell Sorting; typically PBS with 1-2% BSA and EDTA). 
The cells were then permeabilized by adding 20 µL of Triton X-100 (Sigma-Aldrich, St. Louis, 
Missouri, USA), and the cellular DNA was stained with 50 µg/mL of propidium iodide (PI) (Sigma-
Aldrich, St. Louis, Missouri, USA). Incubation occurred for 30 minutes at room temperature and 
protected from light. After this period, the samples were transferred to flow cytometry tubes and 
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analyzed on a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA) in the FL2-H 
fluorescence channel, set to acquire 10,000 events per sample. 

The results were analyzed using ModFit LT software version 3.2 (Verity Software House, 
Topsham, ME, USA). The histograms show the percentage of cells distributed across the different 
phases of the cell cycle: Sub-G1, G0/G1, S, and G2/M, expressed as mean ± standard deviation (SD). 

2.3.4. Cell Proliferation Analysis by Generation Tracking with CFSE 

The proliferation rate of FN1, mBMSCs, and HUVEC cells was evaluated using the fluorescent 
dye carboxyfluorescein succinimidyl ester (CFSE-DA Thermo Fisher, KITC34571, Waltham, MA, 
USA). In 24-well plates, 1 x 10⁴ cells/mL were seeded in complete culture medium 2 µL of diluted 
CFSE-DA was added directly to each well, which contained 500 µL of culture medium for both the 
control group (without PLLA-GO) and the PLLA-GO exposed group (cells + nanocomposite), 
resulting in a final CFSE concentration of 19.92 µM. 

The PLLA-GO exposed and control groups were incubated for 24 hours under controlled 
conditions (37°C, 5% CO₂), allowing CFSE incorporation. The labeling reaction was naturally 
terminated by washing and subsequent incubation. After the incorporation period, the supernatant 
was removed, and 250 µL of trypsin were added to each well to dissociate adherent cells. After 5 
minutes at 37°C, trypsin was inactivated with double the volume of complete culture medium. The 
labeled cells were then transferred to centrifuge tubes and centrifuged at 1500 rpm for 5 minutes, 
discarding the supernatant. 

Next, the cells were resuspended in 200 µL of 4% paraformaldehyde for fixation and stored in 
the refrigerator until the day of reading. On the day of analysis, cells were centrifuged again at 1500 
rpm for 5 minutes, and the supernatant was discarded. Cells were then resuspended in 200 µL of 
fluorescence-activated cell sorting (FACS) buffer. 

The readings were performed on a FACScanto flow cytometer (BD) with the acquisition of 10,000 
events per sample. CFSE fluorescence intensity histograms were analyzed using ModFit LT 5.0 
software (Verity Software House, Topsham, ME, USA). This software was employed to model cell 
populations in different division generations based on the distribution of CFSE fluorescence intensity. 
Through sophisticated curve-fitting algorithms applied to fluorescence peaks corresponding to each 
generation, it was possible to quantify the percentage of cells in each generation and estimate 
parameters such as the cell proliferation index. 

2.3.5. Analysis of Mitochondrial Electrical Potential by Flow Cytometry 

The mitochondrial membrane potential (ΔΨm) was assessed using the lipophilic cationic dye 
Mito-Red (TMRE – tetramethylrhodamine ethyl ester; Sigma-Aldrich, St. Louis, MO, USA), a 
fluorochrome specific for labeling active mitochondria. After the respective treatment periods, 
samples of FN1, mBMSCs, and HUVEC cells were processed for the analysis of mitochondrial 
electrical potential. 

The cells were centrifuged at 1500 rpm for 5 minutes, and the supernatant was removed. The 
cell pellet was then resuspended in 100 µL of RPMI-1640 culture medium containing 200 nM of Mito-
red dye (Sigma-Aldrich, St. Louis, MO, USA). Samples were incubated in a 37°C incubator with 5% 
CO₂ for 1 hour to allow dye incorporation. Following incubation, the cells were centrifuged again at 
1500 rpm for 5 minutes, the supernatant discarded, and the pellet resuspended in 100 µL of FACS 
Flow buffer (PBS with 1-2% BSA and EDTA). The reading and analysis of Mito-red staining in the 
cells were performed on a FACSCanto® II flow cytometer (Becton, Dickinson and Company, BD 
Biosciences, Franklin Lakes, NJ, USA) using the 488 nm laser for excitation and detecting emission at 
FL1-H fluorescence intensity (10,000 events). The histograms were acquired and analyzed using 
CellQuest® software, version 2.0 (Becton, Dickinson and Company, BD Biosciences, San Jose, CA, 
USA). The analysis of mitochondrial membrane potential (ΔΨm) was performed by evaluating the 
fluorescence intensity of the dye used, where a higher intensity correlates with a greater 
mitochondrial membrane potential. 
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2.3.6. Analysis of Inflammatory Cytokines by Flow Cytometry (CBA) 

Cytokine quantification was performed using the BD Cytometric Bead Array (CBA) system (BD 
Biosciences, San Jose, CA, USA), with specific kits applied according to the cellular model analyzed. 
For the human cell lines FN1 (Fibroblasts) and HUVEC (Endothelial cells), and the murine cell line 
mBMSCs (Murine mesenchymal stem cells), the following cytokines were measured: IL-12p70 
(Interleukin-12p70), TNF-α (Tumor Necrosis Factor alpha), IL-10 (Interleukin-10), IL-6 (Interleukin-
6), IL-1β (Interleukin-1 beta), IL-8 (Interleukin-8), IFN-γ (Interferon Gamma), and MCP-1 (Monocyte 
Chemoattractant Protein-1). 

FN1, HUVEC, and mBMSCs cells were plated in 6-well plates at a density of 2×105 cells/well, 
and after 24 hours of incubation, the cell culture supernatants were collected after 72 hours of 
exposure to the PLLA-GO nanocomposite and stored at -80°C until analysis. The CBA assay was 
performed according to the manufacturerʹs instructions, with minor modifications. Specific capture 
microbeads for each cytokine were mixed by adding 10 µL of each microbead suspension to a tube 
to create the mixed microbead solution. Then, 50 µL of the mixed microbead solution, 50 µL of the 
cell culture supernatant (or cytokine standard), and 50 µL of the PE Detection Reagent 
(phycoerythrin-conjugated anti-cytokine antibodies, specific for the cell species) were added to the 
respective assay tubes. The tubes were incubated at room temperature for 2 hours, protected from 
light, followed by the addition of 1 mL of Wash Buffer and centrifugation at 1500 rpm for 5 minutes. 
The supernatant was carefully aspirated and discarded, and the microbead pellet was resuspended 
in 300 µL of FACSFlow solution. Samples were acquired on a FACSCanto II flow cytometer (Becton, 
Dickinson and Company, BD Biosciences, USA), and data were analyzed using BD FCAP Array 
software, which includes the specific tools of BD CBA Analysis for the data generated by the 
Cytometric Bead Array assays. 

Table 1. Especificações dos kits de citocinas utilizados para a quantificação de mediadores inflamatórios por 
linhagem celular. 

Cell Types Kit Catalog 
Number Measured Cytokines Manufacturer 

     
FN1, 

HUVEC 
Human Th1/Th2 

Cytokine Kit 551809 
IL-12p70, TNF-α, IL-10, IL-6, 

IL-8, IL-1β, IFN-γ, MCP-1 
BD® Biosciences, 

Heidelberg, Alemanha 

mBMSCs 
Mouse Th1/Th2 

Cytokine Kit 551287 
IL-12p70, TNF-α, IL-10, IL-6, 

IL-8, IL-1β, IFN-γ, MCP-1 
BD® Biosciences, 

Heidelberg, Alemanha 
Legend - IL-12p70 refers to Interleukin-12p70; TNF-α stands for Tumor Necrosis Factor alpha; IL-10 is 
Interleukin-10; IL-6 denotes Interleukin-6; IL-1β represents Interleukin-1 beta; IL-8 is Interleukin-8; IFN-γ 
signifies Interferon Gamma; and MCP-1 corresponds to Monocyte Chemoattractant Protein-1. 

2.4. Statistical Analysis 

Statistical analysis of data from the cell lines (FN1, mBMSCs, and HUVEC) exposed to the PLLA-
GO nanocomposite was performed using GraphPad Prism 8, with a significance level of α = 0.05. 
Shapiro-Wilk test was used to verify data normality. Cell distribution across cell cycle phases was 
compared between control and treated groups using an unpaired Studentʹs t-test. The effect of the 
treatment on cell number per generation, proliferative index, and mitochondrial membrane potential 
was assessed by a paired t-test. Inflammatory cytokines were quantified and analyzed using a paired 
Studentʹs t-test. 

3. Results 
3.1. Assessment of Cell Adhesion and Morphology by Inverted Optical Microscopy 

Sequential morphological evaluation by inverted optical microscopy (at 24, 48, and 72 hours) of 
FN1, mBMSCs, and HUVEC cell lines cultivated in contact with the PLLA-GO nanocomposite 
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demonstrated efficient cell adhesion and progressive proliferation across all cell lines, with no 
morphological evidence of cytotoxicity (Figure 1A-I). Temporal analysis revealed distinct and specific 
interaction patterns for each cell type with the biomaterialʹs surface. 

In the study of FN1 cells, we observed the adhesion of elongated and spindle-shaped fibroblasts, 
with a progressive increase in cell density in the region adjacent to the PLLA-GO (Figure 1C). We 
noted the extension of cellular projections towards the nanocompositeʹs surface, as well as subtle 
morphological changes, such as variations in the shape and size of fibroblasts in the surrounding 
material, suggesting a possible fragmentation of the material. 

In contrast, mBMSCs initially exhibited the adhesion of more rounded cells, which subsequently 
evolved into elongated shapes with an orientation directed toward the PLLA-GO. A gradual increase 
in cell density was also observed in the contact area, eventually leading to adhesion to the 
biomaterialʹs surface (Figure 1D-F). 

HUVEC cells, characterized by their pavement-like morphology and formation of a more 
confluent pattern around the PLLA-GO, showed progressive interaction with the nanocompositeʹs 
edge. Individual cells extended projections, and there was an observed increase in cell density in the 
contact region over time (Figure 1G-I). 

Sequential morphological analysis showed progressive proliferation in all evaluated cell lines, 
with no morphological signs indicating cytotoxicity, such as excessive rounding, fragmentation, or 
significant cell detachment. Additionally, the absence of morphological artifacts suggestive of 
contamination or aggregation in all experimental groups supports the integrity of the culture 
conditions and the potential primary biocompatibility of the PLLA-GO nanocomposite. 

3.2. Cellular Morphological Characterization by Scanning Electron Microscopy (SEM) 

SEM morphological characterization revealed that the PLLA-GO nanocomposite exerts a 
distinct influence on cellular organization, varying with the cell line analyzed (Figure 2A-F). 

For FN1 cells (Figure 2A, B), an elongated morphology was observed, featuring fine cytoplasmic 
extensions and an irregular surface, reflecting their intense activity in extracellular matrix synthesis. 

Scanning Electron Microscopy (SEM) morphological characterization revealed that the PLLA-
GO nanocomposite distinctly influences cellular organization, with effects varying depending on the 
cell line analyzed (Figure 2A-F). 

For FN1 cells (Figure 2A, B), an elongated morphology was observed, characterized by fine 
cytoplasmic extensions and an irregular surface. This morphology reflects their intensive activity in 
synthesizing the extracellular matrix. 

In the case of murine mesenchymal stem cells (mBMSCs) (Figure 2C, D), a notable tendency 
towards cell clustering was observed, accompanied by robust intercellular connections. This pattern 
suggests the activation of mechanisms associated with tissue regeneration. As for human umbilical 
vein endothelial cells (HUVEC) (Figure 2E, F), the typical pavement-like cellular architecture was 
maintained, and the interactions between cells appeared enhanced. 

In all cell lines, the biocompatibility of PLLA-GO was suggested by the absence of adverse 
morphological changes, such as apoptosis or cellular dedifferentiation (in FN1 and HUVEC). The 
observed interactions, such as the spreading of FN1, the clustering of mBMSCs, and the membranous 
connections of HUVECs, infer that the material not only supports cell viability but also actively 
modulates the microenvironment, favoring biological processes specific to each cell type. 
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Figure 2. Cell Morphology of Cell Lines Exposed to PLLA-GO Nanocomposite After 72h of Culture, Analyzed 
by Scanning Electron Microscopy (SEM). FN1 cells (A, B) exhibit a spindle-shaped morphology with filopodial 
extensions. The mBMSCs (C, D) exhibit an irregular polygonal shape with lamellipodial extensions. HUVEC 
cells (E, F) demonstrate a pavement-like morphology and confluent organization. Progressive cell spreading is 
observed in all cultures. SEM image acquisition parameters: Secondary electron detector (SE1); acceleration 
voltage of 15.00 kV; scale bar = 3 µm. Magnifications were 3.49 K X for images A-E, 3.13 K X for B-F, 3.26 K X for 
C, and 3.13 K X for D. 

3.3. Flow Cytometric Analysis of Cell Cycle Distribution 

Table 2 presents a detailed comparative analysis of cell cycle phases (G0/G1, S, G2/M) and the 
debris fraction in both the control and PLLA-GO-treated groups for three cell types: FN1, mBMSCs, 
and HUVEC. The standard deviations (SD) and p-values are provided, indicating the statistical 
significance of the observed differences. 

Table 2. Cell Cycle Distribution in Different Cell Lines After PLLA-GO Exposure. 

Cell cycle (phase) FN1 vs. control  

(%) 

mBMSCs vs. control  

(%) 

HUVEC vs. control 

(%) 
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Debris ↑  (34.38 vs. 5.93; p=0.03) ↑ (34.73 vs. 5.40; p=0.005) ↔ (2.8 vs. 3.8; p=0,34) 

G0/G1 ↑  (71.74 vs. 15.27; p=0.02) ↑ (61.89 vs. 39.98; p=0.039) ↔ (54.26 vs. 61.93; p=0.13) 

S ↓ (21.58 vs. 81.50; p=0.005)  ↓ (29.16 vs. 54.82; p=0.017) ↔ (45.74vs. 37.99; p=0.13) 

G2/M ↔ (5.93 vs. 3.23; p=0.28) ↔ (8.96 vs. 5.21; p=0.12) ↔ (0 vs. 0.09; p=0.08) 

Legenda: ↑: Aumento significativo (p≤0,05). ↓: Redução significativa (p≤0,05). ↔: Sem alteração significativa 
(p≥0,05). Valores expressos como média percentual. 

In the control group, FN1 cells showed a high proliferative activity and DNA synthesis, with 
81.50% in the S phase, and smaller proportions in G0/G1 (15.27%) and G2/M (3.23%) phases. 
However, exposure to the PLLA-GO nanocomposite significantly altered the cell cycle: 71.74% of cells 
were retained in the G0/G1 phase, accompanied by a reduction to 21.58% in the S phase. The G2/M 
phase remained largely unchanged (5.93%) compared to the control group (p=0.28). A substantial 
increase in debris (34.38%) was also observed, suggesting instability of the PLLA-GO nanocomposite 
in the liquid medium, possibly due to hydrolytic degradation of the polymeric matrix and the 
subsequent release or agglomeration of graphene oxide (Table 2, Figures 3A,B). 

The mBMSCs demonstrated a redistribution across the cell cycle phases: an increased 
concentration of cells in the G0/G1 phase (control: 39.98% vs. PLLA-GO: 61.89%, p=0.039), a reduction 
of cells in the S phase (control: 54.82% vs. PLLA-GO: 29.16%, p=0.027), while maintaining the same 
profile in the G2/M phase (control: 5.20% vs. PLLA-GO: 8.96%, p=0.12). This increase in the 
proportion of cells in G0/G1 and reduction in S phase suggests a potential modulation in cell cycle 
progression, with a decrease in DNA synthesis activity. Regarding debris, a significant increase was 
observed in cells exposed to PLLA-GO (p=0.005) (Table 2, Figures 3C,D). 

In contrast to the FN1 and mBMSCs cells, exposure to PLLA-GO did not significantly alter the 
cell cycle distribution in HUVEC cells. Both the control and treated groups primarily showed cells in 
the G0/G1 phase (control: 61.93% vs. PLLA-GO: 54.26%) and S phase (control: 37.99% vs. PLLA-GO: 
45.74%), with minimal presence in G2/M phase (control: 0.08% vs. PLLA-GO: 0.0%). There were no 
significant differences between the groups in any cell cycle phase (p≥0.05), nor in the proportion of 
debris (control: 3.80% vs. PLLA-GO: 2.80%). The accumulation of cells in the G0/G1 phase, 
concomitant with a reduction in the S phase, suggests a modulation in cell cycle progression with an 
inhibition of DNA synthesis (Table 2, Figures 3E,F). 
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Figure 3. Cell Cycle Analysis of FN1, mBMSCs, and HUVECs in Response to PLLA-GO Nanocomposite. 
Comparative bar graphs illustrate the percentage of FN1 (A), mBMSCs (C), and HUVECs (E) cells in the G0/G1, 
S, and G2/M phases for both control and PLLA-GO groups. For FN1 and mBMSCs cells, the presence of the 
nanocomposite induced a significant increase in the proportion of cells in the G0/G1 phase and a decrease in the 
S phase (p≤0.05). In contrast, HUVEC cells showed no significant alterations in cell cycle phases (p≥0.05). Error 
bars represent the standard deviation. Asterisks (**) indicate statistically significant differences (p≤0.05). 
Representative histograms of DNA content for FN1 (B), mBMSCs (D), and HUVECs (F) from both control and 
PLLA-GO groups are also presented. The peaks in these histograms correspond to the different cell cycle phases. 
In the control groups of FN1 and mBMSCs, the main peak is located in the S phase region. Conversely, in the 
PLLA-GO group, the main peak shifts to the G0/G1 phase region. For HUVECs, the main peak remains in the 
G0/G1 region in both groups. 

3.4. Cell Proliferation Analysis by Generation Tracking with CFSE 

CFSE proliferation analysis revealed a distinct division pattern among the cell lines (Table 3). 
For both FN1 and mBMSCs cells, a clear progression through generations 2, 3, and 4 was observed 
over the analysis period. In contrast, HUVEC cells exhibited divisions up to the 6th generation, 
followed by an apparent absence of the 7th generation, with subsequent detection of cell populations 
in generations 8, 9, and 10 by the end of the experiment. 

Table 3. Concentration of mediators across generations in different cell lines after PLLA-GO exposure. 

Generations FN1 vs. control (pg/mL) mBMSCs vs. control 

(pg/mL) 

HUVEC vs. control (pg/mL) 

    

2 ↔ (48.30 vs. 48.01; p=0.89) ↑(46.26 vs. 43.95; p=0.003); 

Δ+4.99% 

↓(7.8 vs. 9.24; p=0.0005); Δ-

18.46% 
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3 ↔ (31.88 vs. 31.28; p=0.61) ↔ (34.03 vs. 36.34; p=0.34) 
 

↔ (9.89 vs. 9.41; p=0.16)  

4 ↔ (19.83 vs. 20.72; p=0.42) ↔ (19.71 vs. 20.21; p=0.72) ↑(16.53 vs. 8.61; p=0.005); Δ+ 

47.91% 

5 N.A N.A ↓(20.28 vs. 47.87; p=0.003); Δ-

136.05% 

6 N.A N.A ↔ (35.13 vs. 32.05; p=0.95) 

7 N.A N.A N.D. 

8 N.A N.A ↔ (0.61 vs. 0.75; p=0.65) 

9 N.A N.A ↔ (1.33 vs. 0.62; p=0.23) 

10 N.A N.A ↓(19.83 vs. 20.72; p<0.0001);Δ- 

4.49% 

Legend: ↑: Significant increase (p≤0,05). ↓: Significant reduction (p≤0,05). ↔: No significant change (p≥0,05). Δ+: 
Percentage increase relative to control. Δ-: Percentage reduction relative to control. Values are expressed as 
mean. N.D.: Not detectable. N.A.: Not applicable. 

CFSE proliferation analysis revealed that FN1 cells exposed to PLLA-GO maintained a 
replicative dynamic equivalent to that of the control group, with no statistically significant difference 
(p≥0.05). In both the control and PLLA-GO exposed groups, the majority of cells were in the second 
generation (control: 48.01 vs. PLLA-GO: 48.30 pg/mL), followed by the third generation (control: 
31.28 vs. PLLA-GO: 31.88 pg/mL) and fourth generation (control: 20.72 vs. PLLA-GO: 19.83 pg/mL). 
This indicates a similar proliferative progression pattern between the groups. These results suggest 
that PLLA-GO treatment did not impact the ability of FN1 cells to divide and progress through the 
analyzed cell generations (Table 3; Figures 4A,B). 

The analysis of mBMSC generational distribution after PLLA-GO exposure revealed a significant 
effect on initial proliferative progression (control: 43.95 vs. PLLA-GO: 46.26 pg/mL; p=0.003). 
However, this initial difference did not extend to subsequent generations, as the distribution of cells 
in generations 3 (control: 36.34 vs. PLLA-GO: 34.03 pg/mL) and 4 (control: 20.21 vs. PLLA-GO: 19.71 
pg/mL) was similar between control and treated groups. The absence of significant differences in later 
generations indicates that while PLLA-GO may influence the kinetics of the first cell division, it does 
not affect the overall long-term proliferative capacity of mBMSCs. This pattern suggests a transient 
effect of PLLA-GO on the cell cycle, possibly related to early regulatory changes that are not sustained 
across multiple cell divisions (Table 3; Figures 4C,D). 

For HUVEC cells, proliferation analysis was possible from the second up to the tenth generation, 
with the exception of the seventh generation. Data for the seventh generation were not quantifiable 
due to its very low population representation (Table 3). 

The data revealed that PLLA-GO significantly alters the generational distribution of HUVEC 
cells. Progression to the second generation was accelerated, as demonstrated by the significant 
reduction of cells in this generation (control: 9.24 vs. PLLA-GO: 7.8 pg/mL, p=0.0005). However, 
PLLA-GO also caused a significant accumulation of cells in generations 4 (control: 8.61 vs. PLLA-GO: 
16.53 pg/mL; p=0.005) and 10 (control: 20.72 vs. PLLA-GO: 19.83 pg/mL, p=0.03). Despite the lack of 
data for the seventh generation, this complex pattern suggests that PLLA-GO influences HUVEC cell 
proliferative kinetics in a multiphasic manner, with an initial acceleration followed by an 
accumulation in more advanced generations (Table 3; Figures 4E,F). 
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Figure 4. Proliferation Analysis of FN1, mBMSCs, and HUVECs by CFSE. Generation Tracking Comparative bar 
graphs show the percentage of FN1 (A), mBMSCs (C), and HUVECs (E) cells across different generations (FN1: 
2nd-4th; mBMSCs: 2nd-4th; HUVECs: 2nd-10th) in both control and PLLA-GO groups. For FN1, there was no 
significant difference between the groups in any of the analyzed generations (p≥0.05) (A). In mBMSCs, a 
significant increase in the percentage of cells in the 2nd generation was observed in the PLLA-GO group (p≤0.05), 
with no significant differences in other generations (B). For HUVECs, the PLLA-GO group showed significant 
differences in the percentage of cells across various generations, including a decrease in initial generations and 
an accumulation in more advanced generations, with the absence of the 7th generation (p≤0.05) (E). The cellular 
proliferation index for FN1 (B), mBMSCs (D), and HUVECs (E) in control and PLLA-GO groups was also 
assessed. There was no significant difference in the proliferation index for FN1 and mBMSCs between the groups 
(p≥0.05) (B, D). However, HUVECs exposed to PLLA-GO presented a significant decrease in the cellular 
proliferation index (p≤0.05) (F). Error bars represent the standard deviation. ʺnsʺ indicates no statistically 
significant difference (p≥0.05), and asterisks (**) indicate statistically significant differences (p≤0.05). 

3.5. Analysis of Mitochondrial Electrical Potential by Flow Cytometry 

To evaluate the impact of PLLA-GO treatment on the mitochondrial electrical potential (ΔΨm) 
of FN1, mBMSCs, and HUVEC cells, the proportion of cells with active and inactive mitochondrial 
potential was quantified by flow cytometry. Table 4 summarizes the results of the mitochondrial 
electrical potential analysis across all cell lines under different conditions. 
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Table 4. Changes in mitochondrial electrical potential induced by plla-go in different cell lines. 

ΔΨ FN1 vs. control (%) 
 

mBMSCs vs. control (%)  HUVEC vs. control (%) 
 

Active cells ↔ (88.58 vs. 90.76) ↔ (91.6 vs. 93.03) ↓ (65.82 vs. 97.07); Δ-32.19% 

Inactive cells ↔ (11.56 vs. 9.32) ↔ (8.42 vs. 7.03) ↑ (34.24 vs. 3.04); 

Δ+1026.32% 

Legend: ↑: Significant increase (p≤0,05). ↓: Significant reduction (p≤0,05). ↔: No significant change (p≥0,05). Δ+: 
Percentage increase relative to control. Δ-: Percentage reduction relative to control. Values are expressed as the 
mean. 

Analysis of ΔΨm in FN1 cells revealed that in both the control and PLLA-GO exposed groups, 
the majority of cells exhibited active mitochondrial potential. The results indicate no drastic alteration 
in FN1 cellsʹ mitochondrial electrical potential after PLLA-GO exposure. The predominance of cells 
in both groups maintained an active mitochondrial potential (control: 90.76% vs. PLLA-GO: 88.58%), 
suggesting that PLLA-GO treatment did not induce significant mitochondrial dysfunction in these 
cells. The proportion of cells with inactive potential also remained low with no major changes 
between groups (control: 9.32% vs. PLLA-GO: 11.56%) (Table 4, Figure 5A,B). 

Analysis of the mitochondrial electrical potential (ΔΨm) revealed that mBMSCs exposed to 
PLLA-GO maintained a $\Delta\Psi$m equivalent to that of the control (91.6% vs. 93.03%, 
respectively). Similarly, there was no significant difference in the proportion of cells with reduced 
ΔΨm (control: 7.03% vs. PLLA-GO: 8.42%). Consistent with the observations for FN1 cells, the slight 
widening of the left tail in the histogram of the PLLA-GO-exposed group suggests a non-significant 
variation in the proportion of cells with transient mitochondrial depolarization, which is compatible 
with physiological fluctuations (Table 4, Figure 5C,D). These findings corroborate the possible 
conclusion that the nanocomposite does not compromise the energetic integrity or viability of FN1 
and mBMSCs cells. 

In contrast to the previous cell lines, exposure of HUVEC cells to PLLA-GO induced a significant 
reduction in mitochondrial electrical potenti (ΔΨm), as demonstrated by a paired t-test. The 
percentage of cells with active potential decreased from 97.07% in the control group to 65.82% in the 
exposed group (p≤0.05), representing a 32.19% drop. 

Concomitantly, the proportion of HUVEC cells with inactive mitochondria substantially 
increased, from 3.04% in the control to 34.24% in the PLLA-GO group (p≤0.05). This remarkable 
difference represents an approximate 1026.32% increase in the percentage of cells with compromised 
mitochondrial potential. These results suggest that PLLA-GO treatment can lead to significant 
mitochondrial dysfunction in these cells, which has direct implications for their function and viability 
(Table 4, Figure 5E,F). 
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Figure 5. Analysis of Mitochondrial Electrochemical Potential (ΔΨm) in FN1, mBMSCs, and HUVECs in 
Response to PLLA-GO Nanocomposite. Comparative bar graphs illustrate the percentage of cells with active 
and inactive mitochondrial potential in control and PLLA-GO groups for FN1 (A), mBMSCs (C), and HUVECs 
(E). FN1 and mBMSCs cells predominantly maintained an active ΔΨm in both control and PLLA-GO groups, 
with no statistically significant differences (p≥0.05). In contrast, HUVECs exposed to PLLA-GO showed a 
significant reduction in the percentage of cells with active mitochondrial potential and a substantial increase in 
cells with inactive potential (p≤0.05). Representative histograms of FITC dye fluorescence intensity (FI) indicate 
the distribution of cells with active and inactive mitochondrial potential in control and PLLA-GO groups for 
FN1 (B), mBMSCs (D), and HUVECs (F). Region M1 represents cells with active mitochondrial potential (high 
fluorescence, indicative of polarized mitochondria), while region M2 corresponds to cells with inactive 
mitochondrial potential (low fluorescence, reduced ΔΨm). The histograms demonstrate the maintenance of 
active potential for FN1 and mBMSCs, and a clear transition to the inactive state in HUVECs with PLLA-GO. 

3.6. Analysis of Inflammatory Cytokines by Flow Cytometry (CBA) 

Analysis of inflammatory cytokines via flow cytometry (CBA) revealed distinct response profiles 
to PLLA-GO treatment across the different cell lines investigated (FN1, mBMSCs, and HUVEC) when 
compared to their respective controls (Table 5). 

Table 5. Modulation of inflammatory cytokine concentration induced by plla-go in different cell lines. 

Citokines FN1 vs. control (pg/mL) mBMSCs vs. control (pg/mL) HUVEC vs. control (pg/mL) 

    

IL-12p70 ↔ (73.14 vs. 76.33; p=0.68) ↔ (150.52 vs. 165.43; p=0.39) ↔ (73.13 vs. 76.33; p=0.68) 

TNF-α ↔ (89.11 vs. 97.63; p=0.052 ) ↑(179.67vs. 147.68; p=0.03); 

Δ+21.66% 

↓ (89.11 vs. 97.63; p=0.05); Δ- 

8.73% 

IL-10 ↔ (96.21 vs. 99.75; p=0.39) ↔ (221.52 vs. 224.36; p=0.71) ↔ (96.21 vs. 99.76; p=0.39) 
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IL-6 ↓(114.67 vs. 130.10; p=0.019); Δ-

1.86% 

↔ (402.57 vs. 388.37; p=0.62) ↓(114.67vs. 131.00;p=0.02); Δ-

12.47% 

IL-8 ↔ (150.00 vs. 155.20; p=0.42) ↔ (185.20 vs. 190.50; p=0.55) ↔ (165.00 vs. 170.10; p=0.38) 

1L-1β ↔ (301.40 vs. 319.25; p=0.34) ↔ (330.10 vs. 335.70; p=0.60) ↔ (310.00 vs. 315.30; p=0.47) 

IFN- γ  ↔ (155.00 vs. 158.50; p=0.68) ↔ (157.62 vs. 164.72; p=0.1) ↔ (148.70 vs. 150.10; p=0.82) 

MCP-1 ↔ (7.500 vs. 7.700; p=0.52) ↔ (8.675. vs. 8.076; p=0.23) ↔ (7.050 vs. 7.200; p=0.70) 

Legenda: ↑: Significant increase (p≤0,05). ↓: Significant reduction (p≤0,05). ↔: No significant change (p ≥ 0,05). 
Δ+: Percentage increase relative to control. Δ-: Percentage reduction relative to control. Values are expressed as 
mean. N.A.: Not analyzed. 

In FN1 cells, a significant reduction was observed in IL-6 levels (control: 130.10 pg/mL vs. PLLA-
GO: 114.67 pg/mL; p=0.019), representing an 11.86% decrease. For TNF-α, although an increasing 
trend was noted, the difference did not reach statistical significance (control: 89.11 pg/mL vs. PLLA-
GO: 97.63 pg/mL; p=0.052), showing an 8.73% increase. The cytokines IL-12p70, IL-10, IL-8, 1L-1β, 
IFN-γ and MCP showed no significant changes between the PLLA-GO-treated group and the control 
(Table 5; Figure 6). 

In contrast, mBMSCs exposed to PLLA-GO showed a significant increase in TNF-α production 
(control: 147.68 pg/mL vs. PLLA-GO: 179.67 pg/mL; p=0.03), which corresponds to a 21.66% increase. 
The other cytokines analyzed in this cell line—including IL-12p70, IL-6, IL-10, IL-8, 1L-1β, IFN-γ and 
MCP-1, did not show statistically significant differences compared to the control group (Table 5; 
Figure 6). 

In HUVEC endothelial cells, exposure to PLLA-GO resulted in a significant reduction in both 
TNF-α levels (control: 97.63 pg/mL vs. PLLA-GO: 89.11 pg/mL; p=0.05) and IL-6 levels (control: 131.00 
pg/mL vs. PLLA-GO: 114.67 pg/mL; p=0.02). These represented percentage decreases of 8.73% and 
12.47%, respectively. The cytokines IL-12p70, IL-10, IL-8, 1L-1β, IFN-γ and MCP-1, showed no 
significant changes in their levels after PLLA-GO exposure compared to the control (Table 5; Figure 
6). 
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Figure 6. Analysis of inflammatory cytokine levels in fn1, mbmscs, and huvec cells after plla-go exposurethe 
bars represent the mean concentration (± standard deviation) of different cytokines (IL-12p70, IL-10, IL-8, 1L-1β, 
IFN-γ and MCP-1) in picograms per milliliter (pg/ml) for the control group (black bars) and the plla-go-exposed 
group (gray bars) in each cell line. Statistical significance was determined by appropriate tests, and significant 
differences are indicated by asterisks: ** (p≤0.05). ʺnsʺ indicates a non-significant difference (p≥0.05). 
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4. Discussion 
Despite significant advancements in designing nanocomposites for tissue engineering, a 

persistent knowledge gap remains in fully understanding the systematic response of different key 
cell populations—such as human fibroblasts (FN1), human umbilical vein endothelial cells (HUVEC), 
and mesenchymal stem cells (mBMSCs)—to novel biomaterials like the PLLA-GO nanocomposite 
during tissue repair stages. Comprehending this response is crucial for the rational design of 
biomaterials with specific and optimized applications in the context of tissue repair. 

The current study aimed to fill this gap by meticulously investigating the viability, proliferation, 
cytotoxicity, morphological organization, and inflammatory response profile of these cell lines 
following exposure to PLLA-GO. The data presented here provide a multifaceted profile of the PLLA-
GO-cell interaction, revealing distinct and complex behaviors that are crucial for evaluating the 
biocompatibility and potential application of this biomaterial in tissue engineering strategies. 

In line with the objective of evaluating material-cell interaction, morphological analyses by both 
inverted optical microscopy and scanning electron microscopy (SEM) generally revealed primary 
biocompatibility of the PLLA-GO nanocomposite with all three cell lines studied. This was 
characterized by efficient adhesion and progressive proliferation, with typical preservation of the 
exposed cell linesʹ morphology [28–30]. 

The incorporation of graphene oxide (GO) into polymers like poly(L-lactide) (PLLA) is well-
documented, solidifying its importance in advanced biomaterial development. Experimental 
evidence shows that adding 0.4% by weight of GO increases the materialʹs mechanical strength by 
up to 44%, while 1.2% concentrations ensure electrical conductivity exceeding 1 mS/cm [31]. 
Additionally, its biocompatibility has been extensively validated, with studies indicating cell viability 
exceeding 70% [32], further strengthening its potential for applications in tissue engineering [33,34]. 
However, despite the expected synergistic characteristics, the specific 3D printing fabrication process 
and the nanocompositeʹs construction are critical factors that can determine changes in properties 
crucial for cell interaction. Variations in surface topography, pore interconnectivity, hydrophilicity, 
and even residual toxicity can be induced by processing conditions. These alterations directly impact 
cell adhesion and proliferation, influencing anchoring, migration, and nutrient access [35,36]. 
Consequently, these peculiarities inherent to the nanocompositeʹs fabrication step can infer changes 
in the observed results in our study, manifesting distinctly across different cell lines, even within a 
context of primary biocompatibility. Itʹs worth noting that the long-term stability and potential 
toxicity of graphene-based materials remain ongoing research topics. 

FN1 cells demonstrated adhesion and spreading characteristic of fibroblasts on biocompatible 
substrates [37], establishing intercellular networks and preserving their typical cellular 
ecomorphology in the presence of the PLLA-GO nanocomposite, similar to the control group. This in 
vitro behavior aligns with the high phenotypic plasticity inherent to fibroblasts, extensively 
documented in the literature as a mechanism of functional adaptation to microenvironmental 
variations and exogenous stimuli [38]. However, a slight cell dispersion was observed in some 
fibroblast cultures after 72 hours. This raises the possibility of a subtle stress response induced by the 
material, though without morphological evidence of acute cytotoxicity [39]. 

Similarly, mBMSCs cultured in contact with the PLLA-GO nanocomposite demonstrated the 
maintenance of morphological integrity of the exposed cells, with no significant deviations from the 
control. Local variations in cell density suggest a potential influence of the biomaterialʹs surface 
nanoarchitecture. The pattern of cellular self-organization and the increase in intercellular junctions 
are consistent with the activation of morphogenetic mechanisms inherent to tissue regeneration, 
where cell communication and proximity regulate the formation of specialized niches and the 
initiation of differentiation programs [40]. The preservation of cellular morphology and the 
promotion of homotypic interactions further bolster the evidence of the cytocompatibility of the 
PLLA-GO nanocomposite for mBMSCs, aligning with previous studies that investigated the 
biointeraction of PLLA-GO composites [28,41]. 
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For HUVECs, the maintenance of the pavement-like architecture and the enhancement of 
intercellular interactions were evident in both optical and SEM microscopy. This suggests that PLLA-
GO may favor endothelial organization and exert potential effects on cell adhesion and 
communication [42], which is a fundamental aspect for the formation of functional vascular 
structures [43]. 

The absence of adverse morphological changes, such as apoptotic bodies, and the maintenance 
of typical cellular identity across all cell lines corroborate PLLA-GOʹs ability to sustain cell viability 
and actively modulate the microenvironment, thereby favoring biological processes specific to each 
cell type [44]. The subtle morphological alteration observed in FN1 cells, with possible fragmentation 
of the surrounding material, raises the hypothesis that, although biocompatible, the material may 
undergo degradation. If this degradation is excessive or inappropriate, it could influence the long-
term cellular response [45]. 

Complementing these data, scanning electron microscopy (SEM) analysis revealed the 
nanocompositeʹs surface topography and cell distribution across all three cell lines. This highlighted 
the formation of membranous connections and cellular clusters on both the surface and within the 
pores of the PLLA-GO. Given that research indicates PLLA is a porous scaffold [28], we hypothesize 
that the compositeʹs structure is influenced by PLLAʹs inherent properties. These pores play a 
fundamental role in allowing cells to expand, establish connections, and occupy spaces within the 
scaffold [46] 

Additionally, these results align with previous studies highlighting how the oxygen-containing 
functional groups present on the surface of GO interact non-specifically with molecules on the cell 
membrane via weak chemical bonds, such such as electrostatic and hydrogen bonds, or ionic 
interactions [47]. This interaction is facilitated and intensified by the incorporation of GO into PLLA, 
which expands the compositeʹs specific surface area and, consequently, creates more binding sites 
[47,48]. These interactions activate various intracellular signaling pathways, including the MAP 
Kinases (MAPK), Phosphatidylinositol-3 Kinase/Protein Kinase B (PI3K/AKT), Janus Kinase/Signal 
Transducer and Activator of Transcription (JAK/STAT), and Nuclear Factor kappa B (NF-Κb) 
pathways, promoting cell adhesion, proliferation, and differentiation [48]. 

Analyses of the cell cycle by flow cytometry and proliferation by CFSE generation tracking 
revealed important nuances and differential responses among the cell lines exposed to the PLLA-GO 
nanocomposite. 

For both FN1 and mBMSCs, the control group showed a significant predominance in the S phase, 
indicating high inherent proliferative activity in these cell lines. However, exposure to PLLA-GO 
induced a substantial retention in the G0/G1 phase and a significant reduction in the S phase relative 
to the control (approximately 73.52% in FN1 and 53.19% in mBMSCs). This profile suggests a 
modulation in normal cell cycle progression, which could be attributed to the activation of cell stress 
checkpoints or an initial adaptation to the new microenvironment provided by the nanocomposite. 
Such modulation leads to a delay in progression or the induction of an adaptive quiescent state, 
temporarily compromising cell replication [49,50]. 

However, a more in-depth analysis of long-term proliferation revealed differentiated cellular 
adaptation dynamics for these cell lines. 

For FN1 cells, although cell cycle analysis at a given time point indicated an accumulation in 
G0/G1, generation tracking did not reveal a significant alteration in overall proliferation over time. 
This suggests a scenario of dynamic cellular adaptation to the PLLA-GO microenvironment. Initial 
contact with the biomaterial may trigger a transient stress that disrupts cell cycle progression; 
however, the subsequent restoration of proliferative capacity points to the activation of intrinsic 
adaptive mechanisms, allowing the maintenance of proliferative homeostasis despite the materialʹs 
presence [51,52]. 

Regarding mesenchymal stem cells (mBMSCs), the analysis of proliferative progression through 
CFSE generational tracking also revealed a temporally restricted modulation of cell division kinetics. 
A significant effect was noted in the progression to the second generation, indicating an initial 
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alteration in the proliferation rate in response to contact with the PLLA-GO nanocomposite. This 
early change in the first division might reflect a phase of cellular adaptation to the new interfacial 
microenvironment or a transient response to biophysical and/or biochemical signals emanating from 
the PLLA-GO surface [53]. However, the absence of propagation of this proliferative difference to 
subsequent generations suggests that, after the initial response, mBMSCs stabilized their division 
rate, matching the proliferative profile of the control group. This phenomenon can be attributed to 
cellular homeostatic mechanisms that re-establish basal proliferative kinetics, or to the attenuation of 
the initial stimulus caused by cell-material interaction over time. The transient nature of this initial 
proliferative effect implies that, while PLLA-GO may influence the dynamics of the first cell divisions 
of mBMSCs, it does not compromise the sustained proliferative capacity of this lineage in the long 
term, a crucial aspect for its potential in tissue engineering applications [54]. 

HUVEC cells exhibited a distinct and more complex pattern. Cell cycle analysis demonstrated 
that PLLA-GO exposure did not induce significant alterations in HUVEC cell cycle phases compared 
to the control group (p≥0.05). However, CFSE analysis revealed a multiphasic proliferative profile for 
HUVECs, characterized by an acceleration in progression to the second generation, an apparent 
absence of the 7th generation, and a subsequent significant accumulation of cells in more advanced 
generations (4th and 10th generations). This complex pattern infers that PLLA-GO may influence 
HUVEC proliferative kinetics in a non-linear manner, possibly accelerating initial divisions but 
inducing a delay, senescence, or specific cell loss in the 7th generation, which contributes to the later 
accumulation [55,56] 

The significant and expressive presence of acellular debris in the FN1 cell line, characterized by 
an irregular, fibrous, or lamellar morphology, signals a process of biophysical degradation of the 
PLLA-GO scaffold. This phenomenon is intrinsically influenced by the hydrolysis of PLLA in contact 
with the aqueous culture medium, a process that may be potentially facilitated by the presence of 
graphene oxide by altering the materialʹs hydrophilicity and surface área [57,58]. 

The notable intensification of PLLA-GO degradation in the presence of fibroblasts (FN1), in 
contrast to other cell lines, suggests the contribution of specific cellular mechanisms in modulating 
the biomaterialʹs stability. Several pathways could explain this acceleration. One possible explanation 
lies in the local acidification of the interfacial microenvironment [59]. 

Literature establishes that fibroblasts exhibit high glycolytic activity [60,61]resulting in the 
production and secretion of lactic acid. The consequent decrease in local pH can create a catalytic 
niche that favors the acceleration of hydrolysis of PLLAʹs ester bonds, as demonstrated by Silva and 
colleagues [62]. 

Another possible contribution to accelerated degradation lies in the secretion of enzymes by 
fibroblasts. While the primary function of enzymes like esterases and lipases is linked to lipid 
metabolism and cell signaling, the possibility of secondary hydrolytic activity targeting PLLAʹs ester 
bonds cannot be dismissed [63,64]. The local concentration of these enzymes in the cellular 
microenvironment, especially in intimate contact with the scaffold, could catalyze the polymerʹs 
breakdown. 

Similarly, the well-recognized contractile capacity of fibroblasts [65], which is essential for tissue 
remodeling and response to mechanical stimuli, can exert significant forces on the PLLA-GO 
structure. This mechanical tension imposed by FN1 cells can induce microfractures and points of 
fragility in the scaffold, making it more susceptible to hydrolytic degradation and subsequent 
fragmentation. The nanometric architecture of PLLA-GO, possibly altered by the incorporation of 
graphene oxide, can modulate cell adhesion and contractility, thereby influencing the magnitude of 
these forces [66]. 

The absence of such pronounced fragmentation in HUVEC cultures corroborates the specific 
nature of the interaction between fibroblasts and mesenchymal stem cells with PLLA-GO, suggesting 
intrinsic differences in the physiology and metabolism of these cell lines. Endothelial cells, with their 
primary function in angiogenesis and their own distinct mechanisms of adhesion and contractility, 
interact differently with the material. This interaction tends to promote a less acidic 
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microenvironment and impose less mechanical stress on the material, which, in turn, does not favor 
the accelerated degradation observed in the presence of fibroblastos [46]. 

The integrated evaluation of mitochondrial electrical potential (ΔΨm by flow cytometry and the 
inflammatory cytokine profile offers a robust mechanistic perspective on the cellular interactions with 
the PLLA-GO nanocomposite. 

The preservation of an active ΔΨm in the majority of FN1 and mBMSC cells exposed to the 
material suggests the maintenance of energetic homeostasis and mitochondrial integrity in these cell 
lines. This finding aligns with the viability observations and, in terms of overall proliferative capacity 
over time, previously discussed for these cells. This result may indicate a lower intrinsic sensitivity 
of fibroblasts and mesenchymal stem cells to the direct or indirect effects of PLLA-GO regarding 
mitochondrial function [67]. 

This lower sensitivity can be attributed to several intrinsic cellular protective mechanisms. 
Literature suggests a higher antioxidant capacity in fibroblasts and mBMSCs, evidenced by their 
metabolic plasticity and the expression of enzymes like superoxide dismutase (SOD) and catalase 
[68]. This could neutralize oxidative stress potentially induced by PLLA-GO, thereby protecting 
mitochondrial function. Additionally, the efficient regulation of mitochondrial biogenesis and 
dynamics, including mitophagy to remove damaged organelles, can also contribute to the resilience 
of these cells [69,70]. Furthermore, the activation of protective signaling pathways, such as 
AMPK/SIRT1, in response to stress, may play a crucial role in maintaining mitochondrial homeostasis 
[71]. Finally, differences in mitochondrial membrane composition may influence susceptibility to 
material-induced damage [72]. The lower mitochondrial sensitivity observed in these lineages 
contrasts sharply with the response of HUVECs. 

In striking contrast to the other cell lines, exposure of HUVECs to PLLA-GO resulted in a 
significant 32.19% reduction in active mitochondrial potential compared to the control group. This 
decline was accompanied by a substantial, approximately 10-fold increase over the control, in the 
proportion of cells exhibiting inactive mitochondrial potential. This disparity suggests a peculiar 
sensitivity of HUVECs to the nanocomposite. 

This atypical response raises the hypothesis that the endothelial lineage may have a limited 
capacity to mitigate stress induced by GOʹs functional groups, or that the nature of the cell-material 
interaction is intrinsically more disruptive to the maintenance of these cellsʹ mitochondrial 
homeostasis. Since mitochondrial integrity plays a significant role in cellular function and persistence 
[72,73], the observation in HUVECs raises important questions about the potential long-term 
consequences of this alteration for vascular functionality and stability. 

The investigation into the inflammatory cytokine profile, quantified by Cytometric Bead Array 
(CBA), revealed highly unique response patterns for each cell line studied. Their distinct 
physiological functions are essential in elucidating the complex biomaterial-cell interactions. Itʹs 
important to note that the scope of cytokines quantified varied between cell lines, as the selection of 
CBA analysis panels was guided by optimization and specificity for the expected cytokine secretion 
profile of each cell type. 

The basal elevation of Interleukin-6 (IL-6) levels observed in control group fibroblasts (130.10 
pg/mL, Table 5) suggests an intrinsic response to the culture microenvironment. This may potentially 
influence cell cycle regulation through its pro-inflammatory action and as a growth factor, 
stimulating the G0/G1-S transition via activation of the Janus Kinase/Signal Transducer and Activator 
of Transcription 3 (JAK/STAT3) and Phosphatidylinositol-3 Kinase/Protein Kinase B (PI3K/AKT) 
pathways [74]. In contrast, the significant reduction in IL-6 levels detected in cells exposed to PLLA-
GO, concomitant with the previously observed lower proliferation, suggests that the nanocomposite 
may negatively modulate the production or secretion of IL-6 by these cells. This down-regulation of 
IL-6 could, in turn, contribute to the inhibition of downstream signaling pathways, adversely 
impacting progression to the S phase and, consequently, delaying or even limiting cell growth. 

Regarding the inflammatory response of mBMSCs, quantitative cytokine analysis by CBA 
showed a statistically significant modulation (p=0.0314) in Tumor Necrosis Factor alpha (TNF-α) 
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levels, specifically in the group exposed to the PLLA-GO nanocomposit [75]. This significant 
elevation of TNF-α, a pleiotropic pro-inflammatory cytokine with a recognized central role in 
regulating intricate inflammatory, immunological, and tissue repair processes, indicates a prominent 
action of this material in orchestrating the inflammatory response in this cell line [76]. 

It is postulated that this modulation is induced by the complex biomaterial-cell interaction 
established between the nanocomposite and mBMSCs. Although specific in vitro investigations 
involving mBMSCs and PLLA-GO are scarce, existing literature demonstrates the intrinsic ability of 
graphene oxide (GO) to modulate the immune response in cell lines relevant to tissue engineering. 
For instance, studies by Luque-Campos and researchers [75] elucidated GOʹs potential to influence 
macrophage polarization, which can, through paracrine mechanisms, affect mBMSCsʹ response. 
Additionally, studies evaluating scaffolds composed of GO and other polymers, such as the research 
by Islam et al. [77] sing chitosan, corroborate GOʹs ability to modulate the cell-material interface and, 
consequently, the cellular response. In line with these findings, the investigation conducted by 
Lategan et al. [76] on human BMSCs in vitro also demonstrates GOʹs aptitude for modulating the 
immune response of these cells. This strengthens the hypothesis that the GO present in our composite 
significantly contributes to the elevated TNF-α levels observed in our mBMSC cultures. 

Regarding the inflammatory response of the HUVEC lineage, exposure to PLLA-GO resulted in 
a reduction in TNF-α levels (from 97.63 pg/mL in the control to 89.11 pg/mL in the PLLA-GO group) 
and IL-6 levels (from 131 pg/mL in the control to 114.67 pg/mL in the PLLA-GO group). This can be 
attributed to the modulation of inflammatory signaling induced by the interaction of graphene oxide 
(GO) with the endothelial cell. The interaction of GO with the cell membrane or its internalization 
may inhibit the activation of key transcription factors like NF-κB, resulting in a decrease in the gene 
expression of these pro-inflammatory cytokines. Alternatively, this reduction might represent a later 
phase of the cellular response to the nanomaterial, where mechanisms of inflammatory resolution or 
cellular adaptation lead to the downregulation of cytokine production. 

Thus, the results underscore the need for rigorous and specific preclinical evaluations, both 
concerning cellular and tissue characteristics and the biomaterialʹs fabrication method, to ensure 
safety, functionality, and reproducibility. Optimizing PLLA-GO processing, coupled with a deep 
understanding of its cellular interactions, is essential to expanding its potential in tissue engineering 
and regenerative medicine strategies. 

5. Conclusions 
Based on our findings, the poly-L-lactic acid with graphene oxide (PLLA-GO) nanocomposite 

showed satisfactory primary biocompatibility with various cell lines crucial for regenerative 
processes. These include human fibroblasts (FN1), murine mesenchymal stem cells (mBMSCs), and 
human umbilical vein endothelial cells (HUVECs). However, we observed distinct and cell-type-
dependent functional responses, reflected in changes in proliferation, cell cycle progression, 
mitochondrial potential, and inflammatory cytokine release. 

Specifically, we observed accelerated material degradation associated with fibroblast activity, 
transient inflammatory activation in stem cells, and pronounced mitochondrial dysfunction in 
endothelial cells. These results demonstrate that the biocompatibility of PLLA-GO cannot be 
generalized across different cellular contexts, necessitating rigorous and comparative preclinical 
evaluation. The nanocompositeʹs efficacy in clinical applications will depend on its compatibility with 
the specific cellular microenvironment of the target tissue, as well as the optimization of its processing 
and formulation to ensure functional performance and safety in tissue engineering and regenerative 
medicine strategies. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org, Figure S1: PLLA-GO Nanocomposite Fabrication and Quality Control Steps; 
Figure S2: Steps for Metallization of PLLA-GO Nanocomposite Samples. 
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Figure S1: PLLA-GO Nanocomposite Fabrication and Quality Control Steps. This section details the 

manufacturing steps and quality control for the PLLA-GO nanocomposite: Polymeric PLLA-GO nanocomposite 

filaments were used as raw material for 3D printing discoidal scaffolds (A). The manipulation and positioning 

process of the scaffolds in the culture plate after nanocomposite fabrication (B). A microscopic image of PLLA-

GO scaffolds cultured without cells, performed under the same experimental conditions, confirming the absence 

of contamination (C). 

Figure S2: Steps for Metallization of PLLA-GO Nanocomposite Samples. This section details the metallization 

process for the PLLA-GO nanocomposite samples: (A) Positioning of the PLLA-GO nanocomposite samples on 

the sample holder inside the vacuum chamber of the Sputter Coater. (B) Sputtering process in progress, showing 

the luminous plasma (ionized argon) generated to bombard the metallic target and eject metal atoms. (C) 

Metallized samples removed from the Sputter Coater. A thin conductive layer of gold metal was deposited on 

the surface of the samples. (D) SEM images of PLLA coated with GO. 
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