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ABSTRACT

Cellulose, the most abundant biopolymer on Earth, offers a sustainable alternative to synthetic
materials in biomedical applications. Among cellulose-derived materials, nanocellulose has attracted
increasing attention due to its favourable biocompatibility, versatility, and compatibility with
advanced fabrication technigues such as electrospinning, 3D printing, and freeze-drying. In this study,
Polystyrene/nanocellulose composite membranes fabricated via electrospinning were produced and
systematically characterized, and their cytocompatibility was comparatively evaluated against

solvent-cast nanocellulose membranes and standard tissue culture plates.

Comprehensive morphological and physicochemical analyses were performed, followed by
cytocompatibility evaluations using primary human umbilical vein endothelial cells (HUVECS). Cell
viability, proliferation, inflammatory response, and qualitative endothelial layer formation were
evaluated over a 21-day culture period. HUVEC proliferation and viability on electrospun membranes
were comparable to those observed on solvent-cast nanocellulose membranes and standard tissue
culture plates (TCP) after 21 days. All membrane formulations exhibited a reduction in reactive
oxygen species over time, while electrospun membranes demonstrated a more homogenous cytokine
expression profile (IL-6, 1L-23, IFN-02, and TNF-a) during long-term culture. However, qualitative
assessment of endothelial layer formation indicated a delayed development of a mature endothelial
monolayer on electrospun membranes compared with solvent cast membranes and tissue culture

controls.

Overall, these findings demonstrate the cytocompatibility of electrospun nanocellulose composite
membranes and highlight how differences in fabrication strategy and resulting membrane
characteristics influence endothelial cell responses. This study provides a comparative and
exploratory evaluation of nanocellulose composite membrane systems, supporting their further

consideration as sustainable biomaterial for vascular-related biomedical research.
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HUVECSs; Sustainable Biomaterials



1. INTRODUCTION

Cardiovascular diseases remain the leading cause of morbidity and mortality worldwide, creating a
sustained clinical demand for functional vascular grafts and artificial blood vessels [1]. Although
large-diameter vascular prostheses have achieved considerable clinical success, the development of
small-diameter vascular grafts (<6 mm) remains a major bioengineering challenge [2]. Current grafts
frequently suffer from thrombosis, intimal hyperplasia, and insufficient endothelialization, ultimately
leading to graft failure [3]. As a result, vascular tissue engineering has emerged as a promising
strategy to fabricate biomaterials that better recapitulate the structural, mechanical, and biological
features of native blood vessels [4], with particular emphasis on promoting endothelial cell adhesion,

proliferation, and long-term functional stability [5].

Significant advances have been made in vascular tissue engineering through the use of both synthetic
and natural biomaterials [6]. Synthetic polymers such as expanded polytetrafluoroethylene (ePTFE),
polyethylene terephthalate (PET), and polyurethanes offer favourable mechanical strength and
manufacturability; however, their limited bioactivity and poor endothelialisation often compromise
long-term performance, particularly in small-diameter applications [3, 6]. Natural polymers, including
collagen, gelatine, and silk fibroin, provide enhanced biocompatibility and cell-interactive properties,
but frequently suffer from insufficient mechanical robustness, batch-to-batch variability, and limited
structural tunability [6,7]. Moreover, increasing environmental concerns and sustainability
considerations highlight the need for renewable and biodegradable alternatives to conventional
petroleum-based materials [6,7]. Consequently, there is a growing interest in biomaterials that can
simultaneously support endothelial cell function, enable precise structural control, and meet emerging

sustainability requirements [8].

Nanocellulose (NC) represents the most abundant natural polymer on Earth, extracted primarily from
the plant cell wall [9,10]. Its high stiffness, large surface area, and abundance of hydroxyl groups,
facilitate chemical functionalization and implicate NC as an ideal candidate for a wide range of
applications, including energy storage [11,12], automotive [13], textiles [14], and biomedical devices

[15-17].



Nanocellulose can be derived through both bottom-up and top-down approaches, allowing
customization of material properties for specific applications [18]. The major types of nanocellulose
derivatives include plant-derived cellulose nanocrystals (CNC), cellulose nanofibres (CNF), as well as
bacterial nanocellulose (BNC). Although these materials share a similar biochemical composition,

they differ significantly in structural and functional properties.

CNC and CNF, typically extracted from wood pulp or agricultural residues, offer a higher aspect ratio
and surface accessibility, enabling strong interactions with the surrounding microenvironment. Their
plant-based origin and cost-effectiveness also support circular economy strategies and ecological
sustainability. Besides, CNC and CNF offer better structure control and processing versatility owing
to their biomass origin. In contrast, BNC, synthesized by certain bacterial species, is characterized by
its high crystallinity, mechanical strength, and purity—Ilacking the hemicellulose and lignin typically
present in CNC and CNF [19,20]. It forms a highly organized 3D nanofibre network, influenced by
oxygen availability and bacterial activity during biosynthesis [21], presenting challenges for

controlling the final structure.

Nanocellulose-based biomaterials are emerging as promising candidates for the next generation of
biomedical devices. Their biocompatibility, structural tunability, and environmental friendliness align
with the growing demand for sustainable medical solutions [22]. Promoting the use of nanocellulose
as a substitute for the conventional petroleum-based materials has the potential to positively impact
the life-cycle assessment of current membrane technologies and improve end-of-life management of

human waste in biomedical laboratories by fostering circularity and biodegradability [22,23].

Within the biomedical sector, vascular grafts and artificial blood vessels represent a particularly
promising application. Several studies have highlighted the favourable cytocompatibility and
hemocompatibility of BNC-based materials in vascular tissue engineering. For instance, Lin et al. [24]
demonstrated that the surface microstructure and elastic modulus of BNC scaffolds significantly
influence endothelial cell behaviour and platelet adhesion. Bao et al. [21] also showed that fibre
density and entanglement in BNC scaffolds affect the proliferation and differentiation of human

umbilical vein endothelial cells (HUVECS), particularly in oxygen-regulated microenvironments.



Plant-based nanocellulose, i.e. CNC and CNF, represents an excellent candidate for the generation of
nanocomposite biomaterials, with particular utility in dynamic application such as engineered blood
vessels or heart valves. Additionally, their open network structure offers greater hydroxyl group
accessibility, allowing for easier surface functionalization compared to BNC [25]. For example,
Bernier et al. [26] observed enhanced red blood cell interactions without any aggregation when
surrounded by cationic cellulose nanocrystals, although care must be taken to avoid proinflammatory
responses due to variations in nanoparticle shape and hydroxyl density [27]. Despite numerous in
vitro studies on plant-based nanocellulose interactions with epithelial cells [28—31], their effects on

endothelial cells remain underexplored.

Recent studies have explored versatile fabrication techniques in the formulation of various cellulose-
derived biomaterials, including 3D printing, freeze drying, and electrospinning. Among these
manufacturing processes, electrospinning promotes the fabrication of nanofibrous scaffold that can
mimic the native extracellular matrix and increase the cell guidance [32—34]. Recently, Huang et al.
[35] developed an innovative electrospun scaffold combining hydroxyapatite-polyethersulfone with
BNC, which promoted nitric oxide release and endothelialization—both crucial for vascular
integration in vitro. However, little is known about the performance of NC-based membranes
produced via electrospinning or casting as cardiovascular-specific applications, representing a key gap

in the current literature.

In this context, the present study investigates the cytocompatibility of two plant-based nanocellulose
composite membranes for vascular applications, manufactured via a solvent-casting or electrospinning
process. Using HUVECs as a model, we assessed cell proliferation, morphology, the inflammatory
response, and monolayer formation in vitro over a 21-day culture period. Special emphasis was placed
on understanding how fabrication strategy and resulting membrane physicochemical properties
structural-differences may modulate cellular viability and metabolic activity. This study also aims to
initiate a broader discussion on the potential of plant-based nanocellulose as a sustainable and

effective material for cardiovascular graft development.



2. MATERIALS AND METHODS

2.1 Materials

Cellulose nanocrystal (CNC) powder (CelluRodsTM 100P, 150 nm) was purchased from CelluForce
Inc. (Canada). Polystyrene (PS, Mw=220,000) was supplied by the State Key Laboratory of
Separation Membranes and Membrane Processes (China). The solvent system consisted of a mixture
of N,N-dimethylformamide (DMF) and N-methyl-2-pyrrolidone (NMP). DMF (ACS reagent grade,
>99.8%, Mw=73.09), purchased from Sigma-Aldrich (Germany), and NMP (GC headspace grade,
Mw=99.13) was obtained from Fisher Scientific (USA). All chemicals are used as received without

further purification.

2.2 Production of NC-based membranes

Nanocellulose membranes were processed via solvent-casting, using 200 uL of NC solution with a
concentration of 3.75 mg.mL™ on a 13-mm tissue culture plate (TCP). This method was advantageous
for film formation of highly dispersed NC suspensions [36]. The samples were kept for 24 h under

ambient conditions (T= 20°C, RH= 40%) to enable complete solvent evaporation.

Electrospun nanocellulose composite membranes were manufactured using polystyrene (PS) particles
dispersed in a mixed solvent of N,N-dimethylformamide (DMF) and N-methyl-2-pyrrolidone (NMP)
at a volume ratio of 40:60 (v/v) to obtain a solution with a PS concentration of 15 wt%. The PS
solution was magnetically stirred at 80 °C for 2 h until complete dissolution was achieved.
Subsequently, 0.5 wt% cellulose nanocrystals (CNC) powder was added to the PS solution and
sonicated for 10 min using an IKA T18 digital ULTRA-TURRAX homogenizer to remove surface
foam. The freshly prepared solution was immediately transferred into four 10 mL syringes, which
were mounted onto a syringe pump and connected to feeding tubes. A sheet of silicone-coated paper
was affixed to the surface of a 100 mm diameter rotating drum collector. Electrospinning was
conducted using a TL-Pro-BM electrospinning apparatus (TONGLI TECH, Shenzhen, China) under
room temperature and a relative humidity of 40~50%. The applied voltage was set to 20 kV, the flow
rate to 1.0 mL h™', and the tip-to-collector distance to 15 cm. Upon completion of electrospinning, the

product was vacuum-dried for 12 h. The complete manufacturing process is summed up in Figure 1.



2.2 Characterization of NC-based Membranes
2.2.1 Scanning Electron Microscopy (SEM)

The surface characteristics (fibre diameter, pore size) of NC-based membranes were assessed using a
HITACHI SEM S-4700. The membrane samples were cut into 5 x 5 mm? using a surgical blade, and
regions without visible defects were selected for testing. A conductive gold coating was deposited
using a Quorum Q150R S ion sputter coater under a current of 10 mA and a vacuum pressure of 5 x
1072 mbar for 90 s. The gold-coated samples were then mounted on stubs with a conductive carbon
tape. Surface morphology images were obtained using the secondary electron imaging (SEI) mode.
Fibre diameters were randomly measured from different regions of the samples, and the average fibre

diameter was calculated to evaluate fibre uniformity and structural distribution.

2.2.2 Dynamic Light Scattering (DLS)

A Litesizer 500 Particle Analyser (Anton Paar) was employed to assess zeta potential, i.e. the charge

generated at the interface between a solid and a liquid medium, of NC particles in an aqueous

suspension.
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Figure 1: Manufacturing process of electrospun nanocellulose composite membranes.
2.3 Characterization of NC Fibre
2.3.1 Surface roughness and sample thickness

The sample topography of the solvent-cast membrane was qualitatively and quantitively assessed by a

Bruker Dimension 3100 AFM. Pictures were taken by using a scan rate of 1 Hz, a scan size of 10 pm



and an amplitude setpoint of 1V. Image processing and roughness measurement were performed with
Gwyddion software [37]. The thickness of the solvent-cast membrane was evaluated with a RS-PRO
156H coating thickness tester. Roughness was determined by using a Profilm3D® optical

profilometer.

2.3.2 Contact angle measurements

Contact angle measurements were carried out with a customized system in conjugation with

Lumenera INFINITY 2-1C Microscope Camera using a 10 pL-volume of distilled water drop.

2.3.3 Fourier-transform infrared spectroscopy (FTIR)
Chemical analysis of NC formulation was performed using a spectrophotometer (IRSpirit,
SHIMATZU) at 4000-400cm™. Prior to testing, all samples were placed overnight in a freeze-dryer

(Freezone Labconco) to remove residual water.

2.3.4 Brunauer-Emmett-Teller (BET)

Physical adsorption analyses, including BET, specific surface area, porosity, and pore size
distribution, were conducted using an Autosorb iQ series fully automated gas adsorption analyser
equipped with ASiQwin-CFR software. Prior to testing, small membrane specimens were degassed
under vacuum in a helium atmosphere at 80°C for 12h. High-purity nitrogen (77 K) was used as the
adsorbate, with the relative pressure (P/P0) range set between 107 and 0.995. The pore distribution

was calculated using the BJH (Barrett-Joyner-Halenda) model.

2.4 Biological assays

2.4.1 Cell culture

Primary human umbilical vein endothelial cells (HUVECSs) from three different donors were obtained
from PromoCell (C-12200) and used to assess the cytocompatibility of the NC-based membranes.
Cells were cultured in Endothelial Cell Growth Medium (PromoCell, C-22110) supplemented with
Fetal Calf Serum, growth factors (ECGS/H, hVEGF-0.05, HbFGF-0.5, HC-500) and 1% (v/v)
penicillin/streptomycin. Cultures were maintained in a humidified incubator (HeraCell 150,
ThermoScientific) at 37 °C with 5% CO.. The passage number was kept between 3 and 10 to ensure
phenotypic stability. The culture medium was replaced every two days.
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2.4.2 Membrane preparation prior to bio-tests

Both NC-based membranes were immobilised onto a Thermanox coverslip and placed into a 24-well
plate. The plates were then sterilized via UV radiation (200-400 nm) for 20 minutes. Afterwards, the
samples were kept in sterile conditions under a biological safety hood, washed three times with
phosphate-buffered saline (PBS) solution and covered with culture medium overnight. The culture
medium was subsequently removed from the wells and HUVEC cells were seeded at 1.10° cell/cm?.
To facilitate cellular attachment, the samples were incubated for 4h before the addition of 500 pL of
culture medium. The culture medium was collected and stored in -20°C freezer at day 3, 7, 14 and 21

to perform future proteomics assay.

2.4.3 Analysis of cell proliferation and cell viability was performed via Alamar Blue and Picogreen
assays respectively.

Cell proliferation and metabolic activity were assessed using the Alamar Blue assay (DAL1100,
Thermo Fisher Scientific). A 10% (v/v) Alamar Blue solution in complete culture medium was added
to each well to fully cover the cell-seeded substrates and incubated at 37 °C for 4 hours. Subsequently,
150 uL of supernatant was transferred to a 96-well plate, and absorbance was measured using a
Varioskan Flash plate reader (Thermo Fisher Scientific). Measurements were taken at days 1, 3, 7, 14,

and 21.

A freeze-thaw cycle was applied to promote cell membrane lysis and release of cytoplasmic double-
stranded DNA (dsDNA). The dsDNA content, reflecting total cell number, was quantified using the
Quant-iT™ PicoGreen™ dsDNA Assay Kit (P11496, Thermo Fisher Scientific). All assays were

performed in biological and technical triplicates.

2.4.4 Immunostaining and confocal analysis

Immunofluorescence triple staining was conducted to evaluate cell morphology and endothelial
monolayer formation. Rhodamine Phalloidin (Invitrogen™) was used for F-actin cytoskeleton
visualization; Hoechst 33342 — for nuclear staining; and VE-cadherin was detected using a polyclonal
primary antibody and an Alexa Fluor 488-conjugated goat anti-rabbit IgG secondary antibody (A-

11008, Invitrogen™) to visualize intercellular adherens junctions.

9



Morphological parameters such as cell area, aspect ratio, and nucleocytoplasmic index were
guantitatively analysed using ImageJ, while VE-cadherin staining provided qualitative insight into
endothelial monolayer integrity. Imaging was performed via confocal microscopy. All experiments

were conducted in biological and technical triplicate.

2.4.5 Protein expression via ELISA and Multiplex ELISA assay

Quantification of endothelial-specific markers was performed using standard ELISA techniques.
Expression of platelet endothelial cell adhesion molecule-1 (PECAM-1/CD31) and human vascular
endothelial growth factor (WWEGF) was measured using specific ELISA kits (Thermo Fisher
Scientific). Additionally, inflammatory cytokine expression was assessed using the LEGENDplex™
Human Inflammation Panel 1 (13-plex, BioLegend), following the manufacturer’s protocol.

Samples (minimum 100 pL) were analysed using an Accuri C6 Plus Flow Cytometer (BD
Biosciences) under slow fluidics, with a minimum of 4000 events recorded per sample. Gentle
agitation was applied every four wells to ensure homogeneity. Data were processed using the
LEGENDplex Analysis Software (BioLegend). All experiments were performed in biological and

technical triplicates, with measurements taken at days 3, 7, 14, and 21.

2.4.6 Generation of Reactive Oxygen Species (ROS)

Intracellular ROS levels were measured using 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA).
A fresh 10 uM working solution was prepared from a 10 mM stock in anhydrous DMSO immediately
before use. Harvested cells were resuspended in pre-warmed PBS and incubated with the probe at
37 °C for 30 minutes in the dark. After incubation, cells were washed twice with PBS and
resuspended in pre-warmed complete medium. Fluorescence was measured using a Cytek Northern
Lights 3000 flow cytometer (Cytek Biosciences, USA), and data were analyzed using FlowJo™
software (Version X, BD Biosciences). ROS levels were reported as median fluorescence intensity at

days 3, 7, 14, and 21.

2.4.7 Barrier integrity of endothelial monolayer
Endothelial monolayer and barrier integrity was assessed via transepithelial-endothelial electrical

resistance (TEER) and permeability assays. Measurements were conducted using an EVOM2
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Epithelial Voltohmmeter (World Precision Instruments), providing quantitative data on the integrity
of the endothelial monolayer by assessing resistance to electrical current. A Lucifer Yellow CH dye
(Thermo Fisher Scientific) was subsequently used to assess molecular permeability across the
endothelial barrier. The assay measured the diffusion of the dye into the basal compartment, indirectly

indicating tight junction functionality.

2.5 Statistical methods
Statistical significance was determined either using student’s t test or one-way analysis of variance
(ANOVA) with Tukey's multiple comparisons test. Differences were considered statistically

significant at p <0.05. Statistical analyses were performed using Origin (version 8.0.2).

3. RESULTS

3.1 Physicochemical analysis of nanocellulose materials

The physical characteristics of NC-based membranes are displayed in Error! Reference source not
found.. The zeta potential of -36.4 £ 1.5 mV was obtained for NC suspensions (0.1 wt%) in deionized
water, underscoring a stable suspension (> [-30mV/|) [38]. Nanocellulose fibres were observable in
solvent-cast membranes with a diameter of 21 £ 8 nm. Individual fibres were not observable in
electrospun membranes, which were characterised by the presence of a microfibre meshwork with
individual fibres measuring 3.3 + 1.1 um in diameter (Figure 2).

At higher magnification (Figure 2c), individual fibres were observed to have relatively rough surfaces
with multiple pores ranging from 19 to 92 in diameter. In regions of the fibrous network, bead-like
structures were also visible (Figure 2d). These features are likely attributed to local variations in
concentration and charge density within the electrospinning jet, arising from the polarity difference
between PS and CNF, which leads to the formation of characteristic “droplet-filament” morphologies.
Solvent-cast membranes possessed a thickness of 4.7 = 0.5 pm, a water contact angle of 73 = 6 ©,

compared to 133 = 100 um and 120 * 4° for electrospun membranes.
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Table 1 : Physico-chemical characteristics of solvent-cast and electrospun nanocellulose composite membranes.

Materials Fibre Fibre Aspect Membrane Roughness Zeta Contact
length diameter Ratio Thickness (um) (nm) Potential angle (°C)
(pm) (nm) (mV)
Solvent-cast 3:1 21+8 150 47+05 82 + 43 290+1.0 7346
membrane
Electrospun - 3350 + 1100 - 133+ 97 - - 120+ 4
membrane

Electrospun
membrane d

Figure 2: Microscopic images of (a,c) nanocellulose solvent-cast membranes and (b,d) electrospun nanocellulose composite
membranes taken at (a,b,d) low and (c) high magnification.

Chemical analysis of both materials is given in Figure 3. FTIR analysis revealed a significant
presence of hydroxyl groups as represented by a broad absorption peak at 3400 cm™ in solvent-cast
membranes and underscores the interconnection of NC fibres by water molecules. Absorption peaks
at 2911 cm™ representing OH- and CH- vibrations and absorption peaks at 1650 to 1600 cm™
represent OH- vibrations of the absorbed water. Peaks at 1314 cm™ and 1162 cm™ indicated the
presence of C-O-C and OH in-plane bending vibrations respectively from the polysaccharide rings.
The absorption peak observed at 1021 cm™ was attributed to CO- stretching inside the polysaccharide
ring (i.e. pyranose). Conclusively the described peaks were highly characteristic of cellulose

chemistries [39].

Electrospun composite membranes also exhibited characteristic peaks of nanocellulose at 1024 cm™

(CO- stretching) and 2900 cm™ (OH- and CH- vibrations). Light scattering was promoted by the
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heterogenous surfaces [40], which reduced the intensity of the transmitted signal. PS chemistries were
affirmed through the presence of peaks at 697 and 749cm-1, related to out-of-plan CH bending, and at

1495 and 1600cm-1, indicating C=C stretching from benzene rings.
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Figure 3: FTIR spectrum of (a) solvent-cast and (b) electrospun nanocellulose composite membranes.

The nitrogen adsorption—desorption isotherm of the solvent-cast membrane (Figure 4a) exhibits a
Type 1l profile, characterized by the absence of a pronounced adsorption uptake at low relative
pressures (P/Po < 0.1), indicating the lack of significant microporosity. Multi-point BET analysis
performed within the conventional relative pressure range (P/Po = 0.05-0.30) did not yield a
physically meaningful effective specific surface area, suggesting that the assumptions of the BET
model are not satisfied for this dense solvent-cast membrane. In contrast, BJH pore size distribution
analysis based on the desorption branch (P/Po = 0.35-0.80) reveals a limited but measurable
mesoporosity, with a total pore volume of approximately 0.154 cm?/g. The dominant pore radius is
centered at 1.56 nm (corresponding to a pore diameter of 3.12 nm), yielding a porosity of
approximately 21.0%. These mesopores are attributed to interstitial voids formed between densely
packed nanocellulose crystallites or fibrillar aggregates during solvent evaporation and membrane
consolidation. Overall, the combined adsorption and pore size analyses demonstrate that the solvent-
cast membrane possesses a predominantly compact structure with only minor inter-fibrillar

mesoporosity, rather than a highly porous network architecture.
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The nitrogen-adsorption-desorption isotherm of the electrospun membrane (Figure 4b) exhibits a
typical type IV curve accompanied by a pronounced H3-type hysteresis loop. In the low-pressure
region (relative pressure P/P, = 107-1072), the isotherm increased smoothly, indicating the absence of
significant micropores (< 2 nm) in the membrane. A steep rise without an evident plateau was
observed at a relative pressure range of P/P, = 0.8-0.9, suggesting that the pore structure of the
sample is predominantly composed of slit-like pores formed by the stacking of fibres. The sharp
increase in adsorption at this stage results from the physical condensation of nitrogen within

macropores or inter-fibre voids.

Based on multipoint fitting of the BET isotherm, software analysis reveals that the electrospun
membrane possesses a specific surface area of 244.34 m2/g, a total pore volume of 9.49 cmd/g
(significantly higher than that of solvent-cast membrane, 0.154 cmd/g), and a porosity of
approximately 92.2%, with an average pore width of about 77.67 nm. These results indicate that the

electrospun membrane features a highly porous, fibre-interlaced network dominated by meso- to

macropores.
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Figure 4: BET adsorption isotherm of (a) solvent-cast NC membrane and (b) electrospun NC composite membranes

3.2 Analysis of Cell/Material interactions in vitro
The metabolic activity of HUVECs cultured on Control and both NC-based membranes was observed

to significantly increase over a 21-day culture period as shown in Figure 5a. Cells cultured on solvent-
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Metabolic activity (%)

cast membranes initially exhibit 71.5 + 19.3% relative fluorescence compared to Control, which
increased to 101.2 £ 6.0 % by day 21. This increase in metabolic activity was accompanied by an
increase in cell confluency, indicating cytocompatibility. In contrast, electrospun membranes
supported a lower metabolic activity, particularly between days 1 and 7, suggesting delayed cell
adhesion and subsequent proliferation. This response may be associated with the mesh-like surface of
electrospun membranes —high porosity (92.2%) and an average fibre diameter of 3.3 + 1.1 um— that

may hinder initial cell-material interactions and limit early metabolic engagement.

These trends were corroborated by the quantification of dsDNA synthesis in cells cultured on control
and nanocellulose substrates (Figure 5b). HUVECs cultured on both Control and solvent-cast
substrates proliferated rapidly, showing a 4.5-fold and 4.2-fold increase in cell number between day 3
and day 7, respectively. In comparison, cell proliferation on electrospun membranes was significantly
slower, with only a 3-fold increase in DNA content between day 3 and day 14 in vitro. By day 21,
dsDNA levels plateaued across all substrates, reaching 3.0+0.3 ug-mL™* on Control substrates,
2.2+0.2 ug'mL™ on solvent-cast membranes and 2.5+0.4 ug-mL™ on electrospun membranes.
These results confirm that although all substrates support HUVEC proliferation, electrospun
substrates reduced HUVEC metabolic activity, which is consistent with surface roughness and the

substrates porous architecture.
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Figure 5: Analysis of (a) cell metabolic activity compared to TCP controls and (b) proliferation of primary endothelial

3 7 14 21

HUVEC cells cultured on TCP controls, solvent-cast membranes and electrospun nanocellulose composite membranes. Data
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are presented as mean = SD from n = 3 independent experiments. Statistical significance was determined by student’s ¢ test

and one-way ANOVA with Tukey ’s post hoc test (*p < 0.05; **p < 0.01; ns = not significant).

Competent monolayer formation was observed on the Control and NC solvent-cast membranes by day
3, while cells cultured on NC electrospun membranes achieved comparable monolayer coverage by
day 21 (Figure 6a). The process of monolayer formation is illustrated in Figure 6b, indicating a

significant delay for cells cultured on electrospun membranes at three different timepoints.

To better understand the evolution of cell-material interactions, cell proliferation, and endothelium
formation [41], morphometric descriptors—cell area and circularity—were assessed via

immunofluorescent microscopy (Figure 7).

Cell morphometry revealed that at day 1 HUVECs displayed significantly reduced spreading and
higher circularity on electrospun membranes compared to solvent-cast membranes, indicative of
reduced intracellular tension and cell-matrix adhesion (Figure 7), aligning with the reduced metabolic
activity observed at early time points. In contrast, HUVECs on solvent-cast membranes surfaces
exhibited increased cell spreading—characteristic of stable attachment and increased intracellular

tension from day 1 to day 7 (Figure 7a).

By day 7, HUVECs on electrospun membranes showed a marked increase in cell area and a reduction
in circularity (Figure 7b), suggesting enhanced cell spreading and improved adhesion over time. At
day 14, both cell area and circularity of HUVECs were comparable between solvent-cast and
electrospun membranes. These changes coincide with the observed increase in metabolic activity,
confirming the delayed interaction and adhesion of cells on the electrospun membrane surface.
Interestingly, the nucleocytoplasmic ratio remained similar across all time points, particularly for the
electrospun membranes (Figure S1, Supplementary Materials). This stability suggests that despite
delays in attachment and proliferation, the structural and biological integrity of HUVECs was
maintained throughout the culture period, reinforcing the membrane’s potential for long-term

cytocompatibility.

Flow cytometry analysis of HUVECs stained with H.DCFDA revealed substrate-dependent

differences in intracellular reactive oxygen species (ROS) production, as measured by DCF
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fluorescence intensity (Figure 8). On day 3, cells cultured on solvent-cast membranes exhibited
significantly lower ROS production relative to cells cultured on both Control (tissue culture plastic),
and electrospun membranes (p < 0.05). No significant differences were detected among groups on
days 7, 14, and 21, with ROS levels decreasing over time across cells cultured on all substrates,
indicating progressive cellular adaptation to the material environments and a reduction in oxidative

burden at later stages of culture.

To further evaluate the immunological profile and cytocompatibility of NC-based membranes, the
secretion of pro- and anti-inflammatory cytokines was assessed in vitro. Figure 9 presents the
expression patterns of six key cytokines—IL-6, 1L-8, IL-18, IL-23, IFN-02, and TNF-o—at days 3, 7,
14, and 21. Across all time points, cytokine secretion remained comparable between all experimental
and control substrates, with no statistically significant differences detected. Notably, at day 21, cells
cultured on electrospun membranes showed consistently lower and more homogenous expression of
IL-6, IL-23, IFN-a2, and TNF-a, suggesting a dampened inflammatory response and improved long-
term cytocompatibility. Additional cytokines—including IL-1f, IFN-y, IL-10, IL-12p70, IL-17A, and
IL-33— remained below the detection limit across all groups and time points, indicating a generally
low pro-inflammatory profile. In contrast, MCP-1 was the only tested chemokine and was
consistently expressed above the detection threshold These data are accessible in the Supplementary
Materials section (Table S1 and S2). While this trend points underscored a reduced immune
activation, additional factors such as material degradation or altered cellular behaviour should be

considered in future investigations.

These findings align with previous reports on the pro-inflammatory responses of HUVECs cultured
on nanocellulose materials. For instance, Feil et al. [42] demonstrated that HUVECs cultured on
bacterial nanocellulose (Xellunin) showed enhanced responsiveness to pro-inflammatory stimuli

compared to those cultured on tissue culture plastic, indicating increased physiological relevance.

3.3 Expression of vascular endothelial growth factor (VEGF)
Figure 10a shows the expression of hVEGF in HUVECs cultured on nanocellulose and control

substrates as normalized to dsDNA concentration. Cells cultured on electrospun membranes
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demonstrated significantly higher secretion of hVEGF on days 3, 7 and 14, and which decreased by
21. It is assumed that HUVECs cells, facing challenges in adhesion and proliferation at early stages

on electrospun membranes, secrete increased hVEGF to support the cell proliferation, differentiation

and migration [43].

(@)

Scale bar Day 3 Day 7 Day 21 Day 3 Day 7 Day 21

=100 um IR
Control ,
100 pm 100 pm &R X '
Solvent-cast @Tg(\
membrane

100 pm 100 pm 100 pm

e

Electrospun
membrane

100 pm 100 pm

(b)

160 T T

140

120

*
J|*

100 +

804

60 *x

Coverage rate (%)

L]
=
1
—

RIRERR

T

1

Time (day)

[ ]Control RN Solvent-cast membrane [l Electrospun membrane

18



Figure 6: Immunostaining assay of primary endothelial HUVEC cells cultured on Control (tissue culture plastic), solvent-
cast and electrospun nanocellulose composite membranes after 1, 7 and 21 days of culture. (@) Immunofluorescent imaging
of nucleus (DAPI) and actin cytoskeleton (Rhodamine Phalloidin). Scale bar = 100 um. (b) Evolution of coverage rate of
HUVEC cells (based on cytoplasmic area) on each material. Data are presented as mean + SD from n = 3 independent
experiments. Statistical significance was determined by one-way ANOVA with Tukey’s post hoc test (*p < 0.05; **p < 0.01;

ns = not significant).
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Figure 7: Evolution of morphometric parameters (cell area and circularity) of HUVEC cells (a) on solvent-cast
nanocellulose membrane and (b) electrospun membrane from day 1 to day 14. Data are presented as mean + SD fromn = 3

independent experiments.

3.4 Expression of adhesion markers (PECAM-1 and VE-cadherin)

PECAM-1 expression is presented in Figure 10b. While PECAM-1 is primarily know as a
transmembrane protein involved in vascular cell adhesion, HUVECs are also capable of secreting a
soluble form in the extracellular environment [44]. In this study, PECAM-1 concentration in the
supernatant significantly increased between day 7 and day 14, after which it plateaued. Importantly,
this trend was consistent across all substrates, with no statistically significant differences observed
among the Control, or experimental nanocellulose groups. The presence of the soluble isoform in the

culture medium is likely due to alternative splicing mechanisms, as previously reported [44].

To further assess endothelial function and cytocompatibility, the barrier integrity of HUVEC
monolayers was evaluated, given its central role in regulating nutrient diffusion, intercellular
communication, and protection against foreign agents. VE-cadherin, a junctional protein crucial for

maintaining endothelial monolayer integrity, was visualized by immunofluorescent imaging at days 3
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and 21 (Figure 11). At day 3, HUVECs on the Control surface exhibited strong VE-cadherin
expression and 100% confluency, indicative of a mature endothelial monolayer. On solvent-cast
membranes, VE-cadherin expression was initially lower, but markedly increased by day 21,

highlighting improved cell-cell adhesion and barrier formation over time. In contrast, cells cultured on

electrospun membranes
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Figure 8: Reactive oxygen species (ROS) levels in human umbilical vein endothelial cells (HUVECS) cultured on Tissue
culture plate (white), solvent-cast membranes (light blue), and electrospun membranes (dark blue) at days 3, 7, 14, and 21.

Quantification of ROS levels expressed as median fluorescence intensity (MFI).
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Figure 9: Expression of proinflammatory cytokines; IL-6, IL-8, IL-18, IL-23, IFN-a2 and TNF-a, by HUVEC cells at days

7,14 and 21. Data are presented as mean + SD from n = 3 independent experiments. Statistical significance was determined
by one-way ANOVA with Tukey’s post hoc test (*p < 0.05; **p < 0.01; ns = not significant).
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Figure 10: Extracellular expression of (a) hVEGF proteins and (b) PECAM-1 adhesion proteins by primary endothelial
HUVEC cells when interacting with tissue culture plate (Control), solvent-cast and electrospun nanocellulose composite
membranes. Data are presented as mean + SD from n = 3 independent experiments. Statistical significance was determined
by one-way ANOVA with Tukey’s post hoc test (*p < 0.05; **p < 0.01, ns = not significant).
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Figure 11: Expression of VE-cadherin adherent junction molecules by primary endothelial HUVEC cells when interacting
with tissue culture plate (Control), solvent-cast and electrospun nanocellulose composite membranes Confocal imaging of
VE-cadherin expression at the cell-cell junctions at day 3 and day 21. Scale bar = 100 pm.

were not associated with a clear VE-cadherin signal at day 3. By day 14, a slight increase in staining
amplitude was observed; however, image interpretation was affected by light interference from the
cellulose fibres. This was attributed to spectral overlap between the antibody’s emission wavelength
(~520 nm) and autofluorescence from the cellulose fibres (~570-585 nm), requiring higher exposure
times to visualize cells located both on and beneath the fibre network [41].

To further investigate the barrier function of endothelial monolayers formed on both cast and
electrospun substrates, transepithelial electrical resistance (TEER) measurements were performed to
guantitatively assess monolayer integrity (Figure S2 and S3, Supplementary Materials). Results
confirmed a substantial increase in TEER values on Control and solvent-cast membranes by day 21,
consistent with enhanced intercellular connectivity and reduced permeability, as further validated by a
Lucifer Yellow-based permeability assay (Figure S4, Supplementary Materials). In parallel, VE-
cadherin expression was not observed in HUVECs on electrospun membranes until day 21, again,
indicating cell proliferation and competent endothelia-like monolayer formation is perturbed on this
substrate. However, both TEER and permeability measurements of cells cultured on electrospun
membranes yielded unreliable data due to the material’s mechanical fragility and high porosity, which

disrupted assay reproducibility. These limitations suggest that further optimization of membrane
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composition and structural integrity is required to enable robust guantitative assessments in future

studies.

4. DISCUSSION
This study investigated the cytocompatibility of two nanocellulose derived membranes —one solvent-

cast and one electrospun - using primary human umbilical vein endothelial cells (HUVECS).

An overall positive cellular response was evidenced by a sustained increase in metabolic activity and
cell number across both nanocellulose substrates, with proliferation levels comparable to tissue
culture plastic by day 21. Notably, the electrospun membrane exhibited delayed early adhesion and
proliferation (days 1-7), attributed to its “mesh-like” topography and reduced initial contact points—
features commonly associated with electrospun scaffolds. Interestingly, on day 3, HUVECs cultured
on the electrospun membrane exhibited higher ROS levels compared with those cultured on the
solvent-cast membrane, coinciding with the delayed early proliferation observed on this substrate.
This transient increase in ROS may reflect an initial cellular adaptation to the mesh-like architecture
of the electrospun scaffold, which provides fewer initial adhesion points and can temporarily alter
cytoskeletal organization and mechanotransduction pathways. Importantly, ROS levels decreased over
time and became comparable across all substrates, suggesting that the early oxidative response
represents a temporary adaptation to the microstructural environment rather than long-term

cytotoxicity. The stable cytokine profiles support this assumption.

One of the most notable findings of this study was the delayed endothelial monolayer formation
observed on the electrospun nanocellulose composite membranes despite comparable long-term
cytocompatibility. This phenomenon is likely attributable to the combined effects of fibre diameter,
surface hydrophobicity, and three-dimensional topography. The electrospun membrane exhibited
micro-scale fibre diameters (~3.3 um) and a high contact angle (~120°), both of which are known to
reduce initial focal adhesion formation and limit integrin-mediated signalling during early cell—
material interaction, leading to a delayed cytoskeletal remodelling and intercellular communication. In

contrast, the nanoscale fibrillar structure and higher hydrophilicity of the solvent-cast membrane
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provided a more continuous adhesive interface, facilitating rapid cell spreading and junction
establishment. These observations suggest that early endothelialization on nanocellulose substrates is
not solely governed by chemical composition but is strongly influenced by micro- and nanoscale
architectural cues. Indeed, the highly porous architecture (=<92% porosity) and interconnected fibre
network may promote cell infiltration and three-dimensional tissue integration, features that are
potentially advantageous for in vivo vascular graft applications [45—47]. In physiological settings,
complete endothelial coverage is often accompanied by transmural cell migration and extracellular
matrix remodeling [46,47]. Therefore, the electrospun configuration may offer structural benefits that
are not fully captured in static in vitro monolayer assays. This distinction highlights the need to
interpret delayed in vitro endothelialization cautiously, particularly for biomaterials intended for

dynamic vascular environments.

These findings align with previous reports on the ability of nanocellulose to support endothelial
function. Feil et al. [42] demonstrated that HUVECs cultured on bacterial nanocellulose (Xellulin) re-
expressed CD34—a stem/progenitor cell marker typically lost in standard culture—suggesting that
nanocellulose may help maintain a more physiologically relevant endothelial phenotype. Furthermore,
the inherent porosity of nanocellulose scaffolds supports angiogenesis and facilitates endothelial
migration—critical factors in vascular graft integration [46,47]. Importantly, endothelial behaviour is
highly influenced by initial cell seeding density. Higher seeding densities may enhance
endothelialization on complex substrates like the electrospun membrane, potentially accelerating
monolayer formation [48]. This parameter warrants further investigation and optimization in future

studies.

To further improve cellular outcomes, structural refinement of the electrospun nanocellulose
composite membranes through high-rpm electrospinning might further promote endothelial function
in vitro. Fibre alignment has been shown to modulate hydrophilicity, cytoskeletal organization, and
directional cell growth. Whited and Rylander [49], for example, reported improved HUVEC
alignment and F-actin organization on aligned polycaprolactone (PCL) scaffolds. Additionally, fibre

diameter is an important consideration, as smaller fibre diameters (d < 2um) have been associated
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with increased apoptosis in endothelial cells [50]. Surface functionalization is another promising
approach. Surface coating of nanocellulose scaffolds with extracellular matrix proteins (e.g., collagen
or laminin) has also been shown to enhance endothelial adhesion and maturation [51]. Likewise,
chemical modifications—such as amination or sulfonation—can introduce charged functional groups

that improve hydrophilicity and modulate cellular responses [52].

Nanocellulose-based biomaterials are emerging as sustainable, tunable alternatives for cardiovascular
implants [24,53,54]. While previous studies have explored the immunomodulatory effects of
modified nanocellulose on various human cell types (e.g., lung epithelial cells) [55], the cellular
mechanisms governing endothelial proliferation, differentiation, and barrier formation on electrospun

nanocellulose-based membranes remain underexplored.

To the authors’ knowledge, this is the first report evaluating in a comparative and exploratory in vitro
context the cytocompatibility of electrospun nanocellulose composite membranes with primary
human endothelial cells. The results demonstrate the material’s ability to support endothelial
attachment, proliferation, and intercellular junction formation, underscoring its potential for vascular
tissue engineering platform materials. These findings contribute to the foundation for developing
biodegradable, sustainable vascular grafts and highlight electrospun nanocellulose composite
membranes as promising candidates for next-generation cardiovascular devices. However, several
limitations of the present study should be acknowledged. First, the electrospun membrane
incorporated polystyrene as a carrier polymer, introducing compositional differences that may
confound purely structure-driven interactions. Second, barrier integrity measurements on electrospun
membranes were limited by mechanical fragility and high porosity, preventing robust quantitative
comparisons. Third, the use of static culture conditions does not replicate the shear stress and
hemodynamic forces that critically regulate the shear stress and hemodynamic forces that critically
regulate endothelial maturation in vivo [56,57]. Future studies should therefore focus on refining
membrane mechanical stability, exploring fibre alignment strategies [49], and evaluating endothelial

responses under physiological flow conditions. Additionally, incorporating bioactive surface
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functionalization or extracellular matrix coatings [51,52] may help overcome early adhesion

limitations while preserving the structural advantages of electrospun architectures.

5. CONCLUSION

In this study, an electrospun nanocellulose composite membrane was comparatively evaluated to a
solvent-cast nanocellulose membrane for their in vitro cytocompatibility with primary human
umbilical vein endothelial cells (HUVECs). Both membrane systems supported endothelial cell
attachment and proliferation without including significant proinflammatory responses, and the
observed decrease in reactive oxygen species over time indicated a low oxidative stress environment

during prolonged culture.

While solvent-cast membranes facilitated earlier endothelial maturation, as reflected by more
consistent PECAM-1 and VE-cadherin expression and the formation of a confluent monolayer,
electrospun membranes exhibited delayed endothelial coverage and incomplete monolayer formation
within the same culture period. These observations suggest that differences in fabrication strategy and
the resulting surface architecture influence endothelial behaviour under the tested conditions. Taken
together, these findings highlight plant-derived nanocellulose as a biocompatible and environmentally
sustainable material platform for endothelial cell-material interaction studies. Although further
optimization of electrospun nanocellulose composite membranes - such as adjusting fibre
organization, diameter, and surface chemistry - will be necessary to improve endothelial integration,
the present work provides a comparative and explanatory foundation for future investigations of

nanocellulose composite biomaterials in vascular-related biomedical applications.
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Statement of Significance

This study introduces electrospun nanocellulose composite membranes as a sustainable alternative to
synthetic polymers commonly used in vascular grafts. Unlike traditional petrochemical-based
materials, nanocellulose is renewable, eco-friendly, and demonstrates excellent compatibility with
human endothelial cells. We provide a systematic evaluation of cell viability, proliferation, and
endothelial barrier function on nanocellulose membranes compared with conventional culture
systems. The novelty lies in combining advanced electrospinning technology with natural cellulose
nanocrystals (CNC) to create a membrane that is both biologically supportive and environmentally
responsible. This work advances the understanding of nanocellulose in cardiovascular applications
and highlights its potential to inspire greener, safer biomaterials for tissue engineering and

regenerative medicine.
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Highlights

o Electrospun nanocellulose composite membrane exhibits cytocompatibility with human
umbilical vein endothelial cells (HUVECsS).

e Both electrospun and solvent-casted nanocellulose derived membranes support endothelial
cell attachment and proliferation for up to 21 days in culture.

e The fabrication strategy and resulting membrane physicochemical properties significantly
influence endothelial cell responses and the kinetics of endothelialisation.

e Electrospun nanocellulose composite membrane demonstrate a more homogenous cytokine
expression profile (IL-6, IL-23, IFN-02, and TNF-a) during long-term culture, along with a
progressive reduction in reactive oxygen species levels.

e These plant-derived nanocellulose biomaterials represent a sustainable platform for

investigating endothelial cell-material interactions.
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