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Abstract

Synthetic polymers scaffolds often need to be coated with extracellular matrix (ECM) proteins to improve cell adhesion.
For cultivated meat applications, coating should be avoided since it is necessary to eliminate expensive and animal-derived
components. As cellulose acetate nanofibers is a low-cost cellulose-derived material, that induces cell adhesion and proliferation,
we investigated its use associated with a bioactive annatto extract, a food-dye and potential meat preservative, as scaffolds for
cultivated meat. Here, the bioactive electrospun nanofibers were evaluated through morphological, mechanical and biological
characterizations. The results revealed that the scaffolds were porous with no specific alignment and average fiber diameter of
420±212 nm. Molecular analyzes revealed that in contrast to cellulose acetate scaffold, annatto-loaded cellulose acetate scaffold
favor a proliferative state of C2C12 mouse skeletal myoblasts. SEM microscopy images suggests that the nanofiber substrates can
sustain long-term culture of the cells, up to 28 days. These results suggest that the combination of cellulose acetate fibers loaded
with annatto extract may be an interesting economical alternative for support long-term muscle cells culture with potential
application as a scaffold for cultivated meat and muscle tissue engineering.
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Abstract

Synthetic polymers scaffolds often need to be coated with extracellular matrix (ECM) proteins to improve
cell adhesion. For cultivated meat applications, coating should be avoided since it is necessary to eliminate
expensive and animal-derived components. As cellulose acetate nanofibers is a low-cost cellulose-derived ma-
terial, that induces cell adhesion and proliferation, we investigated its use associated with a bioactive annatto
extract, a food-dye and potential meat preservative, as scaffolds for cultivated meat. Here, the bioactive elec-
trospun nanofibers were evaluated through morphological, mechanical and biological characterizations. The
results revealed that the scaffolds were porous with no specific alignment with an average fiber diameter of
420±212 nm. Molecular analyzes revealed that in contrast to cellulose acetate scaffold, annatto-loaded cellu-
lose acetate scaffold favor a proliferative state of C2C12 mouse skeletal myoblasts. SEM microscopy images
suggests that the nanofiber substrates can sustain long-term culture of the cells, up to 28 days. These results
suggest that the combination of cellulose acetate fibers loaded with annatto extract may be an interesting
economical alternative for support long-term muscle cells culture with potential application as a scaffold for
cultivated meat and muscle tissue engineering.

Keywords: cultivated meat, cellulose acetate, annatto, nanofiber, scaffold, muscle tissue engineering

1. Introduction

Cultivated meat is an emerging technology that aims to obtain meat products through animal muscle tissue
growth in a controlled environment, applying tissue engineering techniques [1]. The interest in cultivated meat
(also known as in vitro meat, clean meat, cultured meat, cell-based meat or lab-grown meat) is motivated
by several factors: potential increase in future demand for animal protein, concerns about the environmental
impact of current meat production methods and occupation of land to raise animals, greenhouse gas emissions
resulting from meat production and animal welfare, which has become an important issue for many consumers
[2,3].

Tissue engineering techniques are used to provide a suitable and complex environment for cells or tissue to
be grown on scaffolds, biomaterials capable of mimicking the extracellular matrix of the animals, which can
support the development and growth of complex skeletal muscle tissues [4,5]. One stage in meat cultivation
is controlled growth and maturation of myoblasts in scaffolds [6,7]. Scaffolds are a key component for cell
agriculture, serving as an integrated support network in which cells expand and differentiate in ways that
depend on anchorage [10]. A fundamental approach for cultivated meat is to extend the replicative capacity of
skeletal muscle precursor cells for expansion on an industrial scale [8,9]. In this sense, scaffolds for cultivated
meat must support proliferation and long-term stable culture of muscle cells under conditions that mimic
the animal’s body. Therefore, additional research is needed to improve the design of scaffolds appropriate
for myoblast cultivation in order to obtain muscle fibers.

Electrospun nanofiber scaffolds present an interesting alternative for muscle cells cultivation because they
can better simulate typical muscle fibrous architecture. The nanoscale structure mimics the extracellular
matrix morphology and induce great cellular attachment due to nanofiber high aspect ratio, scaffold poro-
sity and surface-to-volume ratio [11]. Previous studies have demonstrated the importance of the nanoscale
structure and its anisotropy in synthetic polymers for the development of 3D matrices [18,19]. Besides this,
the nanofibers contribute to rapid diffusion of oxygen and nutrients, as well as cell infiltration. In addition,
nanofiber scaffolds have the ability to induce cell alignment along the fibers that may induce muscle fiber
maturation [12]. Although various nanofiber scaffolds have been developed for biomedical applications, few
investigations have been done for applications in cultivated meat.

Cellulose-based biomaterials offer some important advantages over conventional synthetic materials and show
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great scientific promise [13]. Several studies have demonstrated that the hydrophilic hydroxyl moieties of the
cellulose and specialized cellulose binding domains provides sites that favor adhesion and proliferation [14,15].
Cellulose acetate (CA) is a modified natural polymer that has good solubility and can be easily controlled
morphologically [16,17]. CA nanofibers are very interesting in cultivated meat applications because, in ad-
dition to being a biocompatible material, their fabrication by the electrospinning process is relatively easy
[14]. Besides, contrary to scaffolds composed of plant-based materials, they do not need to be coated with
ECM proteins or chemical modification to improve cell adhesion [13, 27]. Santos et al. (2021) demonstrated
that it is possible to grow fibroblasts on cellulose acetate nanofibers without the need for coating [26]. Thus,
the application of cellulose acetate nanofibers in a cultured meat production process may be a more econo-
mical option compared to other synthetic polymers. Nevertheless, studies with cellulose acetate nanofibers
for applications in tissue engineering and cultured meat are still scarce.

Another important point in food production is preservation, which nowadays is focused on the use of natural
products [20]. Recently, essential oils extracted from plants have received a lot of attention due to their meat
protection properties. Antimicrobial properties of plant essential oils are derived from some main bioactive
components such as phenolic acids, terpenes, aldehydes, and flavonoids that are present in essential oils [21].
Various mechanisms such as changing the fatty acid profile and structure of cell membranes and increasing
the cell permeability as well as affecting membrane proteins and inhibition of functional properties of the
cell wall are effective in antimicrobial activity of essential oils. [22].

Annatto is the fruit of the annatto (Bixa orellanna L.) native to South America. Annatto seeds are considered
antibiotics of medicinal character, acting as an anti-inflammatory for bruises and wounds, also having use in
the cure of bronchitis and external burns. In addition, annatto has a long history of use in the food industry
as a natural dye [23,24,25]. Our research group, produced scaffolds from cellulose acetate nanofibers loaded
with annatto extract and demonstrated that the scaffold maintained the viability of mouse fibroblasts after
48 h of culture in addition to the cells attached, spread and colonized the nanofiber scaffold [26].

Here, we investigated morphological, mechanical and biological features of a bioactive nanofiber scaffolds
previously developed by our research group, to evaluate their potential for application in cultivated meat.
We found that cellulose acetate nanofibers loaded with annatto extract favored cell adhesion and improved
cell viability and long-term cell proliferation.

2. Materials and methods

2.1 Materials

Annatto extract (containing the main components bixin, norbixin, and carotenoids) was purchased from
Amazonia Forest Trading (Manaus, Brazil). Cellulose acetate (CA) in powder form, with Mn ~30,000 g/mol,
density of 1.3g/ml, and 40% degree of substitution was purchased from Sigma-Aldrich (São Paulo). The sol-
vent used to obtain annatto extract was ethanol, and for electrospinning acetone and N,N-dimethylformamide
(DMF), all from Labsynth (Diadema, Brazil). For biological assays, Dulbecco’s Modified Eagle medium
(DMEM), fetal bovine serum (FBS), penicillin-streptomycin-amphotericin B solution (anti-anti), and 3-(4,5-
dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) were all purchased from Gibco-Invitrogen (São
Paulo, Brazil).

2.2 Preparation of nanofibers

Cellulose acetate solution was prepared using 9 ml acetone, 3 ml dimethylformamide, 1.44 g cellulose acetate,
and 1% wt annatto extract, as previously described [26]. The solution was mixed with an IKA HS 7 magnetic
stirrer for 2 h at RT. When utilized, annatto extract was added after mixing all the other components to
mitigate degradation.

The cellulose acetate nanofibers (CA) and cellulose acetate nanofibers with annatto extract (CA@A) were
obtained by electrospinning, as previously described [26]. Briefly, the cellulose acetate and cellulose acetate
loaded with annatto extract were dissolved in acetone-dimethylformamide (3:1 v/v) to obtain 12 wt% (w/v)
solution. The polymer solution was fed into a 10 mL standard syringe attached to a 0.8 mm diameter steel
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. needle and spun on an NB-EN1 (NanoBond, China) electrospinning device with electric voltage of 16 kV, 14
cm working distance, collector rotation at 400 rpm, and solution gravity-fed at room temperature.

Physicochemical characterization

UV-vis spectroscopy of annatto extract was performed in a Perkin Elmer Lambda 1050 spectrometer (Wal-
tham, USA) with wavelength range of 250–800 nm and scanning speed of 267 nm/min. The annatto extract
used in this analysis was diluted in acetone 1:50 (v/v), and measured immediately after the extract was
prepared. Samples were evaluated by Fourier transform infrared spectroscopy (FTIR) using a Shimadzu
IRPrestige-21 device in the range between 4000 and 400 cm-1.

Morphology was evaluated with a Phenom XL (Phenom-World, Eindhoven, Netherlands) scanning electron
microscope (SEM) using medium vacuum (60 Pa) and auto focus on an accelerating voltage of 5 kV. Samples
were sputtered with gold for 20 minutes using a sputter coater (Cressington 108 model; Cressington Scientific
Instruments, Watford, England). Average fiber diameter and size distribution were obtained with ImageJ
software based on the SEM images. From three SEM images of each sample, 200 fibers were randomly
selected and their diameter measured manually using the Line tool.

Surface wettability of the nanofibers was measured using deionized water at room temperature with a
contact angle analyzer (KRÜSS model DSA-100; KRÜSS Scientific, Hamburg, Germany). Deionized water
was automatically dripped onto the samples and five contact angle measurements were averaged to obtain a
reliable value.

Thermogravimetric analysis (TGA) of the nanofibers was conducted with a TA Instruments Q50 device (TA
Instruments, New Castle, USA), heating the samples from room temperature to 900 °C at 20 ºC/min in N2
atmosphere.

2.4 Mechanical characterization

Nanoscale dynamic mechanical analysis (Nano-DMA) tests were performed at room temperature using a
Hysitron TI950 TriboIndenter device (Bruker Corporation, Billerica, USA) equipped with a Berkovich tip.
Samples were glued to an epoxy holder to ensure stability during measurement. A grid with 100 measurement
points (10 x 10) was created for oscillatory measurements to simultaneously obtain both the linear- and visco-
elastic responses of the sample. Specimens were loaded with a sinusoidal force-time-function and a maximum
load of 75μN oscillating at eight different frequencies (10, 31, 25, 115, 136, 157, 178, and 201 Hz). Loss (E”)
and storage modulus (E’) were calculated from the measured force-displacement hysteresis loops using the
software provided with the Bruker nanoindenter. The indents are approximately twice as small as the fiber
diameter; we assumed that if an indent reached a pore, it would measure the fiber directly below it.

2.5 Cell culture

Immortalized mouse myoblasts (C2C12) were seeded onto the nanofibers (CA and CA@A) and onto the
monolayer as a control. Before cell seeding, scaffolds were sterilized using gamma irradiation. The materials
were irradiated at room temperature with a standard dose of 10 kGy.60Co gamma-ray source was used.
Gamma irradiation sterilization was carried out at Gamma Irradiation Laboratory installed at the Nuclear
Technology Development Centre (CDTN), Belo Horizonte, Brazil. Both scaffolds were equilibrated using
200 μl of growth medium (GM) [GM: DMEM-high glucose (Gibco), supplemented with 10% bovine fetal
serum (Gibco) and 1% anti-anti (Gibco)] for 24 h before cell seeding. C2C12 cells were used in the 4th and
8th passages, in triplicate. Cells were seeded at a density of 8x104 cells/well in 24-well plates. After 2 h of
incubation at 37°C and 5% CO2, the volume of GM was completed to 500 μl/well.

2.6 MTT assay for cell viability

Cell viability was assessed using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) (In-
vitrogen), according to the manufacturer’s instructions.

C2C12 cells were seeded onto the scaffolds or as a monolayer at a density of 8x104 cells/well in a 24-well
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. plate in GM. After 2 and 7 days, GM was replaced with the MTT solution, and the samples were incubated
for 2 h at 37 °C and 5% CO2. Formazan crystals were then dissolved in 1 ml/well of isopropanol-acid (100
ml isopropanol:134 ul of hydrochloric acid). Next, the solution was then transferred to a 96-well plate in
triplicate and absorbances were measured at 595 nm using a microplate reader (ELX800 device; BioTek,
Winooski, USA).

2.7 Cell counting

Cells were seeded onto the scaffolds at a density of 8x104 cells/well in GM. After 24 h, supernatants were
carefully collected from the scaffolds and transferred to a new tube. The well was carefully washed with
PBS, which was also transferred to the same tube containing the supernatant. Tubes containing GM and
PBS from each individual well were centrifuged at 1000 rpm (approximately 184 g) for 5 minutes, and each
pellet was resuspended in 50 μl of fresh GM. Cells were counted using a Neubauer chamber.

Cell morphology and actin labeling

Morphology of the cells after growth in different substrates was analyzed by scanning electron microscopy
(SEM). First, the samples were fixed in 2.5% glutaraldehyde for 6–h. The samples were rinsed with distilled
water and gradually dehydrated in two increasing series of ethyl alcohol (35%, 50%, 70%, 85%, 95% and
100% for 15 minutes/bath). Samples were metalized with gold and visualized using a Quanta 200 FEG SEM
(FEI, Hillsboro, USA).

For actin labeling, the scaffolds or coverslips containing the cells were washed twice with PBS and then fixed
in 3.7% formaldehyde for 15 minutes at RT. The samples were then washed with PBS, permeabilized in 0.1%
Triton-X100 in PBS for 10 minutes at RT, washed again with PBS, and incubated with 0.2 μg/mL Alexa
Fluor 546 phalloidin (Thermo Fisher) in PBS for 30 minutes at RT. Next, the cells were washed with PBS
and cell nuclei were stained with DAPI (diluted to 1:1,000 in PBS) for 20 min at RT. Images were captured
in a Zeiss fluorescence microscope

2.9 RT-qPCR

Cells were seeded onto each scaffold or cultured as a monolayer (as described above) in triplicate and culti-
vated for 7 days in GM only, or for 7 days in GM followed by an additional 7 days in differentiation medium
(DM: high glucose DMEM supplemented with 2% horse serum [Gibco] and 1% anti-anti [Gibco]). Both GM
and DM were replaced with fresh medium every two days. All cells from the triplicate were then harvested
in 1 mL TriReagent (Sigma-Aldrich) and the total RNA was isolated according to the manufacturer’s in-
structions. Next, 1 μg of each total RNA sample was converted into cDNA, following the instructions in the
RevertAid H minus first strand cDNA synthesis kit (Thermo Fischer Scientific). RT-qPCR was performed
using a Corbett 3000 device (Qiagen, Helden, Germany), 0.4–0.8 μM of each primer, 1 μl (diluted 1:10) of
each cDNA, and 5 μl of iTaq Universal SYBR Green Supermix (Bio-Rad, Hercules, USA) in a final volume
of 10 μl. Reactions were performed as follows: 50 °C for 2 min, 95 °C for 2 min, followed by 45 cycles of 94
°C for 15 sec, 60–62 °C for 15 sec, and 72 ° for 20 sec. The dissociation step was performed at the end of the
amplification step to identify the specific melting temperature for each primer set.

GAPDH was used as a reference gene. Relative gene expression was determined using REST2009 soft-
ware (based on the model by Pfaffl et al., 2001) [28]. MyoD , MyoG and Myf5 were used as tar-
get genes with the following primers: for MyoD(GTGGCAGCGAGCACTACA and GACACAGCCG-
CACTCTTC), for MyoG(TGAGAGAGAAGGGGGAGGAG and CGGTATCATCAGCACAGGAG), and
for Myf5 (GCAAAGACCCGTGACTTCAC and GCATGTGGAAAAGTGATA). The relative gene expressi-
on for each gene was determined by comparing the levels of gene expression in cells cultivated onto scaffolds
and in cells cultivated in a monolayer. REST 2009 software [28] was used to determine statistical significance.

Statistical analysis

All quantitative data are presented as means ± standard derivations, and three repeated experiments were
given. Statistical analyses were performed using Student’s t-test or one-way analysis of variance followed by
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. Fisher’s post hoc least-significant difference test for multiple comparisons. Differences were deemed significant
at p<0.05.

3. Results and Discussion

3.1 Physicochemical and thermal characterization

In order to confirm previous results obtained from Santos et al. (2021) [26], results of UV-vis spectroscopy
analysis of annatto extract, CA nanofibers, and CA@A nanofibers are presented in Figure 1. The annatto
extract spectrum revealed a strong absorption band at 410, which can be attributed to bixin and norbixin
[29,30,31]; according to Calogero et al. (2015) [30], these two substances exhibit absorption bands above
400 nm due to an electronic-dipole transition oriented along the axis of the molecule. For carotenoids such
as bixin and norbixin, the p/p* transition is relevant; in this conjugated system, the p-electrons are highly
delocalized and the excited state is of comparatively low energy. As a result, relatively little energy is
required to cause the transition, which corresponds to absorption in the visible region and can be attributed
to the peak obtained in the spectrum. No peaks attributed to other annatto compounds were observed.
This result agrees with previous work demonstrating that annatto seed extraction with low polarity solvents
produces highly concentrated extracts mainly comprised of cis-bixin (70–80%) along with lesser quantities of
other carotenoids as trans-bixin, cis-norbixin, and trans-norbixin [30,31,32,33,34,35,36]. The UV spectrum
of CA@A nanofiber samples revealed a low-intensity absorption band centered at 410 nm, confirming the
presence of annatto extract.

Figure 1. UV-vis spectra of annatto extract, cellulose acetate nanofibers (CA), and cellulose acetate
nanofibers with annatto extract (CA@A).
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.

Figure 2 . Water contact angles of cellulose acetate nanofiber (CA) (a) and cellulose acetate nanofiber
impregnated with annatto extract (CA@A) (b).

As Figure 2 shows, both nanofiber types were hydrophilic, with contact angles below 90°. The contact angle
for the CA nanofiber was approximately 77±3°, while adding annatto to the CA decreased the contact angle
to 50±3. This effect can be attributed to the hydrophilic nature of annatto molecules such as norbixin. A
more hydrophilic nanofiber surface is ideal for supporting cell attachment. According to Menzies et al. [37],
the hydrophilicity of a material directly corresponds to its capacity for cell adhesion. Improved wettability
(evidenced by low contact angle values in water tests) results in improved biocompatibility for the analyzed
material.
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. 3.2 Nanofiber morphology

Figures 3 and 4 present SEM micrographs and diameter frequency distribution (%) for CA and CA@A nano-
fiber scaffolds, respectively. Under SEM, both the pure and annatto-containing cellulose acetate nanofibers
present smooth and relatively homogenous porous mats and exhibit porous interconnectivity, which is ideal
for cell migration and scaffold colonization. Average fiber diameter was 284±130 nm for CA and 420±212
nm for CA@A.

Figure 3. Scanning electron microscopy (SEM) images of cellulose acetate (CA) nanofibers at different
magnifications (A, B, C) and diameter distribution of CA nanofibers (D).
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.

Figure 4. SEM images of cellulose acetate annatto (CA@A) nanofibers at different magnifications (A, B,
C) and diameter distribution of CA@A nanofibers (D).

3.3 Thermal analysis of nanofibers

Figure 5 shows the TGA analysis for the CA and for the CA@A nanofibers.
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.

Figure 5. TGA and DTA curves for the cellulose acetate sample (CA) (A) and for the sample of cellulose
acetate nanofibers with annatto extract (CA@A) (B).

For the neat sample, an initial weight loss (3.8%) was seen before reaching 100 °C; this could be the result
of an endothermic water loss process [38] in which water is physically adsorbed between the CA molecular
backbones. This initial weight loss is also ascribed to the remains of solvents between the nanofibers [39]. For
the CA@A sample a higher weight loss (5.3%) before 100 °C was observed. The presence of annatto most
likely increased the amount of water between the polymer molecules (hydrophilicity). A second weight loss
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. was observed between 245 ºC and 373 ºC for CA and between 237 ºC and 383 ºC for the CA@A samples. This
second weight loss is attributed to thermal degradation of CA [26], deacetylation and pyrolytic decomposition
of the polymer backbones (between 240 and 380 °C) [40]. The TGA results consequently suggest that CA
was thermally stable during the preparation of the solution (25 °C) and electrospinning (25 °C), even when
the annatto was present at 1% wt. Figure 5 (C) shows the weight loss curves for both the CA and CA@A
samples; up to 275 ºC a slight increase in thermal stability can be perceived for CA@A. The presence of
annatto extract molecules may hamper the reactions involved in thermal degradation of CA. At 368 ºC
a crossover occurred, with inverted behavior above this temperature and the CA@A sample exhibiting a
lower weight loss rate than the samples of neat CA. This phenomenon can be associated with the thermal
degradation of bixin and norbixin molecules, which is reported to occur at 280–380 °C [41]. Another thermal
event was observed around 533 °C for the CA sample and 566 °C for the CA@A sample, and can be attributed
to carbonization of the remaining polymer [26]. The residual content at 900 ºC was around 2.2% for the CA
sample and 3.9% for CA@A.

3.4 Mechanical tests

Nano-DMA tests were performed to evaluate the influence of annatto on the viscoelastic behavior of the
CA nanofibers. Figures 6 (A) and (B) show the storage moduli (E’) and loss moduli (E”), respectively.
E’ provides information about the energy stored elastically, while E” represents the viscous portion or the
amount of energy dissipated in the sample.
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Figure 6. (A) E’([?]) and (B) E”([?]) curves for cellulose acetate (CA) and cellulose acetate nanofibers
with annatto extract (CA@A) samples.

Adding annatto to CA causes reductions in both E’([?]) and E”([?]) throughout the broadband frequency
range. When frequency tends to zero, E’ is known to tend to E (the static modulus). For example, at 10
Hz E’([?]) was 0.32277 GPa for the CA sample and 0.21148 GPa for the CA@A sample; in other words,
adding annatto extract to CA reduced the storage modulus by 34.48%. The loss modulus at 10 Hz E”([?])
was 0.00952 GPa for the CA sample and 0.00826 GPa for the CA@A sample, a reduction of 13.26%. This
effect is usually seen when plasticizers are added to a polymer mass [42]. This suggests that annatto acted
similar to a plasticizer, reducing interactions between the molecules and this leading to fewer entanglements
and increased molecular motion, in turn generating greater deformation and a lower modulus.

3.5 Cell viability

C2C12 cell attachment in CA and CA@A scaffolds was assessed by counting cells after 24 hours of cell
culture in GM (Figure 7A).
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Fig 7A. C2C12 cell attachment to cellulose acetate (CA) and cellulose acetate nanofibers with annatto
extract (CA@A) determined by cell counting after 24 h.

The results showed that fewer than 1,500 cells/well were unable to adhere to any substrate. The rates
of adherent cells were approximately 97.5% and 98% for cells cultivated onto CA and CA@A scaffolds,
respectively. No statistically significant difference was found between the cell number in the CA and CA@A
nanofiber scaffolds, suggesting that both scaffolds permit significant cellular attachment.

The MTT assay was used to evaluate the viability and proliferation of C2C12 cells on CA and CA@A
nanofibers.

Figure 7B. MTT assay of C2C12 myoblast cells incubated onto well plate (control) and cellulose acetate
(CA) and cellulose acetate nanofibers with annatto extract (CA@A) over 2 days and 7 days. ***p<0.05
(Student’s t-test)

Cells grown in a monolayer (control) were maintained under the same conditions and used for comparison.
The MTT results (Figure 7B) obtained after 2 days of cell culture found lower cell viability in the scaffolds,
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. indicating that the monolayer control was more suitable than nanofiber scaffolds for cell attachment and
proliferation during the initial days of culture.

After 7 days of culture, however, the cells in the monolayer reached growth arrest, while the viability rate for
the cells cultivated onto the scaffolds increased. Growth arrest in the control may be regulated by cell-cell
contact or contact inhibition [43]. This was not observed in cells cultivated onto nanofibers due to their large
surface area, indicating that scaffolds are beneficial for longer-duration cell culture.

The viability of cells cultivated onto the CA@A nanofiber was also found to be higher than for those
cultivated onto the CA nanofiber. Previous authors have shown annatto extract to be rich in antioxidant
components that can improve cellular proliferation [44]. Furthermore, considering the more hydrophilic
nature of cellulose acetate nanofiber with annatto (as demonstrated by the contact angle), this surface can
also facilitate interactions between cells and matrices, leading to improved attachment and proliferation of
C2C12 myoblasts [37]. These results suggest that CA@A nanofibers induce myoblast proliferation, which is
essential for scaffolds utilized in cultivated meat expansion.

3.6 Cell morphology

The morphology of C2C12 cells in CA and CA@A nanofibers was analyzed via SEM after 2 and 7 days of
cell culture.

Figure 8. SEM images at different magnifications of C2C12 cells cultivated onto cellulose acetate nanofiber
(A, B, C) and cellulose acetate nanofiber with annatto extract (D, E, F) after two days. Scale bars indicate
(A,D) 200 μm; (B, E) 50 μm; (C, F) 5 μm.

Figure 8 shows the morphology of C2C12 cells in nanofibers after 2 days of cell culture. The myoblasts can
be seen in groups in both CA and CA@A nanofibers; more cell groups can be seen in the CA@A nanofiber
(Figure 8 D). The magnified image reveals these interactions between neighboring cells, probably establishing
the first cell-cell contacts (Figure 8 B, E). The cells were also well linked to the nanofibers (Figure 8 C, F)
and had spindle-shaped morphology, similar to mononucleated myoblasts [45].
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Figure 9A. SEM images at different magnifications of C2C12 cells cultivated onto cellulose acetate nanofiber
(A, B, C) and cellulose acetate nanofiber with annatto extract (D, E, F) after seven days. Scale bars indicate
(A) 200 μm; (D) 300 μm; (B, E) 50 μm; (C, F) 5 μm.

Figure 9B. SEM images showing cell infiltration of C2C12 cells cultivated onto cellulose acetate nanofiber
(A) and cellulose acetate nanofiber with annatto extract (B) after seven days. Scale bars indicate 20 μm.

Cell density increased exponentially after 7 days of culture to cover the surface of the nanofibers (Figure
9A). This corroborates the findings of the MTT test, in which viability for cells cultured onto the scaffolds
was higher after 7 days of culture due to cell proliferation (Figure 7B). Almost all the cells stretched along
the nanofibers and exhibited elongated morphology on the CA and CA@A nanofibers. According to Gurdon
et al. (1996) [46], the community effect is a phenomenon involved in myogenesis in which muscle precursor
cells must contact a sufficient number of like neighbors in order to undergo coordinated differentiation within
developing tissue. Our findings indicate that cell-cell communication may play an important role in myogenic
differentiation. Myoblasts covered by nanofibers were also present, suggesting cell migration through the
pores of the scaffold (Figure 9B) and indicating that the porous nature of nanofiber scaffolds is ideal for
myoblasts to infiltrate and may allow vascularization as well as multiple layers of skeletal muscle cells to
form, both crucial processes for establishing a tissue-like construct [46].

3.7 Fluorescence microscopy of filamentous actin in C2C12 cells
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. The morphology of C2C12 cells cultivated on CA and CA@A scaffolds was also assessed using fluorescence
images from staining F-actin, a component of the cell cytoskeleton (Figure 10).

Figure 10. F-actin fluorescence staining in C2C12 cells cultivated for 7 days on cellulose acetate (A) and
cellulose acetate nanofiber with annatto extract (B). Cell nuclei and F-actin were stained with DAPI (blue)
and phalloidin (orange), respectively. Scale bar: 500 μm.

To do so, cells were cultivated on the nanofibers for 7 days, since the actin cytoskeleton in this system is more
easily resolved in higher density samples. C2C12 myoblasts can be found in a wide range of morphologies
in vitro and progressively change shape during the fusion/differentiation process to become elongated and
fusiform [47]. We found that the cells cultivated onto the CA nanofibers were aligned and elongated (Figure
10A), suggesting that they were beginning the differentiation process. The cells cultivated onto the CA@A
nanofibers were thinner and elongated (Figure 10B), with random orientation of the actin cytoskeleton. This
indicates that the shape of the cells growing in the CA nanofiber may be related to greater capacity for cell
differentiation in this matrix, whereas myoblasts in the CA@A nanofibers may have a greater chance of
proliferating before the differentiation process begins.

3.8 RT-qPCR

Expression levels of myogenic genes in C2C12 cells cultivated onto CA and CA@A scaffolds were determined
using RT-qPCR to assess the progress of these cells during myogenic differentiation. C2C12 cells were
cultivated onto both scaffolds in only GM, and MyoD , Myf5,and MyoG expression levels were evaluated
after 7 and 14 days of culture.

We found upregulation of the expressions of MyoD(˜4 fold change) and MyoG (˜1.8 fold change) in the
C2C12 cells cultivated onto CA scaffolds after 14 days compared to 7 days in culture; for Myf5 in the same
comparison, no effects were seen (Figure 11A). An entirely different gene expression pattern was seen when
cells were cultivated onto CA@A scaffolds (Figure 11B): MyoD (˜0.03 fold change) and Myf5 (˜0.100 fold
change) were downregulated, while MyoG expression was upregulated after 14 days compared to 7 days in
culture (Figure 11B). According to Chal et al. (2017) [48],MyoD , Myf5, and MyoG are directly linked to
the cell differentiation stage in myogenesis, when cells assume a more elongated shape. MyoD and Myf5
should be expressed first, since they are more related to the proliferation stage of these cells, while MyoG
is related to the cell fusion stage and is necessary to form multinucleated myotubes [48]. Together, these
results suggest that the CA scaffold favors cell proliferation and initiation of the first stages of skeletal muscle
cell differentiation, while CA@A blocks the expression of the determination factors (MyoD andMyf5 ) and
favors the terminal stages of cell differentiation.
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Figure 11. Relative expression levels of MyoD ,Myf5, and MyoG in C2C12 cells cultivated in neat GM
onto cellulose acetate nanofiber (A) and cellulose acetate nanofiber with annatto extract (B) after 14 days,
compared to expression levels at 7 days.

17



P
os

te
d

on
A

u
th

or
ea

16
A

u
g

20
22

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
66

06
29

79
.9

88
59

18
4/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Figure 12. Relative expression levels of MyoD ,Myf5, and MyoG in C2C12 cells cultured in GM for 7 days
and in DM for an additional 7 days onto cellulose acetate nanofibers (A) and cellulose acetate nanofibers
with annatto extract (B).

Minor differences in expression were observed when cells were cultivated onto CA and CA@A nanofibers for
7 days in GM, followed by 7 days in DM (Figure 12). Under these conditions, while the CA scaffold induced
upregulation of expression of all the tested transcripts includingMyf5 (Figure 12A), CA@A’s positive effect
on MyoGexpression was no longer visible but its negative effect on expression of the determination factors
(MyoD and Myf5 ) remained (Figure 12B).

Therefore, these results corroborate the hypothesis that the CA scaffold with annatto in impairs the differ-
entiation process, indicating that annatto extract does not synergize with the cell differentiation phenotype
for C2C12 cells. However, the MTT assay results suggesting that annatto can improve C2C12 cell viabil-
ity/proliferation indicate that this natural additive is useful when progenitor proliferation is required (for
example, when establishing a construct for cultured meat production). A plausible hypothesis for the nega-
tive effect of annatto on myogenesis is that it can pair synergistically with other cell types, which is confirmed
by research by Capella et al. (2016) [50], who found that annatto extract assisted in the process of healing
open wounds when connective tissue was analyzed.

3.9 Long-term culture

Because of their large surface area relative to volume, nanofibrous substrates might offer more binding sites
for initial cell attachment, in addition to longer periods of cell culture. However, few studies have investigated
long-term maintenance of C2C12 cells cultivated onto scaffolds. In order to observe how C2C12 cells colonize
both types of scaffolds, C2C12 was seeded onto the nanofibers and cultivated for 14, 21, and 28 days in GM
for subsequent SEM analysis (Figure 13).
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Figure 13. Scanning electron microscope images of C2C12 cells on cellulose acetate (CA) nanofibers (A,
C, E) after 14, 21, and 28 days of cell culture, respectively, and cellulose acetate nanofibers with annatto
extract (CA@A) (B, D, F) after 14, 21, and 28 days of cell culture, respectively. Scale bars indicate 50 μm.

After 14 days of culture, cells completely covered the CA@A scaffold, while few cells were visible in the CA
matrix (Figure 13). By 21 days, the CA scaffold was also entirely covered with cells. Figure 13 suggests that
both the CA and CA@A nanofiber substrates can sustain long-term culture of C2C12 cells, up to 28 days.
According to Choi et al. [49] and Post et al. [2], production of muscle cells in meat cultivation requires
numerous muscle precursor cells, and consequently in vitro expansion of cells is a critical step for such
applications. This present study suggests that annatto extract is useful in promoting rapid proliferation and
coverage during the initial days of culture, providing sufficient quantities of muscle cells and thus permitting
large-scale application for meat production. In addition, as already mentioned, annatto extract can be an
important factor for the long-term preservation of the culture, avoiding unwanted contamination during the
process. Future studies can be carried out to confirm the protective action of annatto extract as a meat
preserver.

4. Conclusion

Electrospinning cellulose acetate and cellulose acetate with annatto extract yielded nanofibers with porous
structures and no specific alignment. Annatto extract provided a significant increase in the wetness of the
nanofiber, boosting biocompatibility, but did not significantly affect the chemical or thermal stability of the
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. nanofibers. Mechanical analysis suggested that the annatto extract acts as a plasticizer between the polymer
molecules.

In vitro testing confirmed that the porous nature of electrospun nanofibers permits cell migration and
potential formation of multiple layers of muscle-like tissue, an essential property for meat cultivation. The
nanofibers loaded with annatto extract were seen to induce myoblast proliferation in the MTT assay while
delaying the onset of differentiation during myogenesis. Molecular analysis confirmed that CA nanofiber
with annatto extract impaired the differentiation process, indicating that annatto extract does not synergize
with the cell differentiation phenotype for C2C12 cells. In broad terms, these results suggest that cellulose
acetate nanofiber loaded with annatto extract have potential for applications as a scaffold in the cultivated
meat industry.
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