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ARTICLE INFO ABSTRACT
Keywords: Cellulose nanofibrils from the banana rachis are a good alternative as packaging materials, food
Cellulose nanofibers packaging, stabilizing agents, and functional food ingredients. To address the potential effects of

Banana rachis
Cytotoxicity
Genotoxicity
In vivo toxicity

ingested banana rachis cellulose nanofibrils (BR-CNFs), their toxicity in vitro and in vivo was
evaluated using Caco-2 intestinal cells and mice, respectively. The results showed that BR-CNFs
did not cause cytotoxic effects at the concentrations evaluated on Caco-2 cells. In addition to
cytotoxicity tests, genotoxicity assays using comet assay indicated that Caco-2 cells showed no
DNA damage at the concentrations of CNFs tested. Finally, acute in vivo cytotoxicity assays
indicated that mice showed no sign of pathogenesis or lesions in the liver, kidney, or small in-
testine when treated with a single dose of BR-CNFs. Moreover, when the mice were treated daily
for a month with BR-CNFs no hyperplasia or hypertrophy was observed in any of the organs
evaluated. Additionally, biochemical parameters such as blood chemistry, creatinine, liver en-
zymes, and renal function showed that the BR-CNFs do not cause organ damage. Overall, this
study shows that BR-CNFs are neither cytotoxic nor genotoxic. In conclusion, these studies are
essential to guarantee the safety of this high value-added product in the food industry.

1. Introduction

The global environmental crisis has stimulated the design and development of new biodegradable products. Cellulose nanofibers
(CNFs) are nanomaterials obtained from waste wood products, plant fibers, or by-products of agribusiness that are often added to food
products to improve quality, appearance, safety, nutrition or to facilitate production processes [1-3]. In recent years, the extensive use
of CNFs has increased human exposure to these new products. CNFs are obtained from these raw materials through chemical and
mechanical treatments, which aim to remove as many non-cellulosic components as possible to obtain a sample with a homogeneous
size distribution, good optical properties, biodegradability, and biocompatibility [4,5].

CNFs are considered an emerging raw material in the agri-food area because they have unique properties to improve different
aspects related to food quality and appearance [6]. They have demonstrated a high potential as food packaging materials, as stabilizing
agents, and as functional food ingredients [7]. Despite the multiple benefits of CNFs, they are not yet recognized by the U.S. Food and
Drug Administration (FDA), in part because the source from which they are derived affects their composition, size distribution, and, in
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turn, their toxicity characteristics, and their interaction with the digestive system [8]. CNFs from wood have been extensively
investigated, and findings suggest that their ingestion has little direct acute toxicity. However, some studies indicate that various
ingested materials and nanomaterials obtained from other plant products alter aspects of intestinal function not normally evaluated in
standard toxicity tests, which could have significant health implications [9,10].

Previous research showed indications of the benefit of consuming CNFs from wood. For example, simulated digestion studies
revealed reduced triglyceride hydrolysis during the small intestinal phase. In vitro tests using a model of the small intestinal epithelium
showed significantly reduced absorption and translocation of triglycerides and free fatty acids from digested foods [11]. Finally, in
single tube feeding experiments with male Wistar Han mice, the postprandial increase in serum triglycerides was reduced by 36 % in
the presence of 1 % (w/w) CNF [11]. However, the CNFs’ consumption of other plant products has yet to be discovered.

It is well known that the source of CNFs can affect the toxicity of various tissues, so any new product must be rigorously evaluated
for its composition, shape, homogeneity, and toxic properties [12]. Therefore, any unused product must be rigorously assessed
regarding its design, form, uniformity, and toxic properties. Colombia is one of the largest banana-producing countries in the world.
The production of waste from the commercialization of this product is a local problem that merits the development of new alternatives
for the environmental management of these wastes. Using agroindustrial by-products to produce CNFs is crucial to generate
employment and reduce waste. Banana rachis has been previously used to obtain CNFs [13]. However, to date, no known research is
dedicated to studying the toxicity or interaction of CNFs from agroindustrial by-products with the digestive system.

Because of the above factors and considering that so far, no in vivo toxicological evaluation has been performed on CNF derived
from Colombian agroindustrial by-products and the importance of the source in the characteristics of the CNF, this study evaluated the
in vitro and in vivo cytotoxicity of this type of nanofibers obtained from the banana rachis, as well as the genotoxicity of the nanofibers
obtained. These studies are essential to guarantee the safety of this product and to develop the integral exploitation of Colombian
agroindustrial by-products as raw materials with high added value in the food industry.

2. Materials and methods
2.1. Chemicals and reagents

All the reagents used in this study were purchased from Sigma-Aldrich, Merck KGaA, Darmstadt, Germany. The Exilva micro-
fibrillated cellulose was purchased from Borregaard, Norway, and the fetal bovine serum was obtained from Microgen, Bogota,
Colombia. The LDH-cytotoxicity Assay Kit was obtained from Abcam.

2.2. Isolation of cellulose nanofibrils

Cellulose nanofibrils from the banana rachis (BR-CNFs), and Exilva, Borregaard’s CNFs (Commercial-CNFs) were used in this
research. The BR-CNFs were isolated following a chemical-mechanical process as described by Zuluaga et al. (2009) and Velasquez-
Cock et al., [2,4]. Briefly, the ground banana rachis was subjected to an alkaline treatment with KOH 5 wt % for 14 h at room tem-
perature, followed by a delignification with NaClO3 at pH 4 for 1 h at 70 °C. The insoluble matter was filtered and washed until neutral
pH before passing it through a second alkaline treatment for 14 h with KOH 5 wt % at room temperature, followed by a demineral-
ization treatment with HCl 1 wt % at 80 °C for 2 h. The remaining sample was filtered and washed to a neutral pH. Finally, chemically
purified cellulose fibers were passed 30 times through grinding equipment (Supermasscolloider, Masuko Sangyo) [14] and sterilized in
an autoclave at 121 °C for 15 min.

Subsequently, commercial and banana rachis CNFs were transferred to a phosphate buffered saline (PBS) following a dialysis
process [14]. Briefly, 250 mL of each CNFs at two wt % were introduced in a dialysis membrane of 6-8 kDa, and the membrane was
subsequently sealed and submerged in a PBS solution until CNFs changed the conductivity from 30.8 mS/m to 13.34 mS/m. Subse-
quently, stock suspensions of the CNFs 1 wt % in PBS were prepared for in vivo and in vitro tests and finally sterilized in a LabTech brand
autoclave for 20 min at 121 °C.

2.3. Invitro cytotoxicity

In vitro cytotoxicity assays were performed on human epithelial colorectal adenocarcinoma cells Caco-2 (ATCC, American Type
Culture Collection - Rockville, MD, USA) exposed to the nanocelluloses suspensions at a concentration range of 0.025 %-0.75 % wt, for
24 and 48 h. For this, cells were maintained at 37 °C and 5 % CO in T-25 flasks (Falcon) containing Dulbecco’s Modified Eagle Medium
(DMEM, Invitrogen, cat 12800017) at pH 7.4, supplemented with 10 % (v/v) fetal bovine serum (FBS, LABG&M, Microgen, Bogota,
Colombia) and penicillin-streptomycin at a concentration of 1000 U/mL each. Cytotoxicity of CNFs was evaluated by three methods:
erythrosin vital dye, Alamar blue, and LDH enzyme activity.

2.3.1. Erythrosin assay

For the first assay, 3 x 10° Caco-2 cells were exposed at 0.75 % wt concentration of BR-CNFs and Commercial-CNFs. Subsequently
the cell culture was exposed to 0.05X erythrosin vital dye to determine the viability. All assays were performed in three independent
biological replicates, each with three technical replicates. Subsequently, cells were counted in Neubauer chambers, and viability was
quantified as the number of living cells (colorless) over the number of total cells (colorless + red cell) per hundred. Both, culture
medium and PBS were used as negative controls, and cells exposed to HyO5 served as the positive control.
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2.3.2. Alamar blue test

In the second case, 5 x 10? cells were seeded in 96-well microplates and incubated for 24 h as described above. Subsequently, the
medium was removed, and the cells were exposed to the BR-CNFs or commercial-CNFs for 2, 4, and 24 h at 0.025 %, 0.05 %, 0.1 %,
0.25 %, and 0.5 % wt concentrations to evaluate if the ingestion of CNFs produced damage in the intestinal cells during the digestive
process [15]. Viability was determined using Alamar blue dye, which indirectly quantifies the activity of cellular reductase enzymes as
a marker of cytotoxicity. After the corresponding time, the medium was removed, and 200 pl of medium without FBS and 20 pl 0.125
mg/ml Alamar blue (Sigma) were added to each well and incubated for 24 h. The resultant color change in the presence of living cells
(from blue to pink) was quantified on a plate reader at 570 and 600 nm wavelengths, following protocols previously standardized in
the laboratory. Cells exposed to culture medium or PBS were used as negative controls, and cells exposed to 10 pM hydrogen peroxide
(H205) and 0.1 % Triton X-100 were used as a positive control.

The experiments were conducted thrice in triplicate wells for each NFC sample and dose. The data were processed in Excel, and the
reader measurements were converted into ‘% inhibition’ using the equation below and reorganized for GraphPad Prism:

sample absorbance — medium absorbance

% Inhibition =1 — - -
negative control (no treatment)absorbance — medium absorbance

2.3.3. LDH activity

Finally, 5 x 10* cells exposed and unexposed to the CNF concentrations mentioned above in section 2.2.2 were analyzed for LDH
enzyme release. For this, the commercial LDH-cytotoxicity Assay Kit was used, which quantifies formazan formation from lactate
oxidation to pyruvate. Quantification was performed spectrophotometrically at 500 nm after 48 h post-treatment, following the
recommendations of the commercial company. The results were expressed as the percentage of cytotoxicity (LDH in culture medium/
[LDH in culture medium + LDH of lysed cells] x 100), following previously published recommendations [16].

2.4. In vitro genotoxicity evaluation

To evaluate the possible damage of nanocelluloses on the DNA of Caco-2 cells, cells were grown as explained above and exposed to
different concentrations of CNFs. The cells were embedded in low melting point agarose and placed on Gelbond sheets. Samples were
placed in the presence of lysis solution (0.23 M NaCl, nine mM EDTA, 0.9 mM Tris base; 1 % Triton X-100, 10 % DMSO, pH 10) and
separated by electrophoresis at 25 V for 30 min. Cells were exposed to U.V. light as a positive control for genetic damage and to PBS
and culture medium as negative controls. The slides were stained with ethidium bromide 0.02 mg/mL for 10 s, washed with distilled
water, and dried for subsequent photographic recording. The reading was performed under a fluorescence microscope and analyzed
using the image analyzer program IMAGE J plugin OpenComet [17]. For each cell, the Olive moment was evaluated, which refers to
the tail length multiplied by the fraction of DNA in the observed comet tail. For each of the concentrations, at least 350 cells were
evaluated.

2.5. In vivo cytotoxicity

2.5.1. Acute in vivo cytotoxicity assays

Female BALB/c mice (6-7-week-old) were housed in the animal facilities of the SIU research building at the University of Antioquia.
The animals were maintained in cages and supplied with nutritionally adequate food (Laboratory Autoclavable Rodent Diet 5010,
Labdiet, California, USA) and water ad libitum. Sterilized pine chips were utilized for bedding and changed weekly. During this trial,
animals were divided into three groups of three mice each, following the recommendations of the ethics committee of the University of
Antioquia. The first group was exposed to a single dose (0.1 % wt) of BR-CNFs, the second group to commercial-CNFs (0.1 % wt), and
the third group of mice exposed to water to replace the CNFs, used as negative controls. Either CNFs or sterile water was delivered to
the stomach via the esophagus by a single oropharyngeal aspiration using a 25G gavage needle and following previously reported
procedures [18]. The mice were observed for adverse reactions immediately after treatment, 4, 24, 48, 72 h, and eight days
post-treatment. All mice had their weight recorded during the 8-day follow-up. At the end of the treatment, pathogenicity tests for
liver, kidney, and skeletal muscle were performed in mice from each group. The Pathology laboratory performed the pathogenicity
tests at the University of Antioquia, Colombia.

2.5.2. Repeated dose in vivo cytotoxicity assays

Each experimental group consisted of 10 mice for this part of the study. The first group was exposed to BR-CNFs, the second was
exposed to Commercial-CNFs, and the third was treated with water alone as a negative control. The mice were exposed daily for 30
days at 0.1 % wt concentration of each compound, using the same procedure mentioned above. Every day, the mice were observed for
weight and behavior, and at the end of the treatment, pathogenicity tests for liver, kidney, and skeletal muscle were performed in some
mice from each group. Additionally, biochemical parameters such as blood chemistry, creatinine, liver enzymes, and renal function
were analyzed in these mice.

2.6. Statistical analysis

Statistical comparisons between treated and control cells were performed by one-way analysis of variance (ANOVA), followed by a
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Tukey’s multiple comparison test at a 5 % significance level (p < 0.05) after verifying the normality of the data. Analyses were
performed using GraphPad PRISM 8, version 8.2.1 (GraphPad Software, San Diego, CA, USA).

2.7. Ethics statement

All animals were handled in strict accordance with good animal practice as defined by the Colombian code of practice for the care
and use of animals for scientific purposes, established by the Law 84 of 1989. Ethical approval (Act No. 135 of 2020) for analyzing
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Fig. 1. Evaluation of CNFs in vitro cytotoxicity on Caco-2 intestinal cells. A. Vital dye erythrosin. B: Alamar blue. C: LDH enzyme activity. ANOVA
followed by a Tukey’s multiple comparison test was used to determine statistical differences between the treatments. *p < 0.05, ****p < 0.0001.
The color of the asterisk corresponds to each treatment and indicates statistical differences with treatments where the asterisk is located.
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animal specimens was obtained from the Animal Ethics Committee of the University of Antioquia.
3. Results and discussion
3.1. Invitro cytotoxicity evaluation

Cellulose nanofibers obtained from banana rachis (BR-CNFs) have considerable potential as a food source and packaging in the field
of cosmetology, among many other applications. In this sense, the toxicity study of new materials designed for human consumption
should be mandatory for assessing biosafety and biocompatibility before commercialization. In the current research, the cytotoxicity of
BR-CNFs was evaluated by three different methodologies. In general, the multifactorial analysis of variance showed that neither the
type of cellulose nor the exposure time have a statistically significant effect on cell viability (P-values >0.0) (Fig. 1). The multiple-
range test indicates no statistically significant differences in cell viability between 0.025, 0.05, and 0.100 % wt concentrations.
However, there is a statistically significant difference between the 0.25 and 0.5 % wt concentrations at 2 and 4 h. The results with
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Fig. 2. In vitro genotoxicity evaluation of BR-CNF at 0.75 % wt on Caco-2 intestinal cells. A. Representative photos for each treatment which were
used to calculate the DNA damage. The table shows the number of cells that were quantified for each replicate and treatment. B: Olive moment.
ANOVA followed by Tukey’s multiple comparison tests was used to determine statistical differences between the treatments and the positive
controls (****p < 0.0001). The color of the circle corresponds to each treatment.
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Alamar blue indicated that BR-CNF was not cytotoxic at any of the concentrations and exposure times evaluated (Fig. 1B). Cell viability
in the presence of erythrosine confirmed the results obtained by the Alamar blue assay, indicating that BR-CNFs and Commercial-CNFs
did not affect cell viability (Fig. 1A). Likewise, LDH release assays showed little cytotoxicity at concentrations below 0.5 % of BR-CNFs
and 0.25 % for commercial ones (Fig. 1C).

Overall, the cytotoxicity results showed that CNFs obtained from banana rachis did not cause any cytotoxic effects at the con-
centrations evaluated on Caco-2 cells. Some previous work carried out with these same cells and banana peels as a source of CNFs have
demonstrated similar results, indicating that only concentrations above 1000 pg/mL can have a toxic effect [12]. It is important to note
that such high concentrations do not apply to biodegradable films. In our study, the maximum concentration evaluated was 0.75 % wt,
well below the toxic concentrations previously found [19]. However, our results differ from those reported by Pereira et al., 2013, who
found that CNFs at concentrations above 0.5 % wt produce plasma membrane damage, generate reactive oxygen species, and damage
DNA [12]. Furthermore, Pereira et al. found that CNFs obtained from cotton were toxic in fibroblasts cultured in vitro at 0.2 % wt. Even
at concentrations above 1 % wt, CNFs produce damage at the plasma membrane level and lead to cell death [12]. Additionally, Kisin
et al. showed that short exposure of human epithelial cells to wood-derived nanocellulose induced DNA damage and increased ROS
production [20]. On the other hand, Ventura et al. found an increase in the frequency of micronuclei in A549 cells and THP-1 mac-
rophages when exposed to cellulose nanofibers obtained from Eucalyptus globulus [21].

3.2. Genotoxicity evaluation

In addition to cytotoxicity tests, genotoxicity assays are also prioritized when evaluating new products because it is necessary to
complement the cytotoxicity studies. In the present study, human intestinal cells were also selected to evaluate the possible genotoxic
effects of the BR-CNFs. Caco-2 cells have been previously used as a model to evaluate the toxicity of CNFs [22]. We used the comet
assay to determine the genotoxic effect of the CNFs at the maximum concentration used in this study (0.75 % wt). The number of cells
analyzed for each treatment (PBS, culture medium, BR-CNF, Commercial-CNF, and UV) is shown in the table inserted in Fig. 2. The
olive moment indicated that only cells exposed to UV showed DNA damage. Cells treated with CNFs behaved similarly to cells exposed
to PBS and culture medium (Fig. 2). In summary, Caco-2 cells showed no DNA damage at the concentrations of CNFs tested.

3.3. In vivo cytotoxicity evaluation

The acute in vivo cytotoxicity assays indicated that mice showed no sign of pathogenicity or lesions in the liver, kidney, or small
intestine when treated with a single dose of BR-CNFs obtained from the banana rachis. However, for commercial nanocellulose, mild
injury in the small intestine was observed (Table 1).

3.4. In vivo cytotoxicity at repeated doses

When the mice were treated daily for one month with CNFs, the results showed a small lesion at the level of the three organs.
However, it is essential to highlight that the lesions do not correspond to the treatment with nanocellulose because the control mice
treated with water presented the same type of lesions (Table 2). We observed no hyperplasia or hypertrophy in any of the organs
evaluated. However, there was a degree of moderate turbid degeneration in the liver, mild vacuolar nephrosis in the kidneys, and
moderate congestive splenitis in the intestine in the mice of the three groups analyzed. On the other hand, the weight of the mice
remained constant throughout the experiment, with some exceptions in one of the mice treated with commercial nanocellulose and
another treated with water.

Concerning the biochemical analysis, the mice treated with BR-CNFs presented values below the reference value 70 for the hepatic
ALAT enzyme, with no differences between the groups. Likewise, the blood urea nitrogen analysis showed that all values are below 25,
indicating that the products evaluated do not present kidney damage. Similarly, the results of creatinine and urea showed average
values indicating that the kidneys of the treated mice function normally (Table 3).

Cytotoxicity and genotoxicity assays offer details on how cells respond to compounds. In vitro and in vivo results from this study

Table 1
In vivo cytotoxicity on different organs of mice exposed to single doses (0.1 % wt) of CNFs.
Treatment Replicate Liver Kidney Small intestine
Control 1 1 1 1
2 1 1 1
3 1 1 1
BR-CNF 1 1 1 1
2 1 1 1
3 1 1 1
Commercial-CNF 1 1 1 2
2 1 1 2
3 1 1 1

Injury degree: 1: without injury; 2: mild; 3: between mild and moderate; 4: moderate; 5: between moderate and severe; 6: severe. Scale proposed for
the Pathology laboratory.
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Table 2

In vivo cytotoxicity on different organs of mice exposed to repeated doses of CNFs (0.1 % wt) daily for 30 days.
Treatment Liver (n = 10) Kidney (n = 10) Small Intestine (n = 10)
Control

BR-CNF

Commercial-CNF

NNMNNNNNDNDNDNNNWOWNNNNNNNNNNDNDNNNDNNNNDNDDN
NNNNENNDNNDNEFERNDNNNNEFDNDNNNNDNNNDNNDDNDNRERSNDNDDN
NNDNMNNMNNMNNMNNMNNMNNMNNMNNMNNNNNNNNNNMNNMNNNNNNNNNNNNNDNNDNNDNDNDDNDDN

Injury degree: 1: No injury; 2: mild; 3: between mild and moderate; 4: moderate; 5: between moderate and severe; 6: severe.

indicate that banana rachis CNFs do not induce cell damage at the concentrations and times evaluated on Caco-2 intestinal cells.
Therefore, banana rachis, as a source of cellulose nanofibers, is proposed as an excellent alternative for use in various applications in
the food industry and at the biotechnological level.

Another essential aspect to highlight is the evaluated concentration of the CNFs. We evaluated concentrations up to 0.5 wt, well
above those tested in other CNFs evaluated on Caco-2 cells. Mortensen et al., 2022, recently evaluated concentrations of 0.05 wt [23].
Although there is no report on the maximum dose that can be used for human consumption or what concentration is available in the
intestinal tract, we evaluated concentrations well above those allowed for human consumption. Even so, at these concentrations, no
cytotoxicity was found. Evaluating the cytotoxic effect of CNFs at concentrations above 1 % wt was impossible because they presented
a high degree of aggregation, and solubility in the culture medium was difficult. However, as previously mentioned, these concen-
trations are above those used for human consumption, so using the concentration ranges to evaluate cytotoxicity is ideal. Some studies
have shown that aggregated CNFs can produce more cellular damage, altering gene expression and cytotoxicity [12].

Additionally, some patents obtained for CNFs used as food additives use concentrations between 0.02 and 0.7 wt %. In this sense,
the results obtained in our study support the idea that CNFs obtained from banana rachis do not present a danger to consumers.

It is noteworthy, the genotoxic effects of the BR-CNFs were also evaluated in addition to the cytotoxicity tests. All in vitro exper-
iments were further verified by in vivo studies in the murine model. The results indicated that both a single dose and a one-month

Table 3
Blood chemistry in mice treated with the CNFs.
Treatment ALAT BUN Creatinin Urea
Control 53.47 22.26 0.52 47.67
41.68 20.87 0.48 44.7
78.06 24.76 0.52 53.03
41.63 23.35 0.52 50.01
BR-CNF 59.5 22.1 0.44 47.33
44.65 23.95 0.5 51.29
5291 26.8 0.57 57.39
Commercial-CNF 34.25 21.02 0.52 45.02
67.04 21.68 0.59 46.43
42.51 20.95 0.54 44.87
49.31 21.21 0.54 45.42

Reference values. ALAT: 25-70; BUN: 12-25; Creatinin: 0.3-1; Urea: 25.68-53.5.
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treatment at a repeated daily dose showed no effect on the health of the animals.

Finally, Colombia is considered one of the leading banana producers worldwide, so this product has the potential as a future food
alternative. These results suggest that each new cellulose nanofiber produced must be evaluated to identify its cytotoxicity and
genotoxicity effects.

4. Conclusions

Banana rachis CNFs did not significant effect on cell viability and genotoxicity in Caco-2 cells and mice. Additionally, it was found
that BR-CNF did not affect the organs and mice tissues. Overall, this study shows that BR-CNFs neither cytotoxic nor genotoxic in vivo
nor in vitro. However, new studies on evaluating the gut microbiome diversity in response to CNF exposure, immunomodulation, and
longer treatments are necessary to validate the use of these new compounds.
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