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Abstract

Bixin, an apocarotenoid from Bixa orellana seeds, is a valuable natural pigment with in-
dustrial and pharmacological applications. Traditional extraction methods rely on organic
solvents, but eco-friendly alternatives like silk fibroin solution (SFS) are emerging. This
study evaluated SFS for bixin extraction from annatto seeds, optimizing conditions us-
ing Box-Behnken Design (BBD). The optimal parameters 1.5% SFS, 60 ◦C, and 60 min
yielded 10.87 mg/mL (liquid extract of annatto seeds, LEAS + SFS) and 150.72 mg/g
(solid extract of annatto seeds, SEAS + SFS). Cell viability was assessed in human dermal
fibroblasts (HDFn) and RAW 264.7 murine macrophages via MTT assay. After 24 and
72 h, LEAS + SFS, SEAS + SFS, purified bixin (PB), and SFS maintained >70% viability in
HDFn cells. Similarly, RAW 264.7 cells showed >70% viability after 24 h, indicating low
cytotoxicity. These results highlight the biocompatibility of SFS-extracted bixin, supporting
its potential in food, cosmetics, and biomedicine. The study demonstrates that SFS is an
effective, sustainable alternative to traditional solvents, offering high extraction efficiency
and minimal toxicity. This method aligns with green chemistry principles, providing a
promising solution for bixin production.

Keywords: urucum; Bombyx mori; solvent eco-friendly; green extraction; MTT assay

1. Introduction
The seeds of Bixa orellana (annatto) hold significant economic value as a natural dye

source, widely used in the textile, food, cosmetic, and pharmaceutical industries [1]. Further-
more, extracts from B. orellana seeds exhibit several pharmacological properties, including
antiseptic [2], diuretic [3], hypoglycemic [4], antimicrobial [5,6], anti-inflammatory [7,8],
and antioxidant effects [6].

The industrial applications and therapeutic properties of annatto seeds are primarily
associated with the carotenoids present in the outer layer of the seeds, particularly an
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apocarotenoid known as bixin [1,9]. Bixin, [(2E,4E,6E,8E,10E,12E,14E,16Z,18E)-20-methoxy-
4,8,13,17-tetramethyl-20-oxoicosa-2,4,6,8,10,12,14,16,18-nonenoic acid)], corresponds to
70–80% of the total pigments extracted from the seeds of B. orellana [10,11].

Several solvents and methods are employed to extract pigments from B. orellana
seeds [1,5–8,10,12–21]. Although some methods improve extraction efficiency and yield,
they often require highly toxic solvents, such as acetone, ethanol, ethyl acetate andmethanol,
that pose risks to human health and the environment or increase production costs [22].
Moreover, certain extraction methods may compromise specific properties of bixin or
generate degradation products, as in the case of extraction with hot vegetable oil [12,22].
To overcome these challenges, a sustainable alternative involves replacing synthetic sub-
stances with natural compounds, such as silk fibroin, a biopolymer, in the carotenoid
extraction process.

Silk is an animal fiber obtained from silkworms, particularly Bombyx mori. It is primar-
ily composed of two proteins: fibroin and sericin. Fibroin is the main component of silk,
constituting approximately 75% of its structure [23]. Its molecular configuration comprises
three subunits: one heavy chain and two light chains [24,25]. This configuration imparts silk
fibroin with properties such as biocompatibility, biodegradability, controllable degradation,
ease of processability, elasticity, flexibility, and mechanical strength, making it ideal for
applications in various sectors, including textiles, food, cosmetics, and biomedicine. The
flexible nature of fibroin enables the formation of numerous nanostructures, such as films,
fibers, micro- and nanoparticles, and hydrogels [23,24,26,27]. Furthermore, the amphiphilic
nature of fibroin, characterized by the presence of hydrophilic and hydrophobic domains in
its structure, favors self-organization in aqueous media and allows for versatile interactions
with different types of molecules [24,28]. This property contributes to the solubilization of
poorly water-soluble compounds, expanding its potential as a matrix for the incorporation
and release of bioactive substances [29,30].

Recent studies have demonstrated that silk fibroin solution (SFS) may be used as an
alternative emulsifying agent in the formulation of oil/water emulsions containing bioac-
tive agents with larvicidal effects [31]; as controlled-release nanoparticles, obtained from
the combination of fatty esters of Amazonian palm oils and SFS [32]; and as a surfactant
in the development of polymeric nanoparticles containing SFS and naringenin for in vitro
anti-LOX (lipoxygenases) applications [33].

However, there is a notable gap in the literature regarding extracting pigments from
annatto seeds using an aqueous protein solution based on silk fibroin as a substitute for
organic solvents. To address this gap, we propose optimizing the bixin extraction process
using silk fibroin solution (SFS) as an innovative and sustainable alternative. Additionally,
we evaluate the viability of HDFn and RAW 264.7 cells exposed to liquid extract of annatto
seeds (LEAS + SFS) and solid extract of annatto seeds (SEAS + SFS), aiming to provide
insights in human dermal fibroblast into the biocompatibility and potential applications of
this method.

2. Materials and Methods
2.1. Reagents and Solvents

Silkworm cocoons were purchased from Bratac (São Paulo, Brazil). Sodium carbonate
(99%) was purchased from Cromato Produtos Químicos and CaCl2 (99%) was purchased
from Vetec. The solvents n-hexane (98.5%), methanol (99.8%) and ethyl acetate (99.5%) were
purchased from Synth (São Paulo, Brazil). Chloroform (99.98%) was purchased from Reatec
(Neuhausen am Rheinfall, Switzerland) and ethanol (99%) was purchased from Alcohols
Commercial LTDA (São Paulo, Brazil). The DMEN culture medium used for cell viability
testing was purchased from Vitrocell (Waldkirch, Germany). MTT (3-(4,5-dimethylthiazol-
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2-yl)-2,5-diphenyltetrazolium bromide) was purchased from Sigma (São Paulo, Brazil), and
DMSO was purchased from Synth (São Paulo, Brazil).

2.2. Plant Material: Collection and Identication

In this study, the seeds of B. orellana were of the red phenotype, as described by
Oliveira et al., 2022 [6]. The fruits of B. orellanawere collected in themunicipality ofMacapá,
Amapá, Brazil, in March 2023 (N 00◦ 15.918′ W 051◦ 08.141′). The dried plant specimen
was stored at the Herbarium Amapaense (HAMAB) at the Institute of Scientific and Tech-
nological Research of the State of Amapá (IEPA) under registration number 019143. The
biological and botanical nomenclature was described by Cantuária et al., 2022 [34].

2.3. Preparation of Silk Fibroin Solution

The silk fibroin solution (SFS) was prepared based on the method developed by
Ferreira et al., 2014 [35] with adaptations. Silkworm cocoons (4.5 g) were chopped and
degummed in Na2CO3 (2%) (w/v) at 50 ◦C for 24 h to remove sericin. The resulting silk
fibers were filtered and washed with distilled water (3 × 500 mL) and dried at room tem-
perature for 24 h. After this, the fibers were dissolved in a ternary solution (50 mL) of H2O:
EtOH: CaCl2 (molar ratio 8:2:1) at 50 ◦C for 24 h. The final solution was dialyzed (cellulose
tube with 16 kDa exclusion limit, from Viskase, Brazil) for 3 days at room temperature, with
the dialysis water changed every 24 h. The fibroin solution was centrifuged (4000 rpm for
10 min) to remove impurities and larger particles. The SFS concentration was determined
in w/w and adjusted according to experimental needs.

2.4. Experimental Design

The process parameters for the bixin extraction method were determined from the
three-level, three-factor Box-Behnken (BBD) experimental design using the Design-Expert®

Software statistical package (version 11, Stat-Ease Inc., Minneapolis, MN, USA) [33]. First,
the process conditions were defined, and the three input factors or critical process param-
eters (CPPs) were selected: temperature (40, 50, and 60 ◦C), extraction time (30, 60, and
90 min), and SFS concentration (0.5, 1.0, and 1.5%). These input factors were designated as
x1, x2, and x3, and defined in three levels, i.e., low, medium, and high values, convention-
ally indicated as −1, 0, and +1, respectively (Table 1). The design included five replicates of
the central point and, therefore, consisted of a total of 15 experiments [33]. The measured
responses or critical quality attributes (CQAs) were: bixin content in LEAS + SFS (mg/mL)
and bixin content in SEAS + SFS (mg/mL).

Table 1. Input factors and their levels applied in the Box-Behnken (BBD) experimental design.

Factor Variables
Levels

−1 0 1

x1 Temperature (◦C) 40 50 60
x2 Time (min) 30 60 90
x3 SFS concentration (%) 0.5 1.0 1.5

For each CQA, the influence of input factors and their interactions on the responses
could be described through the following nonlinear quadratic model generated by the
design as:

Y = β0 + β1x1 + β2x2 + β3x3 + β11x12 + β22x22 + β33x32 + β12x1x2 + β13x1x3 + β 23x2x3 (1)

where: Y is the predicted response; b0 is a model constant; b1, b2, and b3 are the linear
coefficients; b11, b22, and b33 are the quadratic coefficients; b12, b13, and b23 are the
interaction coefficients; and x1, x2, and x3 are independent variables.
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2.5. Bixin Extraction Process with Silk Fibroin Solution

The independent variables considered for extraction, defined by the experimental
design, are presented in item 2.4, Table 1. Whole seeds of annatto in nature (0.5 g) were
subjected to maceration with 5 mL of SFS in different concentrations (0.5, 1.0, and 1.5%),
for 30, 60, and 90 min, under magnetic stirring (400 rpm) at temperatures of 40, 50 and
60 ◦C (Ika MAG HS 7). After maceration, the solution was vacuum filtered using a filter
(Whatman paper No. 2, 90 mm, Cytiva, Marlborough, MA, USA). The seeds were separated,
and the solid material retained in the filter was stored in amber glass, protected from light,
and placed to dry in an oven (35 ◦C, 24h). After this, this sample was named a solid extract
of annatto seeds from SFS (SEAS + SFS). The filtered solution was stored in amber glass,
protected from light, and refrigerated (4 ◦C). This sample was named a liquid extract of
annatto seeds from SFS (LEAS + SFS) (Figure 1). Subsequently, the samples were subjected
to UV-Vis analysis to quantify the bixin content.

Figure 1. Summary process of bixin extraction with silk fibroin solution.

2.6. Puried Bixin

Purified bixin (PB), used in the cell viability assay (control group), was obtained as
described by Oliveira et al., 2022 [6]. Briefly, 25 g of annatto seeds were washed twice with
100 mL of hexane. After discarding the solvent, the seeds were washed twice with 100 mL
of methanol, followed by methanol removal. The seeds were then washed twice with
ethyl acetate (100 mL). Each washing and extraction step was carried out under magnetic
stirring for 15 min, and subsequently subjected to vacuum filtration using a Büchner funnel.
Following filtration, the final ethyl acetate extract was dried under reduced pressure using
a rotary evaporator. The concentrated extract was then transferred to a container placed
in an ice bath. Chloroform (5 mL) was slowly added, followed by the gradual addition of
ethanol (20 mL). The solution was then kept at 18 ◦C for 12 h to allow recrystallization. The
resulting crystalline product was further purified by recrystallization in ethanol (50 mL)
and filtered again using a Büchner funnel to obtain pure bixin. The purified bixin crystals
were stored under protection from heat, moisture, and light. The chemical structure of
the purified compound was subsequently verified through Fourier-transform infrared
spectroscopy (FTIR), proton nuclear magnetic resonance (1H NMR), and carbon-13 nuclear
magnetic resonance (13C NMR) analyses.

2.7. Chemical Characterization
2.7.1. Quantification of Bixin Content by UV-Vis Spectroscopy

The bixin content in each experimental combination (Section 2.4, Table 1, total = 30 samples)
was quantified using a spectrophotometer (PerkElmer® Lambda 35 UV-Vis, Vaughan,
Canada) equipped with 1 cm quartz cuvettes across a wavelength range of 300 to 600 nm.
The standard bixin stock solution, prepared with 0.2 mg/L in ethanol and diluted to
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different concentrations (1.5, 2.0, 3.0 4.0, 6.0, 8.0, and 10.0 µg/mL), was used to construct
the standard curve [y = 0.1216x + 0.0197 (R2 = 0.991)]. Sample analysis was conducted
using stock solutions prepared from LEAS + SFS (0.1 µL of the sample diluted in 9.9 mL of
ethanol) and SEAS + SFS (1 mg of the sample diluted in 10 mL of ethanol). Subsequently,
0.5 mL of stock solution (SEAS + SFS and LEAS + SFS) was diluted in 2.5 mL of ethanol for
spectrophotometric analysis.

2.7.2. Fourier Transform Infrared (FTIR) Analysis

The best parameter identified by the BBD design (Run 2, Table 2) for bixin extraction
was used to prepare the SEAS + SFS and LEAS + SFS samples evaluated in this analysis.
A Fourier transform infrared spectrophotometer (Spectrum Two FT; PerkinElmer, Inc.,
Waltham, MA, USA), with an attenuated total reflection (ATR) sampling accessory, a
diamond plate, and a deuterated triglycine sulfate detector was used to record the spectra
of SEAS + SFS and LEAS + SFS, as well as SFS and PB. The spectral range was set between
350 and 4000 cm−1, and the resolution was adjusted to 0.5 cm−1 [36].

Table 2. Bixin content in each experimental combination of the Box-Behnken design (BBD).

Experiment
(Run)

Temperature
(◦C)

Time
(min)

Concentration
SFS (%)

Bixin Content
(LEAS + SFS)

mg/mL

Bixin Content
(SEAS + SFS)

mg/g

1 40 30 1. 0 6.44 72.48
2 60 60 1.5 10.87 150.72
3 50 30 0.5 2.89 106.68
4 60 30 1.0 3.54 216.36
5 50 60 1.0 4.38 103.32
6 40 90 1.0 5.12 70.56
7 50 60 1.0 3.49 95.52
8 40 60 0.5 2.16 175.44
9 50 90 0.5 4.94 134.52
10 50 60 1.0 6.94 136.56
11 60 90 1.0 5.52 90.6
12 50 90 1.5 9.20 130.56
13 50 30 1.5 6.73 150.24
14 40 60 1.5 6.48 137.4
15 60 60 0.5 2.96 84.72

2.7.3. Analysis of Purified Bixin by 1H and 13C NMR

The 1H and 13C NMR spectra of purified bixin were recorded using an Agilent 400/54
Premium Shielded spectrometer (Agilent, Santa Clara, CA, USA) operating at 400 MHz
(1H NMR) and 100 MHz (13C NMR). Deuterated chloroform (CDCl3) was employed as
the solvent. Chemical shifts (δ) were expressed in parts per million (ppm) and referenced
relative to the internal standard tetramethylsilane (TMS) and the deuterated solvent (CDCl3,
δH 7.26; CDCl3, δC 77.16). Spectral data were analyzed using Master New version 9.0.

2.8. Cell Culture

Neonatal human dermal fibroblasts (HDFn cells) and macrophages (RAW 264.7 cells)
were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Vitrocell® Embriolife).
The medium was supplemented with 10% fetal bovine serum (FBS) (Vitrocell® Embriolife,
Brazil). The cultures were maintained in a humidified incubator at 37 ◦C with 5% CO2

in the Nanomedicine and Nano-toxicology Laboratory of the Physics Institute of São
Carlos, University of São Paulo (São Carlos—SP), for kindly providing the HDFn and RAW
264.7 cell lines.
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2.9. Cell Viability Assay

Bixin extracted under the optimal conditions identified by the BBD design (Run 2,
Table 2) was utilized for the cell viability assay. The viability of HDFn and RAW 264.7 cells
was assessed following treatment with SEAS + SFS, LEAS + SFS, PB, and SFS using the
colorimetric 3-[4,5-dimethyl-thiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay
(Sigma-Aldrich, São Paulo, Brazil).

HDFn and RAW 264.7 cells were seeded in 96-well plates at a density of 1× 104 cells/well
and incubated at 37 ◦C in a 5% CO2 atmosphere to allow cell adhesion. After 24 h,
freshly prepared SEAS + SFS, LEAS + SFS, PB, and SFS samples at varying concentra-
tions (0.016 to 2 µg/L) were added to the cell cultures and incubated for 24 and 72 h.
Following the incubation period, the treatments were removed, and 200 µL of MTT solu-
tion (0.5 mg/mL in culture medium) was added to each well. The plate was then incubated
for an additional 4 h. After this, the supernatant was discarded, and 100 µL of DMSO was
added to solubilize the formazan crystals. The optical density of each well was measured
at 570 nm using a multi-scanner automatic reader (SpectraMax M3, Molecular Devices, San
Jose, CA, USA).

The solvent control consisted of cells treated with 0.1% and 0.5% DMSO, used to
solubilize PB and SEAS + SFS, respectively. The negative control consisted of untreated
cells maintained in culture medium (100% cell viability), while the positive control consisted
of cells treated with 20% DMSO (100% cell death). Results were expressed as a percentage
of cell viability relative to the controls, based on absorbance data from three independent
experiments performed in triplicate (N = 9 assays per concentration) [37,38].

2.10. Statistical Analysis

The Design-Expert® Software (version 11, Stat-Ease Inc., Minneapolis, MN, USA)
statistical package was used for BBD experimental design and data analysis. Analysis of
variance (ANOVA) was used to evaluate the extraction efficiency in terms of bixin yield
and to determine the significance, influence, and interactions of the independent variables,
demonstrating the seed/SFS solution concentration ratio, temperature, and extraction
time on bixin yield. All cell viability assays were analyzed in GraphPad Prism® (8.0) and
Microsoft™ Excel 2016.

3. Results and Discussion
3.1. Analysis of Bixin Content by UV-Vis Spectroscopy and Optimization of Extraction Process
Parameters Using the Box-Behnken Design

Conventionally, bixin extraction from annatto seeds occurs by indirect extraction
using organic solvents, such as chloroform, ethanol, acetone and ethyl acetate, which is
generally more effective and promotes a purer extraction of the pigment; and by direct
extraction using hot vegetable oil (soybean, corn) or dilute alkaline solutions of potassium
or sodium hydroxide. Industrially, the most widely used process is extraction with alkaline
solution [21,39,40].

Parameters such as temperature, extraction time and seed/solvent ratio are applied in
the different extraction methods. Regardless of the technique used, due to the instability
of this pigment, its degradation by light is mainly taken into consideration, since bixin is
photosensitive, in addition to the temperature and duration of the heating process, as well
as oxidation in the presence of certain solvents [12,13].

However, bixin, due to its polarity, requires the use of organic solvents, which are
related to human toxicity, environmental pollution, and high production costs, since they
require additional separation techniques [7]. Therefore, it is important to develop methods



Sustainability 2025, 17, 7518 7 of 20

based on “green” technologies for the extraction of bixin, which are efficient, environmen-
tally safe, and economically viable [12,13,41,42].

In this sense, our work proposes the use of silk fibroin solution (SFS), a natural protein
of animal origin, as a solvent for the extraction of bixin present in annatto seeds, as an
alternative to traditional solvents.

Fibroin is amphiphilic in nature, due to the presence in its molecular structure of
hydrophobic domains (heavy, major and nonpolar chain) and hydrophilic domains (light,
minor and polar chain) in its molecular structure. The hydrophobic domain, which is
crystalline in nature, contains organized and repeated sequences of amino acids (Gly-
Ala-Gly-Ala-Ser), which are arranged in a β-sheet conformation. The hydrophilic region,
which is amorphous in nature, is composed of amino acids distributed in a disordered
manner, with no defined secondary structure [24,28]. Bixin is a predominantly lipid-
soluble compound, with a greater affinity for nonpolar solvents, although its structure
contains polar functional groups, such as carboxylic acid (polar head) and methyl ester
(relatively nonpolar tail), which contribute to a certain degree of polarity [41]. Bixin can
occur in cis (more unstable, soluble in moderately polar organic solvents) and trans (more
stable configuration, with greater solubility in oils) forms. Approximately 80% of the
bixin present in the seeds is in the cis form, which has low solubility in water due to
the presence of the methoxycarbonyl group (–COOCH3) [43]. Furthermore, the presence
of a triglyceride layer in the seeds hinders the penetration of solvents into the substrate,
compromising extraction efficiency [6,44]. Removal of this lipid fraction favors the access
of bixin to solvents, facilitating its extraction [14,44]. Nonpolar solvents are more effective
in extracting lipids associated with bixin [6]. It is also observed that solvents of different
polarities promote bixin extractions with different yields [12,13,41], which reinforces the
notion that bixin has a moderate amphiphilic character, with distinct polarity regions
capable of establishing different types of interactions with solvents. Thus, the presence
of hydrophobic and hydrophilic domains in fibroin not only favored the removal of the
lipid layer from the seeds, but also contributed to a more efficient extraction of bixin, as
evidenced in the results presented (Figure 2, Table 2).
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Figure 2. UV-Vis spectrum of samples SEAS + SFS (Run 2), LEAS + SFS (Run 2) and PB.

In addition to using SFS as a solvent to extract bixin, for the extraction method, we
applied the Box-Behnken (BBD) experimental design, a statistical optimization of the pro-
cess, with the aim of investigating the effect of the extraction variables (SFS concentration,
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temperature and time) on the bixin yield, and also identifying the best conditions for the
process. Data analysis is performed based on the response surface methodology and Pareto
chart (Figures 3 and 4).

Figure 3. Bixin content response in LEAS + SFS. Pareto chart (A) and three-dimensional response
surface plots showing the effects of (B) time and temperature, (C) SFS concentrations and tem-
perature, and (D) SFS concentrations and time. The red dotted vertical line of the Pareto chart
(subfigure (A)) represents the boundary between significant and non-significant effects with a 5%
risk of error. The color gradient (subfigures (B–D)) indicates the magnitude of the response: green
regions indicate lower values, yellow regions intermediate values and orange/red regions the
highest values.

Figure 4. Bixin content response in SEAS + SFS. Pareto chart (A) and three-dimensional re-
sponse surface plots showing the effects of (B) time and temperature, (C) SFS concentrations
and temperature, (D) SFS concentrations and time. The red dotted vertical line of the Pareto chart
(subfigure (A)) represents the boundary between significant and non-significant effects with a 5%
risk of error. The color gradient (subfigures (B–D)) indicates the magnitude of the response: green
regions indicate lower values, yellow regions intermediate values and orange/red regions the
highest values.
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UV-Vis spectrophotometry is the most widely used method for determining dye
concentration in plant extracts [45]. Therefore, the extraction efficiency of SFS on bixin
content, in LEAS + SFS and SEAS + SFS, in each experimental combination (item 2.4, Table 1,
total = 30 samples), was evaluated using the absorbance spectrophotometry technique in
the UV-Vis region in a wavelength range of 300 to 600 nm, and the results are summarized
in Table 2.

The conjugated double bond system in bixin constitutes the absorption chromophore
above 400 nm (Figure 2). The absorbance spectrum for the standard bixin, solubilized
in ethanol, showed peaks at 432, 456 and 486 nm. The SEAS + SFS sample showed an
absorbance profile similar to that of the standard bixin (Figure 2), while the LEAS + SFS
sample showed lower absorbance values at λ Max (Figure 2), which is in agreement with
the results of [41], who reported that bixin has a higher affinity for polar solvents.

From the UV-Vis analysis results, the best parameter identified by the BBD design
for bixin extraction was Run 2 (seed/concentration ratio 1.5% SFS at 60 ◦C for 60 min of
magnetic stirring (Table 2), presenting a bixin content of 10.87 mg/mL in LEAS + SFS and
150.72 mg/g in SEAS + SFS (Table 2). This parameter was used to produce the LEAS + SFS
and SEAS + SFS samples for infrared analysis and cell viability assay, and its UV-Vis
spectrum is also shown in Figure 2.

According to the results, bixin contents in LEAS + SFS and SEAS + SFS ranged from
2.16 mg/mL (Run 8) to 10.87 mg/mL (Run 2) and 70.56 mg/g (Run 6) at 216.36 mg/g
(Run 4), respectively (Table 2).

The maximum (10.87 mg/mL) and minimum (2.16 mg/mL) bixin content in
LEAS + SFS were observed for the parameter combinations, with a seed/SFS concentration
ratio of 1.5% at 60 ◦C for 60 min of agitation (Run 2) and a seed/SFS concentration ratio
of 0.5% at 40 ◦C for 60 min of agitation (Run 8), respectively (Table 2). In SEAS + SFS, the
maximum (216.36 mg/g) and minimum (70.56 mg/g) bixin content was observed for the
parameter combinations, with a seeds/SFS concentration ratio of 1.0% at 60 ◦C for 30 min
of agitation (Run 4) and a seed/SFS concentration ratio of 1.0% at 40 ◦C for 90 min of
agitation (Run 6), respectively (Table 2).

The results of SEAS + SFS showed the highest levels of bixin, compared to LEAS + SFS,
mainly in Run 4, with a maximum level of 216.36 mg/g. It is suggested that this result is
due to a higher bixin content in the aril of B. orellana seeds [41]. The aril present on the
outer surface of B. orellana seeds is rich in carotenoids, of which 80% is represented by the
main carotenoid bixin [46].

However, although the yield of LEAS + SFS is lower than that of SEAS + SFS, the
results are still comparable, since bixin in LEAS + SFS could be quantified by UV-Vis
analysis. This finding indicates that SFS can extract a considerable amount of bixin. Thus,
SFS may serve as a viable green alternative to the organic solvent extraction process, albeit
with a slightly reduced bixin yield.

To enable factor-response analysis and understand the relationship between the vari-
ables in the data set, from the collected results, a Pareto chart and response surface were
generated for all variables, to determine the significance of the influence of the factors (SFS
concentration, temperature, and time) on the bixin content in LEAS + SFS (Figure 3) and
SEAS + SFS (Figure 4).

Figure 3A shows that SFS concentration was the most influential factor on bixin content
in the LEAS + SFS sample, with a statistically significant effect (p < 0.05).

Regarding SEAS + SFS, none of the factors (SFS concentration, temperature and time)
significantly influenced the 95% confidence level for the bixin content response (Figure 4A).

According to the Pareto chart (Figure 3A), SFS was the factor that most significantly
influenced the bixin content for the LEAS + SFS sample. Given this, we can conclude
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that increasing the SFS concentration could increase the extracted bixin levels, since the
highest bixin level in LEAS + SFS was observed for the parameter combinations with a
seed/SFS concentration ratio of 1.5% (Runs 2, 12, 13 and 14), that is, with SFS at its highest
concentration used in this study.

To establish the significance of the adjusted model, analysis of variance (ANOVA) was
used (Tables S1 and S2 of Supplementary Materials). A smaller p-value (p < 0.05) indicates
that an individual factor is significant in the model [13]. In the case of LEAS + SFS, the
SFS concentration had a more significant effect on the bixin content, with a p-value < 0.05
(Table S1 of Supplementary Materials). As for SEAS + SFS, none of the factors had a lower
p-value (p < 0.05), and consequently did not have a significant effect on the bixin content
(Table S2 of Supplementary Materials).

The concentration of bixin in B. orellana seeds varies according to environmental
factors, such as crop variety, soil, climate, cultivation, growth conditions and post-harvest
practices. Meanwhile, the extraction method, extraction conditions and parameters, and
mainly, the polarity of the solvent used, significantly impact the extraction of bixin, and
consequently its final content [6,12,13].

The impact of different organic solvents and their polarities on bixin yield, and the
optimization of process parameters such as time, temperature and seed/solvent ratio were
investigated in various/different studies.

Jayakumar et al., 2023 [13] showed that extraction with ethyl acetate (medium-
nonpolar solvent) and methanol (polar solvent) produced the highest bixin contents, fur-
thermore, bixin content increased with time (10, 20, and 30 min) and temperature (50, 60,
and 70 ◦C) in the extracts in ethyl acetate, methanol and ethanol. Erdawati et al., 2021 [47]
also found that ethyl acetate produced high bixin content.

David et al., 2022 [15] observed that increases in temperature and seed/solvent
ratio increased bixin yield even in polar solvents, such as ethanol. According to
Quiroz et al., 2019 [18], a higher seeds:solvent ratio associated with sufficient contact time
promotes an increase in the affinity of the compounds with the solvents, resulting in greater
bixin extraction.

Sudha et al., 2023 [12] observed that increasing the extraction time increased the bixin
content, but after 30 min of extraction, it started to decrease, due to the thermal degradation
effect of bixin pigment under high temperature for a longer time, since rapid increase in
temperature facilitates the migration of pigments into the extraction medium [12,46].

In addition to organic solvents, researchers have studied the use of “generally recog-
nized as safe” (GRAS) solvents, such as water, and green solvents, such as PEG and ethyl
lactate for bixin extraction. These techniques are being studied with the aim of developing
clean extraction technologies with environmental benefits [21].

Handayani et al., 2024 [21] extracted bixin by maceration using distilled water at
various pH (4, 7 and 9) and extraction times (5, 7.5 and 10 min). The results showed that
the variation in the pH of distilled water and extraction time influences the bixin levels.
The highest levels of bixin (61.06%) were extracted in distilled water (pH 7, extraction time
7.5 min). These findings validate the use of distilled water as an alternative solvent to
extract annatto pigment.

It was reported that the aqueous extract obtained at 50 ◦C for 30 min at a concen-
tration ratio of 1:30 (1 g of seeds per 30 mL of water) under magnetic stirring (150 rpm),
observed that the bixin content in the extract increased significantly in the extraction time
of up to 30 min and remained approximately constant after this period [42]. The max-
imum bixin content was 5.80 ± 0.32%, which is equivalent to a bixin concentration of
72.21 ± 2.82 mg L−1; therefore, the aqueous extraction showed adequate efficiency, with
the advantages of using a safe and environmentally friendly solvent.
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In parallel with the use of water as a solvent, compounds such as polyethylene glycols
(PEG) have been used as a green solvent for bixin extraction. PEGs have amphiphilic
characteristics, which provide an increase in the aqueous solubility of some compounds
with low polarity. Another particularity of PEGs is their acceptance in the food area, which
has stimulated their use for the extraction of bioactive compounds with applicability in
food, becoming an environmentally friendly alternative for bixin extraction [15,48,49].

David et al., 2022 [15] concluded that PEG-400 could produce 40% more dye
(2.7 mgBix/gExt) than ethanol in times longer than 50 min, while ethanol achieved the
maximum bixin concentration (1.6 mgBix/gExt) in just 34 min. PEG showed slower ex-
traction than ethanol, but with a higher final bixin yield. This result demonstrates that
amphiphilic solvents can be a viable alternative for bixin extraction.

Silk fibroin (SF), like PEG, has amphiphilic characteristics and application in food
preservation, according to results shown by [50], who developed an edible coating mate-
rial based on SF for preserving perishable fruits. The results suggested that SF coatings
prolonged freshness and firmness, delayed respiration and prevented dehydration of
perishable fruits.

Ethyl lactate is a green solvent that in terms of polarity is considered comparable to
acetonitrile (polar). In addition, it forms different types of chemical interactions, such as
hydrogen bonds and Van der Waals bonds, providing miscibility with polar/hydrophilic
and nonpolar/hydrophobic carotenoids [41,51].

Recently, ref. [41] used ethyl lactate to extract bixin from annatto seeds (crushed and
whole). The results indicated that the ethyl lactate extracts yielded 14.62% and 16.5% bixin
for the whole and crushed seeds, respectively. This finding indicates that ethyl lactate can
extract a considerable amount of bixin.

3.2. Chemical Characterization
3.2.1. Fourier Transform Infrared (FTIR) Analysis

FTIR analysis identified the spectral profile of SEAS + SFS, LEAS + SFS, PB, and SFS,
complementing the data obtained from the UV-Vis analysis. The FTIR spectrum for purified
bixin (PB) (Figure 5A) displays characteristic vibration bands of the main functional groups.
These include bands at 3176 cm−1 (O-H carboxylic acid), at 3033 cm−1 (C-H olefinic), at
2981 cm−1 (C-H methyl group), at 1716 cm−1 (C=O ester group), and 1607 cm−1 (C=C
conjugated alkenes), consistent with the findings of Bitencourt et al. (2018) [52].

Figure 5. FTIR spectra of purified Bixin (A); SFS (B); SEAS + SFS (C); LEAS + SFS (D).
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The FTIR spectrum of the silk fibroin solution (SFS) (Figure 5B) exhibited characteristic
vibration bands corresponding to the main functional groups in fibroin. These included
3307 cm−1 (O-H group), 1638 cm−1 (C=O from amide group), and 1252 cm−1 (C-N from
amide), as reported by Marinho et al. (2023) [32] (Figure 5B).

The SEAS + SFS spectrum (Figure 5C) exhibited vibration bands similar to those in the
PB spectrum, such as 3187 cm−1 (O-H of the COOH group), 2981 cm−1 (CH of the CH3
group), 1718 cm−1 (C=O of the ester), and 1608 cm−1 of C=C (conjugated alkenes). These
bands align with the UV-Vis analysis results, indicating that SEAS + SFS contained the high-
est bixin levels. On the other hand, the LEAS + SFS spectrum (Figure 5D) displayed only
the characteristic vibration bands of fibroin, including 3340 cm−1 (O-H group), 1640 cm−1

(C=O group), and 1252 cm−1 (C-N of the amide group).

3.2.2. Analysis of Purified Bixin by 1H and 13C NMR

Figure 6 shows the results of 1H and 13C NMR analysis to identify signals from PB
functional groups and confirm its structure.

Figure 6. 1H NMR (400 MHz, CDCl3) of purified bixin.

We identified the main signals related to the bixin functional groups by 1H NMR
(Figure 6). These include signals from olefinic hydrogens at 7.96 ppm (J = 15.4 Hz, 1H);
7.48 ppm (J = 15.5 Hz, 1H), and 5.90 ppm (J = 15.5, 13.6 Hz, 2H), which correspond to the
double bonds adjacent to the carboxylic acid and ester groups, respectively. Signals olefinic
hydrogens of the aliphatic chain, with peaks ranging from 6.71–6.30 ppm (multiplets for
10 hydrogens). A singlet at 3.79 ppm corresponds to the three hydrogens of the methoxyl
group of the ester group, and the signals from the 12 hydrogens of the CH3 groups of the
aliphatic structure of the molecule that appear in the 2.01–1.96 ppm range. The signal from
the hydrogen of the hydroxyl group corresponding to the carboxylic acid does not appear,
likely due to isotopic exchange with the deuterated solvent.
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13C NMR spectra exhibited carbon signals corresponding to functional groups that
support bixin’s structural composition (Table 3). The most prominent signals included the
-C=O resonances at 170.75 and 167.97 ppm, associated with the carboxylic acid and ester
carbonyl groups. Within the 151.0–114.8 ppm range, 17 signals of olefinic carbons appeared.
A characteristic signal identified as of the carbon in the -OCH3 group of the ester appeared
at 51.58 ppm. Additionally, four signals characteristic of -CH3 carbons appeared between
20.26 and 12.62 ppm (Table 3). So, the analyses of 1H and 13C NMR provided evidence
of the main signals from the functional groups in bixin, confirming the structure of the
compound, according to the analyses by Patra Soumen et al., 2021 [53] (Table 3).

Table 3. Experimental data from 13C NMR spectroscopy (CDCl3, 100 MHz) for bixin.

Carbon Number *
δ 13C (ppm)

Present Study [53]

1 124.18 130.73

2 130.70 130.73

3 131.42 131.46

4 135.18 135.22

5 137.12 137.14

6 117.52 123.38

7 140.36 140.39

8 133.27 133.57

9 142.34 142.38

10 114.83 117.53

11 167.97 168.01

12 51.58 51.61

13 20.26 20.56

14 12.62 12.63

15 170.75 171.67

16 114.83 115.0

17 151.03 151.08

18 134.18 134.21

19 140.44 140.50

20 123.36 124.21

21 137.91 137.95

22 136.53 136.56

23 131.58 131.60

24 12.99 13.01

25 12.76 12.77
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3.3. Cell Viability Assay

The potential pharmaceutical applications of LEAS + SF and SEAS + SFS extracts are
contingent upon various factors, including the biocompatibility of these materials. One key
parameter for assessing biocompatibility is their impact on cell viability. Therefore, in this
study, the viability of HDFn cells and RAWmacrophages was evaluated following treatment
with these materials using the MTT assay. This method relies on the metabolic activity of
viable cells, as their mitochondrial function facilitates the conversion of tetrazolium salt
into formazan crystals. The resulting intense purple coloration is directly proportional to
cell viability [54,55].

Neonatal human dermal fibroblasts (HDFn cells) and macrophages (RAW 264.7 cells)
were selected for the cell viability assay considering the potential biomedical applications
of silk fibroin [56–64], annatto seed extract [41,65,66] and bixin [41,67], specifically in the
area of tissue repair, with a biological approach to wound healing.

The results demonstrated that exposure of HDFn cells to LEAS + SFS, SEAS + SFS,
PB, and SFS for 24 h (acute exposure) or 72 h (long-term effect following acute exposure)
(ISO 10993-5, 2009 [68,69]) did not reduce cell viability at any of the tested concentra-
tions compared to the control group (p < 0.05), with viability levels remaining within the
70–100% range (Figure 7A). According to the ISO 10993-5 [69] standard, cell viability below
70% indicates cytotoxic potential; therefore, LEAS + SFS, SEAS + SFS, PB, and SFS did not
exhibit cytotoxicity at the tested concentrations in HDFn cells. Moreover, the results sug-
gest that LEAS + SFS and SFS promoted HDFn cell proliferation, as cell viability exceeded
100% (Figure 7B).

Figure 7. Cytotoxic activity of LEAS + SFS, SEAS + SFS, PB, and SFS at concentrations of 0.016 to
2.0 µg/mL on neonatal human dermal fibroblasts (HDFn cells) at 24 h (A) and 72 h (B). Data were
expressed as a percentage of cell viability. The red dotted horizontal line represents the cutoff point
for 70% viability.

For RAW 264.7 cells, exposure to LEAS + SFS, SEAS + SFS, PB, and SFS for 24 and 72 h
did not reduce cell viability below 70% at concentrations ranging from 0.016 to 1.0 µg/mL
compared to the control group (p < 0.05) (Figure 8A,B). However, at a concentration of
2.0 µg/mL PB, and LEAS + SFS exhibited cytotoxic effects on macrophages, with viability
decreasing to 69% and 46%, respectively, following prolonged exposure (72 h) (Figure 8B).
These findings support previous evidence that bixin can reduce macrophage populations
in inflammatory models [70,71].

Fibroblasts and macrophages are cells that play an important role in all stages of
the healing process [72] and are widely used to evaluate the cell viability of bioactive
compounds [41,59,67,73–76] and in screening the bioactivity of natural products [77–80].
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(A) (B)

Figure 8. Cytotoxic activity of LEAS + SFS, SEAS + SFS, PB and SFS at concentrations of 0.016 to
2.0 µg/mL on macrophages (RAW 264.7 cells) at 24 h (A) and 72 h (B). The data were expressed as a
percentage of cell viability. The red dotted horizontal line represents the cutoff point for 70% viability.

Several bioactive materials and compounds have been investigated for their healing
potential, with topical application being preferred in experimental trials due to its direct ap-
plication to the damaged tissue [81]. Considering that dermal fibroblasts and macrophages
represent cell populations abundantly distributed in the epidermal and dermal layers [82],
these cell types constitute relevant biological models for evaluating the cutaneous response
to topical exposure to bioactive substances. Furthermore, because they are susceptible
to irritants, analyzing their viability and functionality can provide important parameters
regarding the cytotoxic or immunomodulatory potential of the tested compounds [83].

Furthermore, studies addressing the use of these cell lines to evaluate the cellular
viability of these materials are scarce in the literature. The results obtained (non-cytotoxic
concentrations) may be used in subsequent studies to evaluate biological activity in vivo.

4. Conclusions
This study demonstrated the technical feasibility and sustainability of using silk

fibroin solution (SFS) as a green solvent for the extraction of bixin from annatto seeds
(Bixa orellana L.). Optimization using the Box-Behnken design identified the optimal
extraction conditions, as 1.5% SFS, 60 ◦C, and 60 min, resulting in bixin concentrations of
10.87 mg/mL (LEAS + SFS) and 150.72 mg/g (SEAS + SFS). These values are comparable
to those obtained with conventional organic solvents, without the environmental and
toxicological risks associated with these methods.

Chemical characterization confirmed the presence of bixin in the extracts, and cell
viability assays showed that SFS and bixin-rich extracts maintained ≥70% viability in
HDFn fibroblasts and RAW 264.7 macrophages, indicating low cytotoxicity and good
biocompatibility. These findings suggest the potential of extracts obtained with SFS for
applications in the food, cosmetics, and biomedical sectors, contributing to clean-label and
environmentally responsible production chains.

Limitations of this study include the focus on in vitro analyses with two cell lines
and the lack of functional or long-term evaluations. Future work should include in vivo
validation of therapeutic properties, assessment of physicochemical stability in formula-
tions, and comparisons with other green solvents to more precisely define the role of SFS in
sustainable extraction technologies.

Overall, the use of SFS as a biocompatible and biodegradable solvent is in line with
the principles of green chemistry. This approach contributes to the advancement of sustain-
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able extraction processes to obtain high-value-added natural compounds, reinforcing the
viability of green solvents.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su17167518/s1, Table S1: Analysis of variance (ANOVA) on the
effect of different combinations of seed/SFS concentration ratio, temperature and extraction time
on bixin content in LEAS + SFS; Table S2: Analysis of variance (ANOVA) on the effect of different
combinations of seed/SFS concentration ratio, temperature and extraction time on the bixin content
in SEAS + SFS.
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Abbreviations
The following abbreviations are used in this manuscript:

PB Purified bixin
SFS Silk fibroin solution
BBD Box-Behnken experimental design
FTIR Fourier transform infrared
NMR Nuclear magnetic resonance
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
LEAS + SFS Liquid extract of annatto seeds from silk fibroin solution
SEAS + SFS Solid extract of annatto seeds from silk fibroin solution
LOX Lipoxygenase
HDFn Human neonatal dermal fibroblasts
RAW 264.7 Murine macrophages
DMEN Dulbecco’s Modified Eagle’s Medium
DMSO Dimethyl sulfoxide or dimethyl sulfoxide
Na2CO3 Sodium carbonate
H2O: EtOH: CaCl2 Water: Ethanol: Calcium chloride
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KDa Kilo Dalton
CO2 Carbon dioxide
Gly Glycine
Ala Alanine
Ser Serine
MHz Megahertz
CDCl3 Deuterated chloroform
CaCl2 Calcium chloride
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