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Genipap (Genipa americana L.), also known as caruto, is a fruit native to Central and South America and

presents a novel source of a crosslinking substance containing genipin for biopolymers in various

applications. In this study, the fruit's core was used to extract the genipin-rich genipap oil, and

a complete characterization of the oil as an inexpensive replacement for commercial genipin

powder is included. The extracted genipap oil shows a high phenolic content and remarkable non-

hemolytic, antioxidant, and antimicrobial activity. The potential of genipap oil is further

demonstrated by its advantage over commercial genipin powder, which did not show antioxidant

activity. The crosslinking capacity of the genipap oil was tested with chitosan films and hot-pressed

sheets of protein blends from agro-industrial biomass, including zein, wheat gluten, and potato

protein. The results indicated that incorporating genipap oil in these blends allowed for

manufacturing homogenous structures and improved their mechanical performance compared to

the non-crosslinked blends. The use of the oil represents an advantage from a material engineering

perspective as it allows for better distribution of genipin during the thermal processing of the

materials compared with the commercial genipin. Further, commercial genipin requires solvents and

extensive purification processes, which hinders its upscalability. These results support the use of the

extracted fruit oil as a green, inexpensive, efficient crosslinking agent, opening new avenues for

several applications.
Sustainability spotlight

Manufacturing biopolymers with competing properties to synthetic plastics typically requires crosslinkers (which are oen cytotoxic). We are interested in
nding a non-cytotoxic crosslinker that can also be effectively processed with the biopolymer. We envisioned a novel strategy of using extracted oil from the
genipap fruit containing genipin as a crosslinker and providing an alternative to the expensive puried genipin, which currently requires many solvents for its
processing. We have characterized the extracted oil and evaluated its reactivity towards different biopolymers. Using this source of genipin is benecial in terms
of processing and costs, increasing the possibility of material upscaling. Our work conforms to the UN's Sustainable Development Goals: industry, innovation,
and infrastructure (SDG 9); sustainable cities and communities (SDG 11); and responsible consumption and production (SDG 12).
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Introduction

Genipap (Genipa Americana L.) is a tropical fruit native to
Central and South America, also known as caruto (Venezuela) or
genipapo (Brazil).1–3 Genipap belongs to the Rubiaceae family1

and has been used by indigenous people for the production of
body coloring, juice, liqueurs, and jams.3 Studies have shown
that the fruit of Genipa Americana contains several bioactive
compounds, including avonoids, tannins, and iridoids, such
as geniposide and genipin.3–5 Genipin has received considerable
attention owing to its unique chemical structure and cross-
linking properties of natural polymers.6–12 In addition, genipin
is considered the bioactive compound responsible for the
remarkable properties of the unripe Genipap fruit, and it is
RSC Sustainability, 2024, 2, 125–138 | 125
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a powerful colorant, antioxidant, antimicrobial, and anticancer
agent.1,12,13 It is also one of the few crosslinking agents of bio-
macromolecules that is not cytotoxic like glutaraldehyde. Thus,
it is an important reagent to produce future bio-based materials
approved for human contact.14–19

Genipin is an iridoid, a secondary plant metabolite that is
part of the monoterpenoids and has hydroxyl groups in its
structure that give it a polar character. Genipin can also form
covalent bonds with amino groups, forming polysaccharide or
protein crosslinking networks.1,12,15 This process is interesting
because it can improve physical and mechanical properties of
bio-based materials, making them more stable and resistant to
degradation.9,19,20 Incorporating genipin into biomaterial
provides opportunities to utilize polysaccharides and proteins
as raw materials, especially those obtained from aquaculture
and agricultural by-products/residues that, in the absence of
crosslinkers, lack competitive mechanical properties compared
to fossil-based plastics. An important example of these by-
products from the aquaculture industry is shing activities,
generating 4.1–2.2 million ton of exoskeletal debris from crus-
taceans, such as shrimp, which are rich in chitin.21,22 On the
other hand, agroindustry generates about 1.3 billion tonnes of
co-products, according to the Food and Agriculture Organiza-
tion of the United Nations FAO.23,24 Most of these co-products
are protein-rich powders, such as zein (corn gluten meal),
wheat gluten, and potato protein (protein-rich powders from
starch extraction).23

Unfortunately, the high cost of pure genipin and the high
CO2 impact from the extensive chemical procedures needed for
its purication limits its use in large-scale production. This is
because genipin is commercially obtained by enzymatic
hydrolysis of geniposide in Gardenia Jasminoide fruit.25 Alter-
native works have reported using unripe genipap fruit to obtain
fatty acids and a genipin-rich extract by combining supercritical
uid and pressure solvent extractions. The extraction costs were
even reduced 8 times when integrating recovery processes,
resulting in a puried genipin powder.13 Further, recent works
show the need to nd new sources of genipin to increase the
availability of genipin powder.26 Here, genipin-rich powders are
considered a bottleneck for manufacturing bio-based materials
using continuous polymer processing techniques with temper-
atures as low as 100 °C,27,28 well below the melting temperature
of genipin particles. Thus, it becomes important to look for
alternatives to obtain genipin in a more functional and less
expensive form, allowing for an advance in the sustainability of
the current extraction conditions and promoting more agro-
industrial co-products as raw materials, thus enabling
a circular economy.17,23,29

In this article, the extraction of an oil-containing genipin
from the fruit of the genipap is reported as an alternative to
commercial genipin powder for its use in materials
manufacturing. We report a full characterization of the extrac-
ted genipap oil, including chemical composition and physico-
chemical properties required for its use in materials in contact
with humans. Further, we evaluated the potential of the genipap
oil to cross-link the most common natural polymers used to
manufacture bioplastics and can also be obtained as co-
126 | RSC Sustainability, 2024, 2, 125–138
products from the agro-food industry, i.e., chitin, zein, wheat
gluten, and potato protein. The study demonstrated the possi-
bility of making materials with a more efficient crosslinking
process when using the extracted genipap oil containing geni-
pin, which could be used as lms in various biotechnological
applications or to produce low-cost, environmentally friendly
porous absorbents for single-use personal hygiene products.
Experimental
Materials

Unripe fruits of Genipa Americana L. were collected between
December and January from a Venezuelan National Park, Par-
que del Este “Generaĺısimo Francisco de Miranda,” located in
Caracas, Venezuela. The fruits were cooled and kept at −4 °C
until they were used. The extraction solvent was chloroform
(CHCl3), purchased from Fisher Scientic. All chemicals and
reagents used for assays of protein content, lipid content, ash
content, monosaccharide composition, total phenolic content,
antioxidant activity, and antimicrobial activity were purchased
from Sigma-Aldrich (Sweden) unless otherwise stated.

Chitosan (CS) (molecular weight 190 000–375 000 Da, >75%
deacetylated chitin) and poly(D-glucosamine) were purchased
from Sigma-Aldrich. Wheat gluten concentrate (WG) was ob-
tained from Lantmännen Reppe AB (Sweden). The protein
content present in the WG was 86.3 ± 0.3% (N × 6.25). Potato
protein concentrate (PP) was supplied by Lyckeby Starch AB
(Sweden). In this case, the protein content in PP was 82 ± 2%.
The WG and PP are agro-food industry co-products. Zein (Z)
$98% (product number Z3625) was purchased from Sigma-
Aldrich. Glycerol (ACS $99.5% reagent) and sodium bicar-
bonate (SBC, NaHCO3, ACS$98%) were purchased from Sigma-
Aldrich. Commercial genipin$98% was purchased from Zhixin
Biotechnology (China).
Extraction of genipap oil

Unripe genipap was used in its natural state, i.e., without prior
drying, to avoid possible modication that could affect the
extraction process. The unripe fruit's peel (exocarp or epicarp)
was removed to extract genipap oil (GO). The core (consisting of
mesocarp, endocarp, and seeds) was grated with a domestic
grater. 200 mL chloroform was used as a solvent for every
hundred grams of grated fruit. The maceration was carried out
for 3 h with mechanical agitation. The suspension was ltered,
and the solid residue was wrapped in lter paper and placed in
a Soxhlet apparatus connected to a solvent ask containing the
previously used CHCl3. Aer that, the system was heated to
boiling, and the reux continued for 6 h to completely remove
the solvent with a roto-evaporator at 61–62 °C (Fig. 1). The
resulting extract was an oil with a viscous appearance resem-
bling honey and dark color. The genipap oil was stored in
a desiccator under vacuum. Thin-layer chromatography of the
genipap oil was performed as a preliminary characterization
test compared with commercial genipin. To obtain pure genipin
from the genipap oil, 4 g of the oil was diluted in ethyl acetate,
and the precipitation of genipin was induced by adding
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 A scheme of the genipap oil extraction process.
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cyclohexane. Solid genipin was washed with n-hexane and
recrystallized from a 7 : 1 ethyl acetate/cyclohexane mixture.
Compositional analysis of the genipap fruit and the genipap
oil

The water content in the genipap oil was determined by the
difference between the initial and the nal weight aer being
lyophilized for 3 days. The result was reported as the percentage
of water, calculated as 100 × (initial weight-dried weight)/initial
weight.

The ash content was determined by pulverizing the genipap
peel, core, and genipap oil and weighed in dried crucibles in
triplicate. The samples were then charred at 200 °C and trans-
ferred to an oven. Aer that, they were kept at 550 °C for 24 h
and allowed to cool down. The produced ash was weighed, and
the samples were kept in a desiccator between steps. The results
were reported as the percentage of ash.30

The lipid content was analyzed according to the method by
Bligh and Dyer (1959)31 using the proportion of chloroform :
methanol : water = 1 : 2 : 0.8. The samples were rst vortexed to
solubilize the lipids. Additional chloroform and water were then
added to reach a ratio of chloroform :methanol : water = 2 : 2 : 1.8
and the two phases were separated.32 The results are the average of
triplicates, and the standard deviation is reported.

The protein content of the soluble extracts of the peel, core,
and genipap oil was determined using the Bio-Rad protein assay
kit according to the Bradford assay.33 Bovine serum albumin
(BSA) in six concentrations (0.05–0.5 mg mL−1) was used as
a standard.

The monosaccharide composition of the fruit parts (peel and
core) and the genipap oil was determined by the hydrolysis of
triuoroacetic acid (TFA).34 1–2 mg of the sample was mixed with
1 mL TFA and kept at 120 °C for 3 h. The hydrolyzed solutions
were then ltered through Chromacol 0.2 mm nylon lters
(Thermo Scientic, USA). 100 mL of each sample was air-dried and
reconstituted in Milli-Q water. The nal solution was analyzed by
high-performance anion exchange chromatography-pulse
amperometric detection (HPAEC-PAD) using a Dionex CarboPac
PA20 column. Elution was performed at a constant ow of 0.4
mLmin−1. The eluents used were (A) water as themain eluent, (B)
200 mM NaOH (aqueous), and (C) 100 mM NaOH with 100 mM
sodium acetate (aqueous). The elution started with 1.2% B at
time zero, followed by 50% B at 20 min, 100% C at 30 min, 100%
B at 46 min, and back to 1.2% B at 50 min. The elution was
© 2024 The Author(s). Published by the Royal Society of Chemistry
carried out at 30 °C for a total time of 60 min. The utilized
monosaccharide standards used were glucose, galactose,
mannose, xylose, rhamnose, arabinose, fucose, galacturonic acid,
and glucuronic acid at concentrations ranging from 0.001 to
0.1 mg mL−1. All these measurements were performed in
triplicate.

Total phenolic content (TPC) and quantitative analysis of
phenolic compounds. TPC was determined using the Folin–
Ciocalteau assay described above35 adapted to a 96-well plate.
Briey, 30 mL of solutions from genipap peel, core, and genipap
oil were added to the wells in triplicates. Then, 30 mL Folin–
Ciacalteu reagent was added, and aer 2 min, 240 mL 5% (w/v)
sodium carbonate solution was added to all cells. The plate was
then incubated at 40 °C for 20 min. The absorbance of the
samples was read at 725 nm. For the calibration curve, gallic
acid was used as a standard solution at a concentration ranging
from 0.001 to 0.1 mgmL−1. The results were calculated as mg of
GAE (gallic acid equivalent) per g of dry raw material (mg GAE
per g RM). All analyses were performed in triplicate with stan-
dard deviation.

The phenolic content of the samples (10 mg) was measured
aer saponication with 2 M NaOH (500 mL). The samples were
ushed with nitrogen and incubated at 60 °C overnight. Next,
the samples were neutralized with 12 M HCL, and the phenolic
compounds were extracted by partitioning the solution by the
same volume of ethyl acetate (×4). The ethyl acetate phase was
collected and air-dried at room temperature.36 The dried
compounds were reconstituted in methanol. Subsequently, 100
mL of these methanolic solutions were mixed with 2% acetic
acid (1 : 1 v/v) and analyzed by an HPLC-UV/Vis system (Agilent
Technologies, Santa Clara, CA), with SB-C18 column (Zorbax,
4.6 × 250 mm, 5 mm particle size, Agilent, USA). The eluents
were (A) 2% acetic acid in water and (B) absolute methanol. The
ow rate was set at 1 mL min−1, and the signals were recorded
at 325 nm. The elution started with 100% A and was followed by
ramping up from 25% to 65% B, beginning from 11 min to
35 min. The ow was then changed to 100% A at 40 min, fol-
lowed by a 5 min column wash at 55 to 60 min.36 Finally, the
amount of caffeic acid, coumaric acid, ferulic acid, sinapic acid,
and cinnamic acid present was calculated by comparison with
the standard curves of the respective compounds.

Genipin content. Triplicates of samples from genipap oil
were solubilized in acetonitrile at a concentration of 10 mg
mL−1 and ltered through Chromacol 0.2 mm nylon lters. The
RSC Sustainability, 2024, 2, 125–138 | 127
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result was run in HPLC (Waters 2795 separation module,
Waters 2996 photodiode array detector; USA) using water
(acidied with 0.1% TFA) and acetonitrile as eluents with the
settings described by Nathia-Neves et al.37

The genipap oil extracted from the fruit of Genipa
Americana L. was also characterized and compared with
commercial genipin by Nuclear Magnetic Resonance (NMR)
using a Bruker Avance III 500 MHz spectrometer equipped with
a DIFF30 probe. The spectra were acquired with a 90° pulse,
with a delay time of 10 s between scans. A total of eight scans
were acquired for each measurement. CDCl3 was used as
a solvent, and the spectra were obtained at room temperature.

FTIR spectra were obtained using a Thermo Fisher Nicolet
iS5 FTIR-ATR Spectrophotometer with a deuterated triglycine
sulfate detector. All scans were obtained using a step and
resolution of 1.0 and 4.0 cm−1, respectively, with 32 consecutive
scans per sample.
Structural and biological analysis of the genipap fruit and the
genipap oil

Thermal stability. The thermal stability of the oil was studied
using a TGA/SDTA 851 equipment (Mettler-Toledo, Switzer-
land). 5 mg of the sample was heated at 20 °C min−1, the
running interval being from 25 °C to 600 °C and an N2 (gas) ow
of 40 mL min−1.

Antimicrobial activity. A qualitative antimicrobial activity
study was done against Escherichia coli (E. coli) and Bacillus cereus
(B. cereus), and Listeria innocua (L. innocua).38 Luria agar (LA)
plates were used for E. coli and B. cereus, and TSA (Tryptic Soy
Agar) plates were used for L. innocua. The plates were coated with
1 mL of the respective bacterial culture at OD600 = 1, and tripli-
cates of samples from dried powdered genipap peel and core and
genipap oil were placed on the agar surface. Aer 24 h of incu-
bation at 37 °C, the plates were investigated for the hollows of
bacterial growth inhibition. Ampicillin (1 mL, 100 mg mL−1) and
sterile media (1 mL) were used as positive and negative controls,
respectively.

Antioxidant activity. The antioxidant activity of the peel,
core, and genipap oil was measured using the 1,1-diphenyl-2-
picrylhydrazyl (DPPH*) radical method reported by Brand-
Williams et al.39 In a 96-well plate, 100 mL DPPH radical solu-
tion (20 mM in methanol) was added to different volumes of
sample solutions in methanol (1–100 mL), and methanol was
added to reach the nal volume of 200 mL. The plate was kept in
the dark for 30 min at room temperature, and the absorbance
was read at 517 nm (Clariostar Plus, BMG LABTECH, Ortenberg,
Germany).40 Ferulic acid and ascorbic acid were used as positive
controls. The results were expressed as EC50, representing the
concentration of antioxidants required to reduce the initial
concentration of DPPH* by 50%.

Hemolytic activity. The hemolytic activity of pure genipin,
peel, core, and genipap oil were measured according to the ISO
10993-5:2009 standard test.41 Triplicates of peel, core, and
genipap oil extracts and 1 mg per mg of genipin (in normal
saline) were prepared in sterile Eppendorf tubes. 200 mL normal
saline solution (NS) and 200 mL 1% (v/v) Triton-X were used as
128 | RSC Sustainability, 2024, 2, 125–138
negative and positive controls, respectively. Fresh (less than
24 h old) sheep blood (Håtunalab AB, Sweden) was centrifuged
at 2000 rpm for 10 min. The supernatant was discarded, and the
erythrocytes were washed 3 times with a normal saline solution
and then diluted to 2.5% in normal saline. Aer adding 200 mL
normal saline to the samples, 800 mL diluted red blood cell
solution was mixed with the samples. The tubes were incubated
at 37 °C for 1 h, centrifuged at 1500 rpm for 5 min, and the
absorbance was read in a spectrophotometer at 540 nm. The
absorbance of each biomass sample in 1 mL normal saline was
measured to account for the background color. The percentage
of hemolysis was calculated using the following equation.

% hemolysis ¼ ðabs sample� abs NSÞ
ðabs positive control� abs NSÞ � 100

Sheep blood from Håtunalab AB was provided in compliance
with the relevant ethical approval laws to protect animals
(1988 : 534) and institutional guidelines (Approval for Labora-
tory Animal Facility and Business License to use Laboratory
Animals) approved by The Swedish Board of Agriculture.
Evaluation of the crosslinking capacity of genipap oil

Chitosan-based lms preparation. The ability of genipap oil
as a crosslinking agent was evaluated using chitosan due to the
reported high reactivity of chitosan with genipin.7,15,16 Solvent
casting technique was used to produce the chitosan lms. For
the preparation of lms, a 1% (w/v) chitosan solution in 1% (v/v)
aqueous acetic acid solution was prepared. Genipap oil was
dissolved in ethanol and added to the chitosan solution in
different proportions to form lms with a concentration of 0.10
and 0.50 g genipap oil/10 g chitosan. The pre-crosslinked chi-
tosan solutions were placed in silicone molds, followed by slow
drying at ambient conditions for 5 days to avoid excess forma-
tion of bubbles. The lms corresponding to various genipap oil
contents were denoted as CS/GOx, where “x” is the genipap oil
concentration.

Protein foams preparation. Proteins obtained as co-products
from the agro-food industry and reported to readily react with
genipin were evaluated. The materials were prepared as porous
structures based on our previous works, showing the capacity of
these proteins to form structures for their use as sustainable
absorbent networks in disposable sanitary articles.20 The geni-
pap oil crosslinking capacity was initially assessed with three
proteins to prepare the foams Z, WG, and PP. The proteins
(separately) were mixed with glycerol (plasticizer) at a 5 g/10 g
glycerol/protein ratio. SBC was used as a foaming agent (0.5 g/
10 g protein), and genipap oil was used as a crosslinker in the
following ratios: 0; 0.125; 0.25; and 0.50 g/10 g protein. The
detailed composition of each sample is described in Table 1.
The mixtures were vigorously stirred for 3–4 min, placed into
glass vials, and transferred to a forced-air oven (Thelco Labo-
ratory Oven 130). The temperatures were set at 100 and 110 °C
for 10 and 30 min. The results of these tests were all qualitative,
based on the comparison of the characteristic color of the
genipin-reticulated proteins (dark blue-purple) and the
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3su00303e


Table 1 The composition of crosslinked foams in the oven

Sample Protein GO x g/10 g proteina

Z Zein 0
Z/GO0.125 0.125
Z/GO0.250 0.250
Z/GO0.500 0.500
WG Wheat gluten 0
WG/GO0.125 0.125
WG/GO0.250 0.250
WG/GO0.500 0.500
PP Potato protein 0
PP/GO0.125 0.125
PP/GO0.250 0.250
PP/GO0.500 0.500

a When genipap oil was used for the sample preparation, the
nomenclature is as shown in the table, whereas when commercial
genipin was used, the name is changed from GO to GEN. All samples
contained 5 g glycerol/10 g protein and 0.5 g SBC/10 g protein.
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apparent rigidity of the samples. Commercial genipin was also
used as a control, and the samples were prepared as described
before.

The best-performing samples from the initial assessment
were used to prepare porous sheets resembling absorbent pads.
The sheets were produced by blending the proteins and pro-
cessed by hot-pressing. Previous works reported that the
proteins used in this study could be processed by hot-pressing,
and the sheets can be used to produce packaging and other
biodegradable absorbent products.29,42,43 The composition of
these samples is shown in Table 2. All the components of the
formulations were mixed by mechanical stirring. The mixtures
were placed between preheated aluminum plates with anti-
adhesion paper. The mold used was a (10 × 4) cm rectangular
shape and a thickness of 1 mm. A molding force of 150 kN and
a temperature of 110 °C were applied for both plates.

The processing temperature was decided from the thermal
stability data of the extracted genipap oil. The total processing
time was 10 min. The mold was kept under pressure for the rst
5 min and the last 5 min without pressure (always at 110 °C).
The force was removed to allow the material to degas, expand,
and increase the porosity. The pad sheets were cooled before
removing them from the mold and kept in desiccators.

The morphology of these bio-based pad sheets was observed
by scanning electron microscopy (SEM) using a JEOL JSM6390
Table 2 The composition of the blend samples obtained by compressio

Samplea Zein (%) Wheat gluten (%) Potato protein (%) Gly

75Z/25WG 75 25 0 +
75Z/25WGO 75 25 0 +
60Z/25WG/15PP 60 25 15 +
60Z/25WG/15PPGO 60 25 15 +
25Z/25WG/50PP 25 25 50 +
25Z/25WG/50PPGO 25 25 50 +

a The samples prepared using commercial genipin had the same mass co
GEN.

© 2024 The Author(s). Published by the Royal Society of Chemistry
(30 kV voltage). The tensile test was performed using a universal
testing machine, Instron 5944, with a 500 N load cell. The
crosshead speed was 10 mm min−1. All samples were pre-
conditioned in 50 ± 2.5% relative humidity (RH) for 72 h
before the test, according to ASTM D1623-03.
Results and discussion
Composition

The composition of the genipap peel and core and the extracted
genipap oil are summarized in Table 3. The analysis showed the
presence of genipin in a detectable amount only in the genipap
oil, corresponding to previous reports showing that unripe
genipap contains genipin aer the extraction procedure.3

Additionally, the oil's carbohydrate content was lower than the
peel and core, and the non-detectable soluble protein suggests
that the extraction process is highly selective for genipin and
phenolic compounds. This result was favored by the use of
chloroform (polarity index of 4.4)44 instead of ethanol (polarity
index of 5.2),44 which, being more polar, could extract a greater
amount of bioactive and carbohydrates and compromise the
crosslinking capacity of the genipap oil product. The core
showed a higher lipid content than the peel, 14.4± 0.5 and 12.1
± 0.4, respectively, which are higher than those reported in the
literature.1 Generally, lipid content in genipap is low, for the
whole fruit from 0.34 to 3%,1,45 peel 3.69%, mesocarp 4%,
endocarp 5.2%, endocarp + seeds 5.6%, and seeds 7.6%.1 Even
though the fruit layers were not analyzed separately, the
tendency for the peel to have the lowest lipid content was
demonstrated (see Table 3).

Of the peel and core analyzed, the lowest carbohydrate
content was obtained for the peel. The large difference between
the core and the peel can be because the endocarp is in the core,
the place of nutrient reserve deposition for the embryo.3 This
also correlates with the protein content shown by the core being
9 times higher than in the peel. A previous work reported
a protein content in the whole fruit in the range of 0.21–6.6%,46

and Náthia-Neves et al.1 reported 4.4% for the peel and 10.2%
for the endocarp + seeds; these values were higher than those
found in this research. However, it must be taken into account
that the chemical and physical characteristics of the fruit may
vary depending on various factors such as maturity, time of
harvest, climatic and soil conditions, and post-harvest
handling.45 On the other hand, the compositional analysis
n molding

cerol 5 g/10 g protein SBC 0.5 g/10 g protein GO 0.250 g/10 g protein

+ −
+ +
+ −
+ +
+ −
+ +

mposition as the genipap oil samples. In the name, GO was replaced by
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Table 3 The compositional analysis results of genipap peel, core, and oil

Sample
Water
content (%)

Carbohydrate
content (%)

Lipid
content (%)

Ash
content (%)

Soluble
protein (%)

Total phenols
(mg GAE per g dry sample)

Genipin
(% dry mass)

Peel NMa 28.6 � 1.3 12.1 � 0.4 5.90 � 0.30 0.095 � 0.008 5.32 � 0.43 NDb

Core NMa 33.9 � 3.2 14.4 � 0.5 7.44 � 0.04 0.867 � 0.071 6.98 � 0.81 NDb

Genipap oil 11.9 � 0.0 0.86 � 0.52 77.4 � 1.8 0.76 � 0.21 NDb 26.09 � 2.43 55.4 � 2.4

a NM: not measured. The peel and core compositional analyses were performed aer freeze-drying these and the genipap oil compositional analysis
corresponds to the product from the reported extraction method. b ND: not detectable. The results are acquired from the water content,
monosaccharide analysis by acid hydrolysis, lipid content, ash content, Bradford protein assay for soluble proteins, total phenolics
measurement by Folin–Ciocalteu assay, and genipin content quantitation by HPLC.
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obtained for genipap oil has not previously been reported,
highlighting the importance of this work, especially if this
product is to be used in materials as an alternative to current
genipin forms (Table 3).
Quantitative analysis of compounds in the genipap oil

Fig. 2a and Table S1† show the most prevalent mono-
saccharides in the samples, which were glucose, xylose, arabi-
nose, and glucuronic acid. Glucose is the main sugar in the
genipap fruit, together with fructose (another isomeric form).
The amount of glucose is three times higher in the core as the
main nutritional part of the fruit. The xylose amount was four
times higher in the peel as part of hemicellulose fractions in
Fig. 2 (a) The monosaccharide composition of the genipap peel, core
hydrolysis, followed by HPEAC-PAD detection of the monosaccharide.
saponification of the samples and identification through HPLC-UV-vis. (
genipap oil against (c.1) E. coli, (c.2) B. cereus, and (c.3) L. innocua.

130 | RSC Sustainability, 2024, 2, 125–138
those protective and more recalcitrant parts of the fruit.47 The
genipap oil did not contain a high amount of carbohydrates
compared to the peel and core (see Table 3). However, the
detected carbohydrates in the genipap oil were represented
mostly by glucuronic acid and glucose (i.e., the major part of the
monosaccharide composition).

Fig. 2b and Table S2† show the presence of diverse phenolic
acids in the samples by HPLC analysis. The higher concentra-
tion of ferulic acids in the genipap oil was due to the extraction
process for genipin that was preserved other antioxidant
compounds as the ones identied here, ferulic acid being the
most abundant compound (Fig. 2b). The presence of these
compounds can inuence nal products in having favorable
, and genipap oil. The compositional analysis was done through TFA
(b) Quantitative measurements of phenolic compounds through the
c) The antimicrobial activity of genipap fruit parts (peel and core) and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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biological activities such as antioxidant activity that can be
benecial in cases such as the production of active food
packaging.48

Biological activity

Antimicrobial activity. The antimicrobial activity of peel,
core, and genipap oil was tested against E. coli, B. cereus, and L.
innocua qualitatively. The genipap oil showed antimicrobial
activity against all three species, where the fruit core could only
prevent the growth of E. coli and B. cereus but not L. innocua. The
peel samples did not show any antimicrobial effects (Fig. 2c).
dos Santos et al. reported that the hydroalcoholic extracts from
the different parts of the genipap (peels, mesocarp, and seeds)
showed potential antimicrobial activity against the microor-
ganisms S. aureus, E. coli, P. aeruginosa, and C. albicans.49 As for
our results, the core of the fruit was the part that reached the
highest antimicrobial activity, while the antimicrobial activity
was lower in the peel.

The effective antimicrobial activity of the genipap oil is
correlated with the presence of genipin. It has been reported that
genipin possesses various biological activities, including anti-
microbial properties against bacteria, fungi, and viruses. A study
published by Koudouna et al. found that genipin had signicant
antimicrobial activity against strains of S. aureus, P. aeruginosa,
and C. albicans.8 The results obtained in the genipap oil could
open the possibility for future use in biomedical applications.

Antioxidant activity. The radical scavenging activity of the
samples was tested against DPPH, and the results were calcu-
lated as EC50 (Table 4). EC50, or half maximal effective
concentration, is the concentration of sample required to
reduce the concentration of DPPH by 50%. The results show
that the antioxidant effect of the genipap oil is substantially
more than the peel and core individually. This is consistent with
the total phenolics measured (Table 3), which can also indicate
the antioxidant capacity of biomasses.35 Commercial genipin
showed no activity in the free radical scavenging assay (Table 4).

The absence of antioxidant activity of genipin has also been
reported in the literature. Koo et al.50 reported that genipin did
not show any scavenging effect on the free radicals of DDPH.
However, genipin was shown to have a signicant
Table 4 The antioxidant activity of genipap peel, core, and oil was
measured from the radical scavenging activity against DPPH. The
results for ascorbic and ferulic acid are presented for comparison.
Hemolysis activity of genipap peel, core, oil, and pure genipin in
contact with fresh sheep blood

Sample
EC50 (mg
per mg DPPH) Hemolysis (%)

Peel 645.45 1.25 � 0.23
Core 565.06 0.58 � 0.94
Genipap oil 39.84 1.95 � 0.30
Commercial genipin N/Aa 0.02 � 0.06
Ascorbic acid 0.22
Ferulic acid 0.24

a As genipin did not exhibit any antioxidant activity, the EC50 could not
be calculated.

© 2024 The Author(s). Published by the Royal Society of Chemistry
antilipoperoxidative capacity. This suggests that genipin can
effectively scavenge hydroxyl radicals formed in a Fe2+/ascorbate
system.50 Additionally, Hughes et al. suggest that the antioxi-
dant activity of genipin may depend on concentration, source,
and solvent. This is because their results indicated that 50 mM
genipin has a free radical scavenging capacity comparable to
ascorbic acid.51

Several studies have investigated the antioxidant potential of
genipap fruit and found that it contains high levels of phenolic
compounds, avonoids, and carotenoids, all known to have
antioxidant activity.52 Additionally, there are reports that the
aqueous extract of genipap fruit has potent antioxidant activity,
as demonstrated by its ability to inhibit the oxidation of low-
density lipoprotein (LDL), a type of cholesterol that can
contribute to the development of heart disease.53,54

Hemocompatibility. According to Elahi et al.,55 the
compounds with less than 2% hemolysis activity were consid-
ered non-hemolytic, whereas the compounds that have 2–5%
and >5% hemolysis effect are categorized as slightly hemolytic
and hemolytic, respectively. Table 4 summarizes the results of
the hemolytic test on genipap fruit parts, genipap oil, and
genipin. The hemolysis percentage of the sheep's blood in
contact with all samples was less than 2%. Subsequently, the
compounds are considered non-hemolytic, as established by
the standard ISO 10993-5:2009.

Genipin has many potential biomedical applications,
including as a crosslinking agent for tissue engineering, drug
delivery, and natural food preservative.14 However, there have
been concerns about the hemotoxicity of genipin, which refers
to its potential to damage red blood cells (erythrocytes) and
other blood components.10 In a study published by Gholami
et al.,56 it was found that genipin induced hemolysis dose-
dependently, with higher concentrations of genipin inducing
hemolysis.56 It is important to note that the concentrations used
in these studies were oen higher than those typically used in
biomedical applications.

Moreover, many studies have also shown that genipin can be
used safely in certain applications, such as crosslinking tissue
engineering scaffolds.57 In this case, where the hemo-
compatibility of the genipap oil as a new genipin-derived
component in future biomaterials is evaluated, and given the
potential application of these biobased products in feminine
hygiene products,17 the genipin content in the oil is low.
Therefore, none of its components have adverse effects on
blood cells.
Chemical characterization of the oil

Fig. 3a shows the thin layer chromatogram demonstrating the
presence of genipin in the extracted genipap oil. The Rf values
obtained for the oil (0.63 ± 0.01) were comparable with those of
commercial genipin (0.61 ± 0.01). However, the genipap oil also
showed a spot between the red dotted lines, indicating that itmay
contain a mixture of other iridoids found in genipap fruits.58

The FTIR spectrum of the genipap oil was similar to that of
commercial genipin, with the main difference being the inten-
sities in some peaks (Fig. S1, ESI†). The broad band in the range
RSC Sustainability, 2024, 2, 125–138 | 131
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Fig. 3 The characterization of the genipap oil. (a) The thin layer chromatogram (TLC) of the genipap oil (1) and commercial genipin (2) observed
under UV light. FTIR-ATR spectrum of the oil extracted from genipap and commercial genipin (b) in the range 4000–2500 cm−1 and (c) 1800–
1400 cm−1. (d) The 1H-NMR spectrum of the genipap oil compared to commercial genipin, (e) HPLC analysis of the genipap oil vs. commercial
genipin.
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of 3600–3300 cm−1 in the genipap oil corresponds to the
stretching of the –OH (Region (I), Fig. 3b). Genipin showed
a double band in this region, one corresponding to the axial
deformation of free OH and the other to the deformation of the
OH bound to intermolecular hydrogen.59 The difference may
result from the genipap oil presenting a more heterogenous
composition than the commercial genipin, preventing the
distinction between the two types of OH bonds. In the 3000–
2800 cm−1 Region (II), signals corresponding to the stretching
of the C–H bonds and asymmetric stretching of the H–C–H
bonds were observed.60 Region (III) (Fig. 3c) corresponds to the
stretching of the C]O carbonyl groups, shiing to a higher
wavenumber in the genipap oil than commercial Genipin. The
shiing in the carbonyl peak is possibly due to the stretching of
C]O groups of the acidic compounds present in the oil, such as
geniposide acid,61 whose bands occur in the range of 1700–
1760 cm−1,62 unlike the C]O bonds of commercial genipin that
appear below 1700 cm−1.60 The Region (IV) of Fig. 3c shows the
same band for commercial genipin and genipap oil, with
different intensities and assigned to the stretching of the C]C
bond.62 The higher peak intensity in commercial genipin results
from its purity, allowing the distinguishing of the vibrations of
each group. Lastly, in Region (IV), genipin and genipap oil share
bands with different intensities, with commercial genipin being
more intense than the oil. However, the observed bands are
132 | RSC Sustainability, 2024, 2, 125–138
characteristic of the stretching of the C]C bond of the cyclic
structure.62

The 1H NMR spectrum of the genipap oil and commercial
genipin is shown in Fig. 3d. The signals in the lower eld were
those observed at 7.17 and 5.47 ppm, corresponding to protons
attached to sp2 carbons (H4 and H8). In addition, a broad band
centered at 5.10 ppm, characteristic of the least shielded
hydroxyl group (OH′), was also observed. The signals corre-
sponding to the protons attached to sp3 carbons of methoxy
were observed as a very intense singlet at 3.42 ppm (see Fig. 3d).
At a higher eld, the H6 proton was observed at 2.78 ppm, H7a
at 2.46 ppm, H1 at 2.13 ppm, and the H7b proton at 1.67 ppm.
Additionally, it can be observed that the genipap oil has three
signals between 0.5 and 1.5 ppm that are not present in
commercial genipin, resulting from the other molecules
present in the genipap oil. These additional signals in the
genipap oil can be attributed to compounds or fractions of the
aliphatic type of lipid components present in the genipap oil.

Fig. 3e shows that the HPLC peak of the genipap oil corre-
sponds well with that of commercial genipin (2.142 vs.
2.134 min elution time, respectively), which further conrms
the presence of genipin in the genipap oil.

Similar studies reporting the characterization of genipap oil
have not been found in the literature. The literature on the
genipap fruit mostly focuses on extracting its active
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The TGA and first derivate of the genipap oil and the
commercial genipin.
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components and purifying genipin (not in the oil as an inter-
mediate genipin-derived substance). Thus, the signals between
0.5 and 1.5 ppm in genipap oil may correspond to CH3 and CH2

from saturated acyl groups, which could be attributed to oleic
and linoleic acid.63 Ávila et al. carried out the fatty acid prole of
the G. Americana seed oil and reported that linoleic acid was the
main acidic component in the biomass, with a percentage of
61.5%.64

The results in this study indicate that the extracted and dried
genipap oil contains 55.4 ± 2.4 wt% genipin. Moreover, 1H-
NMR analysis allowed us to accurately estimate the amount of
genipin contained in the genipap oil (Fig. 3d). The concentra-
tion (mgmL−1) ratio of the commercial genipin and the genipap
oil peak corresponding to genipin is 100 : 41.8793. Thus, the
amount of genipin in the genipap oil is 14%. Pure genipin was
also extracted from the genipap oil, using the extractionmethod
described in Fig. 1, followed by solvent extraction, yielding
3.8 mg genipin per g of the genipap core. Various methods have
been developed to extract and purify genipin using different
organic solvents, reporting yields as high as 4.4 mg per g of
fruit.37 Another work by Ramos de la Peña et al. reports the
enzymatic hydrolysis of geniposide with b-glycosidase with
a yield of 7.9 mg g−1 of fruit.2 The greater genipin content ob-
tained in the genipap oil compared to previous results1,2 can be
ascribed to the herein combination of maceration, followed by
Soxhlet extraction (Fig. 1). The interaction of the solvent, at its
boiling temperature, with the solids from the peeled fruit could
increase the solubility of the extracted compounds. In addition,
using chloroform as an extraction solvent facilitates a genipap
product with high genipin content. Here, we tested ethanol,
while other works report the use of water, which resulted in
a genipap oil without genipin13 or solid extracts.1 Here, despite
the use of chloroform, the extraction process remains sustain-
able because the chloroform used was recycled at least 5 times,
showing no differences in the genipap oil.
Oil thermal stability

Thermogravimetric analysis assessed the genipap oil thermal
stability for suggesting processing windows for its utilization as
an additive in processed bioplastics. Fig. 4 shows the TGA
prole of the extracted genipap oil and its rst derivative. The
rst mass loss was at a temperature of 120 °C with a percentage
loss of 4–5% and the second at T = 204 °C with almost 20%.
According to Table 3, the water content of the genipap oil is 11–
12%, which correlates with the rst mass loss at ca. 120 °C. The
mass loss is also associated with the different compounds in the
genipap oil (Table 3 and Fig. 4). The weight loss over 200 °C can
be related to the decomposition of genipin, which agrees with
previous literature reporting the thermal degradation temper-
ature at z200 °C with at least 40%.6 The monosaccharide and
phenolic compounds reported here can also be thermally
degraded at these temperatures. Therefore, it is suggested to
use genipap oil at temperatures below 120 °C to guarantee
maximum thermal stability.

Despite the low concentration of genipin in genipap oil,
having genipin in a suspension form represents an advantage
© 2024 The Author(s). Published by the Royal Society of Chemistry
from a processing perspective. Fig. S2† shows the DSC of
commercial genipin with a melting peak at 121 °C. These high
temperatures can be problematic during the thermal
manufacturing of biomaterials because temperatures below
120 °C are oen used to avoid excessive endogenous cross-
linking reactions or thermal degradation of the natural poly-
mer.27,28,65 As the next step, it was assessed if the genipap oil
(with 14% content of genipin in the as-extracted stage, Fig. 3d)
has a crosslinking capacity with the most reactive and used
natural polymers for producing genipin crosslinked bio-based
products, i.e., chitosan and proteins.

Efficiency of genipap oil as a crosslinking reagent

The crosslinking capacity of the oil was preliminarily studied
using chitosan due to its well-known high reactivity with geni-
pin as a common crosslinking agent. These preliminary results
are shown in Fig. 5a, showing the appearance of the chitosan
lms and the protein mixtures with/without genipap oil. The
chitosan lms without genipap oil (CS) were semi-transparent,
brittle, and did not retain the shape of the mold. However,
the lms with genipap oil rapidly changed color to dark blue,
and the increase in the genipap oil content from 0.05 to
0.10 wt% made the lms harder and more mechanically stable
(see Fig. 5a). Du et al.16 fabricated similar chitosan lms with
improved permselectivity using genipin as an alternative
“green” crosslinking agent to replace glutaraldehyde.16 In
general, crosslinked chitosan with genipin has been extensively
used as biomaterial to produce lms, hydrogels, and scaffolds
for tissue engineering.7,16,57,66 The reason for the extensive use of
chitosan with genipin is the presence of primary amino groups
in the chitosan structure, making it more susceptible to form-
ing chemical crosslinks with genipin.7,16 Further, chitosan is
readily obtained from the deacetylation of chitin, a linear
polysaccharide with poor solubility but highly available as a by-
product of the marine industry.16,66

No signicant difference in the color intensity was observed
with increasing genipap oil concentration in the chitosan lms
RSC Sustainability, 2024, 2, 125–138 | 133
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Fig. 5 The appearance of (a) chitosan films obtained by solvent casting and solvent evaporation, (b) protein foams prepared at 110 °C for 30 min
in the oven. The physical appearance of the structures obtained with genipap oil at T = 110 °C over the curing time: (c) color change observed
from the top of the reaction beakers and (d) reaction beakers containing the mixtures.
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higher than 0.500 g genipap oil/10 g chitosan. Still, the higher
concentration of genipap oil does not allow the formation of
homogeneous lms (see Fig. S3, ESI†). The result suggests that
the sample CS0.500 contained sufficient genipin to reach
a maximum crosslinking degree, possibly due to the depletion
of free amino groups available in the chitosan. Additionally, it is
also possible that genipin cannot bind to all free amino groups
even at high concentrations due to its complex crosslinking
mechanism.19 With these preliminary results on chitosan, we
demonstrate the effectiveness of the crosslinking action of
genipap oil, allowing us to move on to assessing the capacity of
the genipap oil to crosslink porous protein blend systems.
Future work should focus on the effect of genipap oil on the
intrinsic properties of chitosan lms.

Fig. 5b shows that the selected proteins also changed color
from yellow (without genipap oil) to dark blue (with genipap oil).
These color changes have been reported both for chitosan lms
and protein sponges/foams crosslinked with commercial geni-
pin.9,16,17 Genipin crosslinks with the free primary amino groups
of chitosan, amino acids, peptides, or proteins to produce a dark
blue color.18,67 This color change is related to a possible poly-
merization induced by oxygen radicals of genipin molecules
already linked to amino groups.3 The exact mechanism of blue
pigment formation is unclear, but it is believed that the forma-
tion of genipin copolymers with high C]C conjugation is
responsible for the characteristic dark blue color.3,11,15,68

Fig. 5c shows that the increase from 0.125 to 0.250 g genipap
oil/10 g in the protein resulted in a more intense dark blue color
(samples observed from the top of the reaction beaker).
However, the protein mixtures' color changes when increasing
the genipap oil concentration to 0.500 g/10 g does not seem
signicant, possibly indicating that the maximum crosslinking
has been reached. Moreover, all proteins rapidly changed color,
134 | RSC Sustainability, 2024, 2, 125–138
showing a darkening at 10 min in the oven (see Fig. 5c). It is
worth noticing that the PP samples with genipap oil remained
powdery for all the study conditions, even though the charac-
teristic color change of genipin.9,18,19 PP is the protein with the
highest content of lysine residues (amine groups) among the
proteins tested with at least 40% of a highly soluble protein
fraction (patatin).23,69 Thus, crosslinking with genipin should
form stable 3D structures.69 However, the PP used is obtained as
a by-product from starch extraction, and the industrial recovery
process denatures the protein to a large extent, making it
insoluble and non-food grade. Thus, this material can be readily
obtained at an industrial scale and at a price as low as 1.4–1.5 V

per kg, making it attractive as an alternative source of
biomaterials.69

Fig. 5d shows themixtures in their reaction beaker, revealing
that the initially powdered WG sample with 0.500 genipap oil
(WG/GO0.500 and 30 min in the oven) compacted, forming
a rigid spherical structure. The result can be related to the
formation of a highly crosslinked gluten network by the genipap
oil, which could favor the polymer chains to undergo
a shrinking process. WG is an abundant co-product of the
starch industry,17,70 with a reported production of at least 1.1
million tons in 2020.71 WG is one of the most studied plant
proteins and the most suitable candidate for producing stable
3D biopolymer networks to replace plastic in adsorbent
applications.20,70

On the other hand, Z and PP adopted the mold's shape and
could be easily removed from the mold (see Fig. 5d). Interest-
ingly, the Z changed color at 10 min with the lowest genipap oil
content, despite the Z reporting no detectable lysine residues72

(Fig. 5d). All the protein systems herein reported changed color
to dark blue when crosslinked with the genipap oil up to 2 times
faster than when crosslinked with commercial genipin, despite
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Samples obtained by hot press bent up to 45°: (a) control (60Z/25WG/15PP) and (b) genipap oil (60Z/25WG/15PPGO). The hot-pressed
samples and their respective SEM of surface and cross-section: (c) 75Z/25WG, (d) 75Z/25WGGEN, (e) 75Z/25WGGO, (f) 60Z/25WG/15PP, (g) 60Z/
25WG/15PPGEN, (h) 60Z/25WG/15PPGO, (i) 25Z/25WG/50PP, (j) 25Z/25WG/50PPGEN, and (k) 25Z/25WG/50PPGO.
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the genipin content being 86% lower in the genipap oil
(Fig. S4†). The result suggests that the reactivity of the genipap
oil favors the crosslinking reaction even for low lysine-
containing proteins. Here, Z is an interesting protein candi-
date found in corn,29,73 and its non-toxicity and processing
versatility make it a strong candidate to replace synthetic plas-
tics.23,74 Thus, the results suggest that the most appropriate
genipap oil concentration for producing lms and foams is
0.500 g/10 g for chitosan and 0.250 g/10 g for protein. It should
be noted that according to this study, the actual genipin
concentration of the genipap oil is ca. 14%, which reveals the
high reactivity of this oil extract even at such a low crosslinking
concentration.

The protein-based materials were blended and thermo-
formed into thin 0.4 mm sheets to demonstrate the possibili-
ties of producing bio-based materials with common plastic
processing techniques (i.e., hot-pressing). The samples were
produced as porous structures by adding SBC and blending the
proteins to compare with our previous works, where lyophilized
porous crosslinked structures were made with commercial
genipin powder as an alternative to absorbent plastics in single-
use sanitary materials.17,75 The different crosslinking processing
methods used to evaluate the crosslinking capacity of the gen-
ipap oil are summarized in Table S3.†

Fig. 6 shows the appearance of the samples obtained by hot
pressing the selected protein mixtures. All blends formed
a stable structure that could be bent up to 45° (see Fig. 6a and
b). A brown-black coloration was observed in the formulations
© 2024 The Author(s). Published by the Royal Society of Chemistry
containing genipin or genipap oil, in agreement with the results
above when the individual proteins were used (see Fig. 5). The
microstructure of the sheets revealed homogenous porous
structures with no visual evidence of phase separation, sug-
gesting good compatibility between the proteins, glycerol, SBC,
and the crosslinking agent used (Fig. 6c–k).

The sheet fabricated from blending 25 : 25 : 50 Z :WG : PP
(75Z/25WG/50PP) had the most rough and discontinuous
surface among the samples (see Fig. 6i). The result is ascribed to
the high amount of PP in the sample, which formed powdery
materials when processed only with PP, as shown in Fig. 5b.
Incorporating genipap oil in the above blend (75Z/25WG/
50PPGO) decreased the roughness and allowed the structure
to be smoother and more continuous, despite the high PP
content. The SEM cross-section of the sheets revealed a porous
and homogeneous structure with large voids of ca. 200 mm in
diameter. Fig. 6c–k shows that amore porous network is favored
with a low amount of WG and PP, while the increase in PP
hindered the formation of pores. A slight decrease in pore size
was also observed by adding genipin or genipap oil to the
blends (compare Fig. 6c–e with Fig. 6f–h). The reduction or
absence of pores can be related to increased crosslinking due to
amore elastic network collapsing the pores once the pressure by
the foaming agent is reduced.15 Nonetheless, no major changes
in the microstructure were observed between the control and
the samples having the crosslinking added.

Fig. 7a shows the maximum stress (smax), strain at break
(3max), and Young's modulus of the different protein blends
RSC Sustainability, 2024, 2, 125–138 | 135
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Fig. 7 (a) Maximum stress (smax), strain at break (3max), and Young's
modulus obtained in tensile tests of the different mix of agro-food
proteins and (b) the mass balance of the reactants and product/sub-
products. Different letters indicate significant differences (p < 0.05).
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processed by hot pressing (see the samples in Fig. 6). The results
show that incorporating the genipap oil on the samples doubled
the smax and 3max compared to the non-crosslinked sheets,
especially those containing potato protein (i.e., 60Z/25WG/
15PPGO and 25Z/25WG/50PPGO). Further, the mechanical
properties of these samples were enhanced compared to the
sample containing commercial genipin. Fig. 7a demonstrated
that the samples with commercial genipin increased in smax

compared to those without the crosslinking agent, but the 3max

decreased considerably. Garavand et al.43 indicated that the
bond produced by the crosslinking reaction results in a denser
and more rigid protein network and less mobility between
protein chains (i.e., higher tensile strength and lower elonga-
tion at break). The results are consistent with the increase in
smax and 3max reported when genipin is used but differ when
genipap oil is used as a crosslinking agent. The observed effect
in the mechanical properties suggests that the additional
components of the genipap oil could act as a plasticizer of the
formulation and/or allow the formation of longer crosslink
bridges and should be explored in future studies.

All in all, it has been demonstrated that genipap oil allows
for the formation of stable chitosan lms and well-dened
porous structures when combined with protein blends and
polymer processing techniques. The physical and mechanical
136 | RSC Sustainability, 2024, 2, 125–138
properties of the fabricated materials are similar to that of
commercial genipin despite the use of ca. 10 times less genipin
when adding the genipap oil, which shows the potential of the
genipap oil as a genipin-containing suspension for the fabri-
cation of future bio-based materials.

A life-cycle costing (LCC) based on the cost of raw material,
solvent, and energy consumed was performed to assess the
preliminary potential of the genipap oil as a future genipin-
containing substance for bio-based materials crosslinking. The
initial mass for the genipap oil extraction requires 34% of geni-
pap fruits and 66% chloroform, from which 4% of genipap oil is
extracted (see Fig. 7b). Therefore, our estimations show that the
genipap oil will cost $9.5 per g, which can be reduced by 66% if
the chloroform is recirculated for new extractions. The extraction
process of the genipap oil resulted in ca. 30% biomass waste,
which could be composted to increase the circularity of the
overall process.

The purication of genipap oil to genipin yielded approxi-
mately 0.125 g genipin per g genipap oil and required ethyl
acetate, cyclohexane, and n-hexane (Fig. S5†). Such purication
steps can further increase the production cost and the amount
of waste generated. Furthermore, such solvents used for the
genipin purication from the oil fall into the hazardous/
problematic reagents category and are not recirculated (see
Table S4†). The results here show that genipap oil, without any
purication, can be used directly as a potential candidate for
crosslinking chitosan and agro-industrial proteins. This means
fewer solvents are needed, and the material's properties using
genipap oil can be kept compared to pure genipin while
reducing 93% of the material production costs. However, even
considering the purication steps, the price of genipin extracted
from the genipap oil is $19 per 125 mg, approximately 36 times
lower than commercial genipin ($140 per 25 mg).

Conclusions

Genipap oil from the Genipa American fruit was extracted using
a circular approach to produce a new source of genipin as
a crosslinker of natural polymers. It was shown that the oil could
crosslink chitosan and proteins obtained as co-products from the
agroindustry using traditional polymer processing techniques.
The genipap oil containing genipin impacted the physical and
mechanical properties of the bio-based materials produced,
resulting in improved mechanical properties compared to the
control samples with no crosslinking agent. The immediate effect
of using the oil as a crosslinking substance was shown by the
properties of the materials resembling those crosslinked with
commercial genipin while using 10 times less genipin content
when the oil is used. In addition to crosslinking, the oil also
resulted in remarkable antioxidant capacity with no cytotoxicity,
which is of high relevance for applications in the healthcare area.
Also, the oil has an advantage over solid genipin pure particles
because the traditional low temperatures used to process
biopolymers do not allow the melting of genipin crystals, thus
decreasing the efficiency of the crosslinking process. From
a sustainability perspective, the advantages of using the oil-
containing genipin for fabricating the bio-based materials
© 2024 The Author(s). Published by the Royal Society of Chemistry
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relied on a cost reduction of up to 93% while saving solvents.
Thus, this opens up bioplastics manufacturing with improved
mechanical properties using genipin, which was a bottleneck
before for upscaling such bioplastics recipes.
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