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A B S T R A C T

Crocins are potent antioxidants with significant therapeutic potential, exhibiting anti-inflammatory, anticancer, 
and antidepressant properties. The ornamental plant Crocos-mia x crocosmiiflora is widely cultivated for its ar
omatic and vibrant flowers. In this study, we identified unique crocins as the primary pigments responsible for 
the flower’s coloration. These metabolites predominantly consist of molecules with eight glucose units, followed 
by crocins containing six and seven glucose units. To elucidate the mo-lecular mechanisms underlying crocin 
biosynthesis in C. x crocosmiiflora, tran-scriptomic analysis was performed to identify key carotenoid cleavage 
dioxygenase (CCD) genes. Using Crocus sativus CsCCD2L gene as a bait, we identified a CCD transcript from the 
transcriptome data. Phylogenetic analysis revealed that the identified CCD belongs to the CCD2 subfamily, and it 
was designated as CroCCD2. Functional characterization of CroCCD2 was carried out using bacterial expression 
systems and Nicotiana benthamiana plants with a virus-mediated expression system. These experiments demon
strated that CroCCD2 efficiently converts the precursor zeaxanthin into crocetin, a key intermediate in crocin 
biosynthesis. Furthermore, we investigated the bioactivity of crocins and discovered that their anti-inflammatory 
effects depend on their vehiculation within exosomes or liposomes. This suggests that the transport mechanism is 
critical for the biological activity of crocins. Our findings highlight the specialization of CCD subfamilies in 
monocots and dicots for crocin biosynthesis and provide evidence of the anti-inflammatory activity of exosome- 
transported crocins. This study establishes a foundation for further research into the metabolic network of 
crocins in C. x crocosmiiflora and suggests that the CroCCD2 gene could be introduced into other crop plants to 
produce these bioactive apocarotenoids.

1. Introduction

Carotenoids are an important group of secondary metabolites that 
are widely distributed in nature, displaying key roles in all organisms 
[1]. In plants, carotenoids provide flowers and fruits with distinct bright 

colors ranging from yellow to red to attract pollinators and other ani
mals that help in seed dispersal [2]. They also participate in photo
protection and photosynthesis [3], provide precursors for 
phytohormones [4–6], and possess a unique capacity for scavenging 
reactive oxygen species [7]. In humans, which are unable to synthesize 
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carotenoids, these metabolites are relevant as precursors for vitamin A 
[8], and for their antioxidant activity that prevent cancer and other 
diseases including neurodegeneration or diabetes [9]. The carotenoid 
biosynthesis pathway in plants have been revealed by enzymatic and 
genetic studies [10], and genes underlying the central biosynthetic steps 
have been identified in many plants [11]. However, new enzymes are 
continuously discovered and characterized, which are involved in 
carotenoid cleavage [12] to produce apocarotenoids with different 
function [13]. The conjugated double bonds of the carotenoid structure 
can be target by the enzymes of a specific family, carotenoid cleavage 
dioxygenases (CCD), which catalyze the cleavage of the double bonds 
[14]. Thus, the abundance of targets in the wide number of different 
carotenoids present in nature, resulted in the generation of apocar
otenoids with specific physic-chemical properties and particular bio
logical functions.

Crocosmia × crocosmiiflora (Lemoine; Iridaceae), known as mon
tbretia, is a monocotyledonous plant that was obtained from the cross of 
C. aurea and C. pottsii. The hybrid is broadly cultivated for their bright 
orange flowers. Different active metabolites have been isolated from 
flowers and corms of this hybrid [15–17]. The extracts obtained from the 
corms, characterized by the presence of saponins [18], have been used 
as antitumoral agents in Japanese traditional medicine [16]. The flowers 
contain crocins [19], which are reported to be active ingredients, 
responsible for various pharmacological actions including antioxidant 
and anti-inflammatory effects [20–22]. Crocins are glycosylated apoc
arotenoids, which accumulate in the flowers or fruits of few plant spe
cies [23,24], including species of the genus Crocus (Asparagales), with 
C. sativus as the principal producer among all Crocus species. Other plant 
species know to accumulate crocins are Freesia sps. (Asparagales), 
Gardenia jasminoides (Rubiales), Buddleja davidii (Lamiales), Nyctanthes 
arbor-tristis (Lamiales) and Verbascum sps. (Lamiales). The pathway for 
crocin biosynthesis has been elucidated in some of these species [23,
25–28]. The CCD that catalyzes the cleavage of the carotenoid substrate 
for the production of crocetin-dialdehyde is always localized in plastids, 

and are distributed in two subfamilies, based on recognition and 
cleavage of different substrates, including lycopene, β-carotene and 
zeaxanthin. In monocot species, such as those from Crocus and Freesia, 
the enzymes belong to the CCD2 subfamily, and recognize and cleavage 
zeaxanthin [25,28], while in dicots the enzymes belong to the CCD4 
subfamily and show wider substrate specificity [29,30].

In this work, we have performed a comparative analysis of the crocin 
content in flowers of Crocosmia x crocosmiiflora. We have also identified 
the CCD2 enzyme involved in the crocin biosynthetic pathway in this 
hybrid species. Finally, we have isolated crocin-rich exosomes from the 
flowers and revealed a potential anti-inflammatory activity based on the 
effects on cell cultures.

2. Methods

2.1. Plant materials and sampling

Crocosmia x crocosmiiflora displays orange, tube shaped flowers 
distributed around a central axis (Fig. 1). Each branch can contain 4 to 
20 flowers. The plants used in this study were grown in the Botanical 
Garden of Castilla-La Mancha (Albacete, Spain).

We collected flowers at preanthesis and anthesis, and further, 
flowers at anthesis were dissected in tepals, stamens and stigma. All 
materials sampled were immediately frozen in liquid nitrogen and then 
stored at − 80 ◦C.

2.2. Pigment extraction

Polar (crocins) and nonpolar (crocetin and carotenoids) metabolites 
were extracted from 0.05 g of lyophilized flower tissues. For polar me
tabolites analyses, the tissues were extracted with 50:50 methanol:H2O 
and sonicated for 10 min, followed by centrifugation and recover of the 
liquid phase. The insoluble fraction, was extracted with 2:1 CHCl3: 
methanol to obtain the apolar metabolites. The obtained fractions were 

Fig. 1. Crocosmia x crocosmiiflora plants and flowers and a schematic overview of crocin biosynthesis pathway in C. sativus and F. hybrida. BCH, β-carotene hy
droxylase; CsCCD2L, C. sativus carotenoid cleavage dioxygenase 2 L; PhCCD2, F. hybrida carotenoid cleavage dioxygenase 2; ALDH, aldehyde dehydrogenase; UGT, 
UDP-glucosyltransferases.
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analyzed separately by chromatographic methods as described below.

2.3. Carotenoid cleavage dioxygenase identification, isolation, and 
cloning

CCD2 amino acid sequences from C. sativus and C. ancyrensis were 
applied as queries to search candidate CCDs in the Crocosmia x croc
osmiiflora Bioproject PRJNA389589 using BLASTN (https://blast.ncbi. 
nlm.nih.gov/). The obtained sequence was used for the design of spe
cific oligonucleotides: 5′-CATGGATGCATCTAAACCTCTGCTGT-3′ and 
5′-TCATGCCTCTGCTTGCTGCTTCTGAAGT-3′, for the isolation and 
cloning of the corresponding cDNA, using total RNA extracted from 
flowers with the TRIzol™ reagent (Invitrogen) according to the manu
facturer’s instructions, and treated with RNase-free DNase I (Promega) 
to remove any residual genomic DNA. Oligo dT was used to synthesize 
first-strand cDNA with the Ready-To-Go You-Prime First-Strand Beads 
(Cytiva). The obtained cDNA was used as template for a PCR reaction 
using the following conditions: 95 ◦C for 5 min; 40 cycles of 94 ◦C for 5 s, 
55 ◦C for 20 s, and 72 ◦C for 2 min. The PCR products were loaded in a 1 
% agarose gel, and the selected product purified, cloned in the pGEM®-T 
Easy Vector (Promega) and sequenced. Further, the oligonucleotides: 5′- 
CGCCCTTGGCGAATTCATGTTCCTTCCACGTAAACGGTGC-3′ and 5′- 
TACCCTCGAGGAATTCACTCTTCCGATCTCTCTGCTTGCTG-3′ were 
used to clone the cDNA into the pThio-Dan vector (Invitrogen). The 
resulting expression plasmid, designated as pThio-CroCCD2, was 
assembled using the In-Fusion® HD Cloning Plus CE kit (Takara) and 
sequenced to verify accurate assembly and the absence of sequence 
errors.

2.4. Phylogenetic relationship

Multiple sequence alignment with CCD amino acid sequences was 
carried out using MEGA 11.0.10 program (https://megasoftware.net/) 
to construct the phylogenetic tree of the aligned sequences using the 
Maximum Parsimony method with 2500 bootstrap replicates.

2.5. Expression in carotenoid-accumulating E. coli cells

Carotenoid-accumulating Escherichia coli BL21 cells harboring 
different PAC-plasmids (chloramphenicol resistance) to produce carot
enoids, were transformed either with pThio-CroCCD2 (ampicillin resis
tance) or the void pThio-vector (ampicillin resistance) which was used 
as negative control. Clones were selected by their corresponding anti
biotic resistance and overnight cultures were grown at 30 ◦C in 5 mL of 
2YT-medium and were used to inoculate 50 mL of 2YT-medium. 
Expression of CroCCD2 was induced with 0.2 % (w/v) arabinose when 
an optic density at 600 nm (OD600) of 0.5 was reached and further 
incubated at 30 ◦C for 4–6 h, followed by centrifugation. The pellets 
were resuspended in 2 mL of acetone, and 2 mL of diethyl ether: pe
troleum ether (1:2), mixed by vortex and sonicated for 10 min. After, 2 
mL H2O were added, mixed by vortex and centrifuged for 5 min at 
10,000 x g. The organic pigmented phase containing lipophilic com
pounds was dried and the residue redissolved in 400 μL ethyl methyl 
butyl ether for chromatographic analyses.

2.6. HPLC analysis

The soluble fraction, containing crocins, was analyzed by HPLC- 
DAD-HRMS (Thermo Fisher Scientific) [31]. The apolar fraction con
taining carotenoids and E. coli pigments fractions were analyzed on a 
reverse-phase HPLC system equipped with a photodiode array detector 
(Agilent Technologies). The compounds were separated at a flow rate of 
1 mL min− 1 using a C30 column (150 × 3 mm i.d., 5 μm) (YMC Europa, 
Schermbeck, Germany) and the following solvent system: A: meth
anol/H2O (98:2, v/v), B: methanol/H2O (95:2, v/v) and C: TBME. The 
elution gradient began at 80 % A and 20 % C at 0 min, then moving 

linearly to 60 % A and 40 % C by 3 min. At 4 min, the gradient shifted to 
60 % B and 40 % C, then transitioned linearly to 0 % B and 100 % C by 
12 min, before returning to the initial conditions by 13 min. Metabolite 
identification relied on absorption spectra and retention times relative 
to standard compounds.

2.7. Activity assays in N. benthamiana

Plasmid pGTEV-CroCCD2 was constructed by PCR amplification of 
the cDNA of CroCCD2 (Supplementary Table S1) and Gibson DNA as
sembly (New England Biolabs); plasmid pGTEV-CsCCD2L was obtained 
as previously described, including NIb in the viral clone [30]. The 
plasmid to express a green fluorescent protein (pGTEV-aGFP) was pre
viously described [30]. Competent A. tumefaciens strain C58C1 con
taining the helper plasmid pCLEAN-S48, were independently 
transformed by electroporation with the plasmids pGTEV-CroCCD2, 
pGTEV-CsCCD2L, and pGTEV-aGFP, and selected in plates containing 
50 µg/mL kanamycin, 50 µg/mL rifampicin, and 7.5 µg/mL tetracycline. 
Liquid cultures of selected positive colonies were used to infiltrate one 
leaf of one-month-old N. benthamiana. After infiltration, plants were 
transferred to a plant growth chamber with 16–8 h day-night photope
riod at 25 ◦C. Leaf tissue was collected 14 days post-inoculation (dpi) 
and analyzed for crocin and carotenoid content.

2.8. Exosome isolation and characterization

Nanovesicles were purified from Crocosmia x crocosmiiflora flowers 
by modifying a method previously used to isolate plant exosomes by 
sequential centrifugations [32,33]. The flowers were weighed, and the 
same amount of 1 x phosphate-buffered saline (PBS) added. The mixture 
was kept stirring for 20 min and subjected to low-speed centrifugation 
(2000 × g 20 min and 5000 × g 40 min) to remove large particles and 
fibers. Intact organelles were removed by centrifugation at 10,000 × g 
for 60 min. The obtained supernatant was ultra-high-speed cen
trifugated (180,000 × g, 60 min) to pellet the exosome-like nano
vesicles. The obtained pellet was washed once with 1 x PBS and 
resuspended in 1 x PBS. To determine the total protein content of 
exosome-like nanovesicles, a MicroBCA Protein Assay Kit (Thermo 
Fisher Scientific) was used, following manufacturer’s instructions. The 
exosomes were aliquoted and stored at − 80 ◦C until used.

2.9. Preparation of liposomes with crocosmia x crocosmiiflora polar 
extract

Liposomes were prepared using thin-film hydration followed by the 
extrusion method previously described [34]. In brief, 90 mg of phos
phatidylcholine and 10 mg of cholesterol were dissolved in 4 mL CHCl3 
in a round-bottomed flask and the solvent was evaporated on a rotary 
vacuum evaporator at 40 ◦C until a lipid thin film was obtained. The film 
was hydrated with 10 mL of previously prepared Crocosmia x croc
osmiiflora polar extract (in 1 x PBS), rotating the flask at 40 ◦C without 
vacuum. Finally, the vesicles were extruded with the Avanti Polar Lipids 
Mini Extruder set through 0.1 µm polycarbonate membranes performing 
a total of 30 passes. Samples were stored at 4 ◦C until use.

2.10. Liposomes and extracellular vesicles characterization by 
transmission electron microscopy (TEM)

The exosomes and liposomes isolated form Crocosmia x crocosmiiflora 
were characterized by TEM at the Centro de Investigación Principe 
Felipe (CIPF; Valencia, Spain) electron microscopy facility as previously 
described [35]. Briefly, 20 μL of nanovesicles suspension were loaded 
onto formvar carbon-coated grids, negatively stained with an aqueous 
phosphotungstic acid solution for 60 s and imaged using a FEI Tecnai G2 
Spirit Biotwin 120 kw microscope.
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2.11. Cell culture model

Raw 264.7 cells (ATCC No TIB-71) at 1.50 × 105 cells/cm2 were 
grown in Dulbecco’s modified Eagle’s medium (DMEM) (Lonza) that 
was supplemented with 2 mM l-glutamine, 100 U/mL penicillin- 
streptomycin, 10 % FBS, and, incubated at 37 ◦C in a 5 % CO2 incu
bator. The cells were treated with 25 μg/mL protein from Crocosmia x 
crocosmiiflora exosomes (Exos-Crocos), crocosmia polar extract (Ext- 
Crocos), liposomes (Lipo), and liposomes with encapsulated Crocosmia x 
crocosmiiflora extract (Lipo-Crocos). Dexamethasone (DEX), a potent 
glucocorticoid possessing anti-inflammatory properties, which inhibits 
the expression of inflammatory mediators by macrophages and other 
cells and is used in the treatment of many immune-mediated inflam
matory diseases [36] was used as a positive control at 1 µM, and cultured 
overnight in DMEM containing 5 % FBS, before activation using 150 
ng/mL LPS from the bacteria Salmonella typhimurium (Sigma-Aldrich).

2.12. Nitric oxide (NO) determination

Nitrite, an indicator of the production of NO, was evaluated using the 
Griess reagent system (Promega). Briefly, RAW264.7 cells were culti
vated in 10 % FBS-DMEM and treated as stated before. Nitrite levels 
were measured in the supernatants using the Greiss reagent. Absorbance 
values at 560 nm were recorded and compared with a nitrite standard 
curve using a spectrophotometer.

2.13. RNA isolation and reverse transcription quantitative polymerase 
chain reaction (qPCR) of treated Raw 264.7 cells

The TRIzol reagent (Invitrogen) was used for total RNA extraction 
from cells, and RNA concentrations determined in a ND-1000 (Nano
Drop) spectrophotometer. cDNA synthesis was performed using 1 µg of 
total RNA using the RevertAid H Minus First Strand cDNA Synthesis kit 
(Thermo Fisher Scientific). SYBR® Premix (Applied Biosystems™) was 
used for the qPCR reactions, performed in a Light Cycler 96 Real-Time 
PCR System (Applied Biosystems™). The mouse riboprotein P0 house
keeping gene was used for normalization. The primers used for the 
expression analyses are shown in Table S1.

2.14. Protein extraction and western blotting

RAW264.7 cells were collected by washing twice with 1 x PBS, 
detaching them from the culture dishes, followed by centrifugation. The 
cells were subsequently resuspended in RIPA lysis buffer (0.2 mM EDTA, 
1 % Triton X-100, 1.5 mM MgCl2, 0.3 M NaCl, 0.1 % SDS, 20 mM 
β-glycerophosphate, 0.5 % deoxycholic acid, and 25 mM HEPES at pH 
7.5), followed by the addition of protease and phosphatase inhibitors 
(Sigma). The mixture was homogenized on a shaker for 30 min at 4 ◦C 
and then centrifuged at 10,000 × g for 15 min. Protein concentration 
was determined using the Pierce™ BCA Protein Assay Kit (Thermo 
Fisher Scientific). Protein extracts (40 μg) were resolved on a 10 % SDS- 
PAGE gel and transferred to PVDF membranes (Hybond™, Amersham 
GE Healthcare Life Sciences). The membrane was blocked for 1 h at 
room temperature following the manufacturer’s protocol and then 
incubated overnight at 4 ◦C with the primary antibody followed by in
cubation with secondary antibodies at 37 ◦C for 1 h. The antibodies 
included anti-Mouse INOS (#610,432) and Anti-Mouse COX2 
(#610,204) from BD Biosciences, while Anti-ERK2 (sc-154) was sourced 
from Santa Cruz Biotechnology. Detection of immunoconjugates was 
performed using an enhanced chemiluminescence (ECL) substrate 
(Santa Cruz Biotechnology) with a chemiluminescence imaging system 
(Bio-Rad). ERK2 expression served as a loading control for the extracts 
and was used for calculation of relative protein levels using ImageJ 
software.

2.15. Enzyme linked immunosorbent assay (ELISA)

RAW264.7 cells were plated in 6-well plates at a density of 3 × 10⁶ 
cells per well and subsequently exposed to Exos-Crocos, Ext-Crocos, 
Lipo, and Lipo-Crocos (25 μg/mL), or DEX (1 μM). The cells were 
maintained overnight in DMEM supplemented with 5 % FBS. Following 
this incubation, they were stimulated with LPS (150 ng/mL) for 8 h. 
Post-treatment, the culture supernatants were harvested, and the con
centrations of IL-1β, IL-6, and TNF-α were quantified using ELISA kits, 
following the manufacturer’s instructions (Ready-Set-Go kit, 
eBioscience).

2.16. Statistical analysis

The obtained results were expressed as the mean ± standard devia
tion (SD) based on a minimum of three independent experiments or with 
the number of replicas indicated in the text. Statistical analysis is 
specified in the figure legends, when applicable.

3. Results

3.1. The content of crocins differs among the flower organs in Crocosmia 
x crocosmiiflora

The flowers of Crocosmia x crocosmiiflora exhibit bright orange 
tepals, stigmas and stamens (Fig. 1). Polar extracts were obtained from 
flowers at anthesis, and a total of 18 peaks were identified in the chro
matograms with maximum absorbances between 435 and 468 nm 
(Fig. S1A). Further, the flowers were dissected, and tepals, stigma and 
stamens were analyzed separately by HPLC-DAD-HRMS (Fig. 2A and B). 
Mass spectrometry chromatograms from the detected peaks at 440 nm 
revealed the presence of the crocetin aglycon (m/z 329.1747 (M + H)) 
(Fig. 2B). Analyses of the sugar moieties associated with the crocetin 
molecule led to the identification of crocins with varying glucosylation 
patterns from 1 to 8 glucose molecules. Tepals were the tissue with 
higher content of crocins detected, 83.7 %; followed by the stigma, 11.6 
% and the stamens, 4.7 % (Fig. 2C). The predominant crocins were those 
conjugated with 8 glucose molecules, followed by those with 6 and 7 
units.

Carotenoid extracts without saponification were also analyzed by 
HPLC-DAD in flowers at anthesis. The carotenoids neoxanthin, zeax
anthin, α-carotene and β-carotene were identified as the main caroten
oids present in tepals (Fig. S1C).

3.2. Identification of a CCD2 enzyme involved in the biosynthesis of 
crocetin dialdehyde

Raw transcriptome reads from the Bioproject PRJNA389589 were 
searched using the sequence of CsCCD2L from saffron, and the homolog 
from C. ancyrensis [26]. A unique sequence of 1839 nt was found, which 
showed 87.58 % identity with CsCCD2L (KP887110) at the nucleotide 
level, and 87.96 % and 88.07 % identity with the CCD2 nucleotide se
quences from C. ancyrensis (KP792756.1) and C. Chrysanthus 
(KP887108.1), respectively. The pulled sequence encoded a protein of 
597 amino acids, with a theoretical molecular weight of 66.83 kDa, and 
an isoelectric point of 6.43. This protein was named CroCCD2. This 
amino acid sequence was used to construct a phylogenetic tree with 
those of other CCDs known to catalyze the biosynthesis of crocins in 
other plants (Fig. 3). The sequences grouped in two clearly separated 
clusters containing the monocot and the dicot sequences, respectively. 
The CroCCD2 was closely related to the CCD2 from Freesia x hybrida 
(Fig. 3).

A cDNA corresponding to CroCCD2 was isolated using RNA purified 
from flower tissue. This cDNA was cloned in the expression vector 
pTHIO-Dan1 to test the cleavage activity using E. coli cells producing 
and accumulating different carotenoid substrates [37]. Hence, we 
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Fig. 2. Crocin analysis of polar extracts obtained from different tissues of Crocosmia x crocosmiiflora flowers. (A) PDA chromatograms obtained by HPLC-DAD- 
HRMS at 440 nm. (B) HPLC-ESI(+)-HRMS system, extracting crocetin aglycon mass (m/z = 329.1731–329.1763) from the polar extracts from stamens, stigmas 
and tepals. (C) Levels of crocins and crocetin in stamens, stigmas and tepals. Data are the average ±SD of at least three independent biological replicates and are 
expressed as fold internal standard (IS) values.
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expressed CroCCD2 in lycopene, β-carotene and zeaxanthin accumu
lating E. coli and analyzed the cleavage activity and substrate specificity 
by HPLC and HPLC-DAD-HRMS. In the zeaxanthin background, 
CroCCD2 produced a compound that was identified as crocetin 

dialdehyde (Fig. 4A). However, in β-carotene and 
lycopene-accumulating bacteria, we did not detect any product. These 
data indicate that CroCCD2 only recognized zeaxanthin and cleaves the 
C7′-C8′ and the C7-C8 double bonds to produce crocetin dialdehyde.

Fig. 3. Maximum parsimony analysis of 13 selected amino acid sequences of CCD enzymes catalyzing the biosynthesis of crocins in plants known to accumulate these 
apocarotenoids. The evolutionary history was inferred using the maximum parsimony method. The bootstrap consensus tree inferred from 2000 replicates is taken to 
represent the evolutionary history of the taxa analyzed. Branches corresponding to partitions reproduced in <50 % bootstrap replicates are collapsed. The percentage 
of replicate trees in which the associated taxa clustered together in the bootstrap test (2000 replicates) are shown next to the branches. The MP tree was obtained 
using the Subtree-Pruning-Regrafting (SPR) algorithm with search level 1 in which the initial trees were obtained by the random addition of sequences (10 repli
cates). Evolutionary analyses were conducted in MEGA11 (https://www.megasoftware.net/). CroCCD2 is highlighted in red.
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3.3. Analysis of N. benthamina leaves infected with an engineered viral 
vector designed to express CroCCD2

Using the tobacco etch virus (TEV)-based system previously devel
oped to express CsCCD2L [31], we investigated the production of crocins 
in N. benthamiana through the expression of CroCCD2. We introduced 
the cDNA of CroCCD2 into the amino terminus of the viral polyprotein. 

The obtained recombinant clone TEV-CroCCD2 was agroinoculated in 
N. benthamiana plants. As a negative and positive controls, plants were 
agroinoculated with TEV-aGFP and TEV-CsCCD2L, respectively [30]. 
The plants inoculated with TEV-CroCCD2, TEV-CsCCD2L, and 
TEV-aGFP showed the first symptoms of infection at approximately 8 
dpi. At 14 dpi, the leaves of plants infected with TEV-CroCCD2 and 
TEV-CsCCD2L exhibited spots and areas with a yellow coloration, 

Fig. 4. Activity assays of CroCCD2 in E. coli and N. benthamiana plants. (A) Chromatograms obtained by HPLC–HRMS of the in vivo assays of CroCCD2 expressed in 
E. coli accumulating zeaxanthin. Induction of CroCCD2 in these cells converted zeaxanthin into crocetin dialdehyde. (B) Pictures of representative leaves from plants 
agroinoculated with TEV-αGFP, TEV-CroCCD2 and TEV-CsCCD2L, as indicated, taken at 14 dpi. Scale bars correspond to 5 mm. (C) Chromatographic profile run on 
an HPLC-PDA and detected at 440 nm of the polar fraction of N. benthamiana leaves infected with TEV-aGFP, TEV-CsCCD2L, and TEV-CroCCD2. Peaks abbreviations 
correspond to: c-cr, cis-crocetin; t-cr, trans-crocetin; c-cr1, cis-crocin 1; t-cr1, trans-crocin 1; t-cr2, trans-crocin 2; t-cr2ʹ, trans-crocin 2ʹ; c-cr3, cis-crocin 3, t-cr3, trans- 
crocin 3; c-cr4, cis-crocin 4; t-cr4, trans-crocin 4; c-cr5, cis-crocin 5; t-cr5, trans-crocetin 5. (D) HPLC-DAD/UV isoplot chromatograms of polar extracts from TEV- 
CsCCD2L, and TEV-CroCCD2, and inset is shown the absorbance spectra of trans-crocin 3, the major crocin detected in the polar extracts. (E) Quantification of crocins 
in the polar extracts obtained from N. benthamiana leaves infected with TEV-αGFP, TEV-CsCCD2L, and TEV-CroCCD2, was performed by HPLC analysis. Data are 
represented as mean ± SD of three independent pools of infected N. benthamiana plants.
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indicative of crocin accumulation (Fig. 4B). Chromatographic analysis 
of polar extracts revealed peaks at different retentions times corre
sponding to crocins in TEV-CroCCD2 and TEV-CsCCD2L (Fig. 4B). These 
peaks were absent in the corresponding polar extracts from tissues of 
mock-inoculated plants or control plants agroinoculated with TEV-aGFP 
(Fig. 4C). Crocin quantification resulted in 4.37 ± 0.07 mg and 6.63 ±
1.28 mg of crocins per gram of N. benthamiana dry weight (DW) leaf 
tissue in TEV-CroCCD2 and TEV-CsCCD2L, respectively. Thin layer 
chromatography (TLC) and HPLC-DAD analyses of apolar extracts con
taining carotenoids and chlorophylls revealed a reduction in both types 
of metabolites in samples infected with all viral vectors, particularly 
those infected with TEV-CroCCD2 and TEV-CsCCD2L (Fig 4S). The most 
evident differences were observed at the level of chlorophylls and 

xanthophylls. Overall, the obtained results revealed a notable accumu
lation of crocins in plants expressing CroCCD2 and CsCCD2L.

3.4. Anti-inflammatory effect of crocins extracts in LPS-challenged RAW 
264.7 cells

Several approaches were followed to determine the potential anti- 
inflammatory activity of the crocins from Crocosmia x crocosmiiflora 
(Fig. 5A). In our first attempt, we evaluated lipopolysaccharide (LPS)- 
induced nitric oxide (NO) production in RAW 264.7 cells, which were 
pre-treated directly with the crocin extract (125 µg/mL) obtained from 
Crocosmia x crocosmiiflora flowers. We observed that LPS-induced NO 
release was not suppressed compared with non-treated cells (Fig. 5C), 

Fig. 5. Samples tested for anti-inflammatory activity on LPS-activated RAW264.7 cells. (A) Schematic presentation of the procedures followed for the obtention of 
the three samples tested: exosomes of Crocosmia x crocosmiiflora (Exos Crocos), crocins extracts obtained by 50 % methanol extraction of Crocosmia x crocosmiiflora 
flowers (Ext Crocos), and the encapsulated crocins in liposomes (Lipo Crocos). (B) Transmission electron microscopy imagen of nanovesicles isolated from Crocosmia 
x crocosmiiflora (Exos Crocos). Scale bar is 100 nm. (C) Effects of Exos Crocos, and Lipo Crocos on nitric oxide production in LPS-stimulated RAW 264.7 cells. The 
amount of nitric oxide produced was then determined using Griess assay. Data are expressed as mean ± SD. n = 3. *p < 0.05 and **p < 0.01 vs. using One-way 
ANOVA and Dunnett’s post-hoc test.
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suggesting that the penetration of such hydrophilic components into the 
cells was mostly impeded by the water impermeable barrier of the 
membrane. To test this possibility, we follow two different strategies. 
First, we decided to isolate exosomes from Crocosmia x crocosmiiflora 
flowers (Fig. 5A). Starting from collected fresh flowers, we obtained 
preparations of Exos-Crocos with a final protein concentration of 18.80 
µg/µL. Our procedure enabled the recovery of visible pellets, which were 
further purified through multiple washing steps. This resulted in a uni
form and purified exosome preparation, displaying a round-shaped ve
sicular morphology with a characteristic lipid bilayer, as observed using 
transmission electron microscopy (TEM) images (Fig. 5B). The second 
strategy consisted in the use of liposomes, as the artificial counterparts 
to exosomes. Liposomes were successfully prepared using the thin layer 
hydration method (Fig. 5A). The encapsulation efficiency of the ob
tained liposomes was 68 %. This was calculated based on the ratio be
tween the concentrations of the incorporated crocin in the formulation 
over the initial concentration in the extract (Fig. S5). The particle size of 
the Lipo-Crocos was in the range of 50–150 nm, as determined by TEM 

analysis (Fig. 5B). Exos-Crocos and Lipo-Crocos, both suppressed NO 
production prior to LPS stimulation in comparison to non-treated cells 
(Fig. 5C). Further, we evaluated the expression of the inducible nitric 
oxide synthase (INOS), which produces NO from l-arginine. INOS mRNA 
expression levels induced by the LPS treatment were reduced in the cells 
treated with dexamethasone, Exos-Crocos, and Lipo-Crocos (Fig. 6A), 
similar results were obtained as well at the protein levels (Fig. 6B).

To determine the anti-inflammatory mechanism of Exos-Crocos, and 
Lipo-Crocos, the mRNA levels of the major pro-inflammatory enzyme 
COX2, and pro-inflammatory IL-1b, IL-6, IL-10, TNF-α and IFN-β cyto
kines were analyzed by real time quantitative PCR (Fig. 6A). Results 
show that the treatment of cells with LPS induced the expression of all 
the tested genes compared to control (Fig. 6A), and the induction was 
also observed for the cells treated with LPS and Ext-Crocos (Fig. 6A). 
However, cells treated with LPS and Exos-Crocos, or Lipo-Crocos con
centration decreased the LPS induced mRNA level of all the genes tested 
(Fig. 6A). Major reduction of the transcript levels was observed for TNF- 
α and COX2 (Fig. 6A), while the reduction of expression was more 

Fig. 6. Anti-inflammatory effect of Exos Crocos, and Lipo Crocos in RAW264.7 cells. (A) Changes on the relative mRNA expression levels of iNOS, IL-6, IL-1β, TNF-α, 
COX2, INFb, and IL-10 mRNA levels in LPS-stimulated RAW264.7 cells treated with and without Exos Crocos, and Lipo Crocos and compared with the effects of Dex 
in LPS-stimulated cells. (B) LPS-induced changes and the effect of the different treatments in the protein levels of COX-2 and INOX were determined by Western blot 
analysis. ERK2 was used as a loading control. Data were expressed as a ratio relative to the LPS alone group. (C) Secretion of IL-1β, IL-6 and TNFα in the supernatants 
of the cell cultures under the different tested conditions were detected by ELISA. Protein marker: M; Control: Ct; Exosomes: Exo; Extract: Ext; Dexamethasone: Dex; 
Liposomes: Lipo; Liposomes with extract: Lip Ext. Data are expressed as mean ± SD. n = 3. *p < 0.05 and **p < 0.01 vs. using One-way ANOVA and Dunnett’s post- 
hoc test.
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evident for IL-1β, IL-6, IL-10, and IFN-β (Fig. 6A). Similar results were 
obtained when the protein levels of COX-2, IL-1β, IL-6, and TNF-α were 
evaluated (Fig. 6B and C). COX2 protein levels were increased after the 
treatment with LPS (Fig. 6B), while in cells treated with LPS and Exos- 
Crocos, Lipo-Crocos or DEX the protein levels were reduced (Fig. 6B). 
The evaluation of IL-1β, IL-6, and TNF-α secretion in the supernatant of 
RAW264.7 cells treated with LPS showed a significant elevation in the 
production of these cytokines compared with the control group non 
treated with LPS (Fig. 6C), and this reduction was observed in the su
pernatant of cells treated with LPS and Exos-Crocos, Lipo-Crocos or DEX 
(Fig. 6C).

4. Discussion

Actual lifestyles continuously expose individuals to a wide array of 
stimuli coming from multiples and diverse sources. This continued 
exposition may act as a potential trigger for long-term oxidative stress, 
inflammation, and the onset of chronic diseases [38]. Crocins are well 
known to combat ROS production and these apocarotenoids suppress 
the secretion of pro-inflammatory cytokines but also reduce inflamma
tion in various organs/systems, as demonstrated in a series of animal 
models and in vitro experiments [21,39,40]. Significant research has 
been conducted during the last decade on the health effects of crocins in 
pharmacological studies, leading to an increasing demand for these 
apocarotenoids within the pharmaceutical industry [41]. However, 
crocins biosynthesis is limited to a few plant species, and inside these 
species, crocins accumulation is temporal and tissue-regulated, found 
mainly in flowers and fruits [23,30,42,43], which hampers the unin
terrupted availability of these compounds for a large spectrum of 
pharmaceutical and food applications [44]. Therefore, the identification 
of new plant species accumulating crocins is desired.

4.1. Highly glycosylated crocins are the major crocins in flower tissues

In this study, we have investigated the presence and accumulation of 
crocins in the monocotyledonous plant Crocosmia x crocosmiiflora. The 
orange flowers accumulate crocins with a high number of glucose 
molecules in all the tissues, including stamens, stigma and tepals. Crocin 
with 8 glucose molecules was identified as the major component, fol
lowed by crocins with six and seven glucose molecules. The predomi
nant occurrence of these extensively glycosylated crocins had not been 
previously detected in any plant recognized for accumulating crocins, 
despite their prior identification in spring crocuses [45]. The total 
concentration of crocins in dry tepals reach 87.32 ± 3.3 mg/g DW. This 
value is comparable to the value reported for the crocins content in the 
corolla tubes of B. davidii, ranging from 71.6 to 56.6 mg/g, and above 
the quantities present in the dry fruits of gardenia (from 10.08 to 36.97 
mg/g DW) and Verbascum species (from 14.38 to 9.87 mg/g DW), but 
still below the concentration from crocins in the stigma of saffron (from 
170 to 317 mg/g DW) [30]. Nevertheless, as transcriptional regulation is 
considered the primary mechanism controlling crocins biosynthesis, 
crocin content varies depending on the developmental stage of the tis
sue, environmental conditions, and species-specific factors, as observed 
in Verbascum, Buddleja, saffron and other Crocus species [30,42,46–48].

4.2. A CCD2 enzyme catalyzes the biosynthesis of crocins in Crocosmia x 
crocosmiiflora

We found that a CCD that belongs to the CCD2 subfamily, named 
here as CroCCD2, which showed high similarity with the PhCCD2 from 
F. hybrida [28], catalyzes the reaction corresponding to the first step in 
the crocins pathway. This reaction renders crocetin dialdehyde as the 
first product. The remaining steps are catalyzed by aldehyde de
hydrogenases, and glucosyltransferases that belong to different sub
families in the plants studied [29,46,49,50]. The previously identified 
CCD2 enzymes, CsCCD2L and PhCCD2, recognize as substrate the 

carotenoid zeaxanthin. CroCCD2 recognized in vivo zeaxanthin as a 
substrate and its transient expression in N. benthamiana plants allowed 
the accumulation of crocins at levels comparable to the ones obtained 
when the saffron enzyme, CsCCD2L, was expressed. Previous studies 
using this virus-driven transient expression of CsCCD2L resulted in the 
production of crocins (~2 mg/g DW) at 13 dpi [add 31]. The levels 
obtained in this study were three times higher for CsCCD2L and twice as 
high for CroCCD2, most likely due to the collection of fully infected leaf 
tissue, which prevented dilution of the final product with uninfected 
tissue. These results demonstrate that this system is an effective platform 
for producing these important bioactive apocarotenoids in large quan
tities within a relatively short time.

4.3. Encapsulation of crocins improves their anti-inflammatory activities

The most abundant crocin in saffron, with 4 glucose molecules, is 
difficult to be absorbed into the systemic compartment following oral 
ingestion due to its strong water solubility, and weak lipophilicity [51]. 
Therefore, several studies have focused on developing nanocarriers to 
improve the bioavailability of crocins [52–54]. We found that crocins 
present in the polar extracts obtained from the flowers of Crocosmia x 
crocosmiiflora were not able to reverse the inflammatory effects induced 
by the treatment of RAW264.7 cells with LPS, suggesting that the highly 
glucosylated crocins present in the polar extract were not able to pass 
the cell membrane. Therefore, we decided to test the anti-inflammatory 
activity using exosomes and liposomes as carriers of crocins. 
Exosome-like particles derived from different plant species, as ginger or 
carrot, exhibit anti-inflammatory effects, showing their potential in 
biomedical applications [55]. In the other hand, liposomes are the most 
explored nanocarriers used in targeted drug delivery systems [56]. In 
the current study, exosomes obtained from Crocosmia x crocosmiiflora 
flowers were isolated, and liposomes containing crocins were obtained. 
Our results showed that both kind of nanocarriers, exosomes and 
crocin-containing liposomes, inhibited LPS-induced NO production and 
INOS expression and protein levels in RAW264.7 cells. In addition, both 
can reduce the expression of toxic mediators (NO, INOS, COX2), inter
feron IFN-β, pro-inflammatory cytokines (IL-1, IL-6, TNF-α, IL-1β) and 
anti-inflammatory cytokines (IL-10), in the LPS-induced RAW 264.7 
cells. Previous studies have demonstrated that crocins modulate in
flammatory pathways across various conditions. For instance, in a 
cirrhotic rat model of hepatocellular carcinoma, crocins downregulated 
NF-κB and COX2 [57]. Similarly, in ulcerative colitis, crocin treatment 
led to the suppression of NF-κB and COX2, along with pro-inflammatory 
cytokines such as TNF-α, IL-1β, and IL-6. which were also down
regulated together with TNF-α, IL-1β, and IL-6 [58]. Crocetin exhibits its 
anti-inflammatory properties through a mechanism involving the inhi
bition of the MEK1/JNK/NF-κB/INOS pathway and activation of the 
Nrf2/HO-1 pathway. Notably, a direct crosstalk has been observed be
tween the MEK1/JNK/NF-κB/INOS pathway and the Nrf2/HO-1 
pathway in crocetin-treated cells, which is critical for the observed 
anti-inflammatory effects [59], where HO-1 plays a key link point in this 
crosstalk. Consequently, crocetin functions as a redox balance modu
lator, precisely orchestrating its anti-inflammatory and 
chemo-preventive effects through the regulation of the crosstalk be
tween the Nrf2/HO-1 and NF-κB/INOS pathways.

5. Conclusions

Metabolic engineering represents nowadays a powerful approach for 
improving the production of bioactive secondary metabolites highly 
demanded by the industry. Among several strategies, this boost can be 
achieved through the introduction of novel metabolic pathways into 
heterologous host systems and subsequently optimizing them for de novo 
production. By overexpressing a unique CCD gene, crocins production 
can be achieved, effectively redirecting the carotenoid flux towards the 
synthesis of these metabolites. Here, we provide a CCD2 enzyme that 
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effectively converts zeaxanthin into crocins as an innovative way to 
create improved production systems to secure the global need for crocins 
as potent anti-inflammatory compounds. In addition, we demonstrate 
how biological activity of crocins could be improved by the vehiculation 
of these molecules in natural nanocarriers as exosomes, which can be 
directly generated from the natural sources, or by the generation of li
posomes that effectively encapsulate and transport crocins. We will 
further explore the use of a viral vector as an effective platform for the 
obtention of crocins-rich containing exosomes for direct clinical 
applications.
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[46] G. Diretto, A.J. López-Jiménez, O. Ahrazem, S. Frusciante, J. Song, Á. Rubio- 
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