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Abstract 
Glioblastoma is one of the most lethal tumors, displaying striking cellular heterogeneity and drug resistance. The prognosis 
of patients suffering from glioblastoma after 5 years is only 5%. In the present work, capsaicin analogues bearing modifica-
tions on the acyl chain with long-chain fatty acids showed promising anti-tumoral activity by its cytotoxicity on U-87 and 
U-138 glioblastoma multiforme cells. The capsaicin analogues were enzymatically synthetized with cross-linked enzyme 
aggregates of lipase B from Candida antarctica (CALB). The catalytic performance of recombinant CALB-CLEAs was 
compared to their immobilized form on a hydrophobic support. After 72 h of reaction, the synthesis of capsaicin analogues 
from linoleic acid, docosahexaenoic acid, and punicic acid achieved a maximum conversion of 69.7, 8.3 and 30.3% with 
CALB-CLEAs, respectively. Similar values were obtained with commercial CALB, with conversion yields of 58.3, 24.2 and 
22% for capsaicin analogues from linoleic acid, DHA and punicic acid, respectively. Olvanil and dohevanil had a significant 
cytotoxic effect on both U-87 and U-138 glioblastoma cells. Irrespective of the immobilization form, CALB is an efficient 
biocatalyst for the synthesis of anti-tumoral capsaicin derivatives.

Key points
• This is the first report concerning the enzymatic synthesis of capsaicin analogues from docosahexaenoic acid and punicic 
acid with CALB-CLEAs.
• The viability U-87 and U-138 glioblastoma cells was significantly affected after incubation with olvanil and dohevanil.
• Capsaicin analogues from fatty acids obtained by CALB-CLEAs are promising candidates for therapeutic use as cytotoxic 
agents in glioblastoma cancer cells.
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Introduction

The broad applicability of capsaicin (8-methyl-N-vanil-
lyl-6-nonenamide) and capsaicin analogues in the food, 
pharmacy, and health industry has led to a renewed inter-
est in these compounds (Abdel-Salam 2014; Basith et al. 
2016; Santos et al. 2023). Among the spectrum of appli-
cations, perhaps the most promising one is the apoptotic 
effect of capsaicin in several human cancer cell lines 
such as KB (Lin et al. 2013), prostate cancer (Mori et al. 
2006), and glioblastoma cells (Lee et al. 2000; Szoka and 
Palka 2020). Glioblastomas account for 46% of primary 
malignant brain tumors, and the survival rate of patients 
diagnosed with this form of glioma is only 5% (Ostrom 
et al. 2015). Capsaicin induces apoptosis in several human 
glioblastoma cells, such as A172 (Lee et al. 2000), LN-18 
(Szoka and Palka 2020), U87-MG (Jeon et al. 2012), and 
U373 (Amantini et al. 2007), in a dose-dependent man-
ner. The apoptotic induction of capsaicin is linked to an 
up-regulation of PPARɣ and an activation of caspases-9 
and -3, and it is not related with a stimulatory effect on 
vanilloid receptors nor with an increase in intracellular 
calcium ions (Lee et al. 2000; Jacobsson et al. 2001; Szoka 
and Palka 2020).

Besides the natural capsaicinoids present in Capsicum 
plants, several capsaicin analogues have been synthetically 
obtained at laboratory scale (Kobata et al. 1998, 2002; 
Reyes-Duarte et al. 2002; Castillo et al. 2007). The first 
non-pungent capsaicin analogue designed, olvanil, aimed 
to unveil the mechanism underlying TRPV1 activation 
(Dray et al. 1990; Szallasi and Blumberg 1999). However, 
further investigations revealed that olvanil exhibits greater 
apoptotic effect compared to capsaicin in C6 rat glioma 
cells (Jacobsson et al. 2001) and superior anti-invasive 
activity on human small cell lung cancer cells, with a con-
centration 20 times lower than that required for capsaicin 
(Hurley et al. 2017). Surprisingly, capsazepine, a potent 
capsaicin antagonist, did not block the cytotoxicity effect 
of olvanil when combined, suggesting a similar mechanism 
of action for olvanil as seen in capsaicin, where vanilloid 
receptors are not involved in the apoptosis of tumoral cells 
(Jacobsson et al. 2001).

To increase the biological activity of capsaicin ana-
logues, the incorporation of unsaturated long chain fatty 
acids to the side chain is preferred (Hurley et al. 2017; 
Friedman et al. 2018). One group of fatty acids with attrac-
tive physiological properties are trienoic fatty acids (with 
three alternating double bonds) and omega-3 polyunsatu-
rated fatty acids (n-3 PUFAs) (Aruna et al. 2016; Saini 
and Keum 2018). Research has shown that trienoic fatty 
acids are more potent than other dienoic fatty acids (with 
two alternating double bonds, also known as conjugated 

linoleic acid) (Aruna et al. 2016), and n − 3 PUFAs (e.g. 
docosahexaenoic acid) protect against chronic and meta-
bolic diseases such as diabetes, obesity, inflammation, and 
osteoporosis (Saini and Keum 2018). Some trienoic fatty 
acids, such as α-eleostearic, jacarid acid, catalpic acid, and 
punicic acid, among others, are naturally found in plant 
seed oils (Yuan et al. 2014). Punicic acid (PA), also called 
trichosanic acid, is an omega 5 long chain polyunsaturated 
fatty acid (18:3, n-5) which is accountable for the 70–80% 
of fatty acid content in pomegranate seed oil (Punica gra-
natum) (Alfekaik and AL-Hilfi 2016). PA shows anti-
cancer, anti-inflammatory, anti-obesity, anti-diabetic, and 
hypolipidemic properties (Yuan et al. 2014; Alfekaik and 
AL-Hilfi 2016; Aruna et al. 2016). Due to these properties, 
PA is a promising fatty acid for the synthesis of bioactive 
capsaicin analogues.

Capsaicin analogues can be chemical or enzymatically syn-
thetized. The latter technique exhibits additional advantages as 
enzymatic processes are usually performed in aqueous, environ-
mental-friendly, and mild conditions (physiological pH, room 
temperature, and atmospheric pressure), with high specifici-
ties and selectivities (Andualema and Gessesse 2012; Sheldon 
and Van Pelt 2013). Additionally, enzymes can be immobilized 
ensuring a reusable, stable, and cost-efficient process. Although 
the available literature concerning enzyme immobilization is 
vast, the existing methodologies can be defined as carrier-bound 
or carrier-free (Cao et al. 2003). Among the carrier-free immo-
bilization methods, crosslinked enzyme aggregates (CLEAs) is 
a simple and effective technique for the immobilization of many 
industrially relevant enzymes (Sheldon 2011a). Lipases, such as 
Lipase PS from Burkholderia cepacia, lipase B from Candida 
antarctica (CALB), and lipase from Pseudomonas cepacia are 
the preferred biocatalysts to obtain capsaicin analogues (Kobata 
et al. 2002; Reyes-Duarte et al. 2002; Liu 2009). In a recent 
work developed by our research group, CLEAs of CALB were 
employed to efficiently synthetize olvanil, a capsaicin derivative 
of oleic acid (Diaz-Vidal et al. 2019).

In the present work, the synthesis of capsaicin analogues 
from linoleic acid, docosahexaenoic acid, and punicic acid was 
evaluated by a chemo-enzymatic process catalyzed by CLEAs 
from recombinant CALB, and the catalytic efficiency was 
compared to commercial immobilized CALB. The cytotoxic-
ity of the capsaicin analogues obtained, in addition to olvanil 
and capsaicin, was studied on human glioblastoma cells.

Materials and methods

Chemicals and reagents

C. antarctica lipase B immobilized on Immobed 150 
(CALB-150, ≥ 2000 U g−1), Candida rugosa lipase 
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(lyophilized powder, ≥ 40,000 U mg−1), oleic acid (techni-
cal grade, 90%), linoleic acid (≥ 95%), docosahexaenoic 
acid (DHA, ≥ 98%), capsaicin natural (65% capsaicin, 
35% dihydrocapsaicin), capsaicin ≥ 95% (from Capsicum 
sp.), temozolomide (≥ 98% HPLC), isooctane, 2-methyl-
2-butanol (2M2B), silica TLC plates (20 cm × 20 cm, fluo-
rescent indicator), N,N-diisopropylethylamine (DIPEA), 
syringe filters (Supelco, Iso-Disc syringe tip filter, PTFE 
membrane, 0.2 μm pore size, 4 mm diameter) and Vanil-
lylamine hydrochloride were purchased from Sigma-Aldrich 
(Mexico). Flash chromatography column was from Chem-
Glass Life Sciences (Vineland, NJ). Dulbecco's Modified 
Eagle Medium (DMEM), fetal bovine serum, penicillin, 
streptomycin, and amphotericin B were from Gibco.

Punicic acid was extracted from pomegranate seeds 
(Punica granatum) purchased at a local store (Mexico). 
Zeocin™ was obtained from Invitrogen (Carlsbad, CA). 
The restriction enzymes (DNA polymerase, and DNA ligase) 
and their buffers were obtained from New England Biolabs 
(Ipswich, MA). All other reagents and solvents were from 
Sigma-Aldrich (Mexico).

Production of recombinant CALB lipases in P. 
pastoris

The sequence of CALB with its native signal peptide (Gen-
Bank: Z30645.1) was codon optimized and synthetized by 
Genscript® (Tucson, AZ, USA) for expression in Pichia 
pastoris (GenBank: OR227685 and Supplementary Mate-
rial). EcoRI and KpnI restriction sites were added by PCR 
and the resulting fragment was inserted into pGAPZB vector 
to generate the recombinant plasmid pGAPZB/CALB. The 
plasmid was linearized with BspHI and transformed into 
P. pastoris SMD1168H cells (Invitrogen™, Thermo Fisher 
Scientific, MA, USA) by electroporation. Transformed cells 
were cultured on yeast extract–peptone–dextrose (YPD) 
plates containing Zeocin™ (100 μg mL−1) and incubated 
at 30 °C. Positive clones were transferred to YPD plates 
containing 1% (v/v) of emulsified tributyrin (TG (4:0)) and 
the best CALB-producing strain was chosen after observing 
a halo formation due to lipase activity.

Protein estimation and enzymatic activity

Protein quantification was determined with Bradford rea-
gent using BSA as standard. The enzymatic activity was 
evaluated in a microplate assay by monitoring p-nitrophe-
nyl butyrate (pNPB) hydrolysis for recombinant CALB and 
CALB-CLEAs. One hundred μL of 10 mM pNPB (20 mmol 
L−1 MOPS buffer pH 7.2, 0.5 mmol L−1 NaTDC, 150 mmol 
L−1 NaCl, 5 mmol L−1 CaCl2 and 3 g L−1 β-cyclodextrin) 
were added to 20 μL of biocatalyst.

The reaction course was followed at 410 nm for 15 min 
at 37 °C. One enzymatic activity unit (U) corresponds to 
1 μmol of pNP released per min in the assay conditions.

Preparation and characterization of CLEAs

CALB-CLEAs were prepared with a mixture of gluta-
raldehyde (50%, v/v, in water) to a final concentration of 
20–500 mmol L−1 and precipitating agent (tert-butanol, iso-
propanol, acetone, acetonitrile, ethanol, polyethylene glycol 
(PEG) 20% (v/v), and saturated ammonium sulfate) were 
slowly added to recombinant CALB. Then, the aggregates 
were shaken in a Thermomixer (Eppendorf, Hamburg, Ger-
many) at 30 °C, 750 rpm for 30–120 min. Immediately after, 
the reaction was stopped with MOPS 100 mmol L−1 pH 7.2 
at a ratio of 1:9 and the formed CLEAs were centrifuged, 
washed thrice with MOPS 100 mmol L−1, pH 7.2 and lyo-
philized until further use.

CLEAs were characterized in terms of retained activity 
according to the following calculation (Sheldon and Van 
Pelt 2013):

Punicic acid extraction and purification

Whole pomegranates were peeled and de-seeded to reduce 
waste interference in the extraction process. The seeds 
were pressed to remove the juice present in them and then 
they were subjected to a pulp removal by constant stirring 
in presence of NaOH, thus providing the de-pulped seeds, 
these seeds were then left to dry completely before further 
use. Dried seeds were grounded and added to a significant 
amount of hexane to extract the oil present in them; the 
organic phase was filtrated, and the hexane removed with 
the use of a rotary evaporator.

Once the oil was extracted, 10 mL of C. rugosa lipase 
(50 mg mL−1) in MOPS buffer pH 7.2 (100 mmol L−1) were 
added to 20 mL of the pomegranate oil obtained and incu-
bated 12 h at 40 °C. To stop the reaction 100 mL of HCl 
3 mol L−1 were added and the lipidic fraction was extracted 
using 150 mL of hexane containing 1% BHT (1 mg mL−1), a 
liquid/liquid extraction was performed and the organic phase 
was then treated with MgSO4 in order to dry the solution, it 
was centrifuged afterwards and the solvent was removed at 
40 °C with the use of a rotary evaporator; sample was stored 
under nitrogen atmosphere at -20 °C for further purification.

Punicic acid was purified by flash chromatography on 
silica gel (petroleum ether: diethyl ether, 90:10, v/v). Frac-
tions were analyzed by thin layer chromatography (TLC) 
using heptane: diethyl ether: acetic acid (55:45:1, v/v/v) as 

Retained activity (%) =
Biocatalyst activity

Initial activity
× 100
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eluent. Fractions containing UV absorbing free fatty acids 
were collected and the solvent evaporated.

Synthesis and purification of capsaicin analogues

Capsaicin analogues were synthetized according to an 
optimized protocol in our research group (Diaz-Vidal et al. 
2019). Briefly, reactions were carried out in an IKA Mag-
netic Stirrer at equimolar concentrations of vanillylamine 
hydrochloride (VAM-HCl) and acyl donor (oleic acid, lin-
oleic acid, DHA, and punicic acid) at 50 °C in 5 mL amber 
glass vials with a total reaction volume of 1 mL. Previously, 
VAM-HCl was incubated with DIPEA at a ratio of 1:10 to 
release the salt derivative. The synthesis was performed with 
1 U in pNPB hydrolysis of CALB-CLEAs and CALB-150 
in anhydrous tert-Amyl alcohol (2M2B).

Reaction progress was followed by thin-layer chromatog-
raphy (TLC) using as mobile phase a mixture of petroleum 
ether/ethyl acetate (50/50, v/v), and spots were visualized 
by iodine vapors. Reactions were centrifuged at 7000 g for 
5 min for the total removal of immobilized enzyme and 
molecular sieves. Next, the reaction solvent was fully evapo-
rated in a rotatory evaporator and the residue resuspended 
in a mixture of petroleum ether/ethyl acetate at variable pro-
portions. Purifications were carried out with silica gel flash 
chromatography (Silica gel 60 A, 230–400 mesh particle 
size) using a mobile phase of petroleum ether/ethyl acetate 
at variable proportions.

Spectroscopic analysis

1H NMR spectra was obtained using a Bruker Ascend 
400 (Billerica, Massachusetts, USA). The chemical 
shift values were recorded in parts per million (ppm) 
using CDCl3 as solvent. NMR data were obtained for 
N-(4-hydroxy-3-methoxybenzyl)oleamide (olvanil), 
(4Z,7Z,10Z,13Z,16Z,19Z)-N-(4-hydroxy-3-methoxyben-
zyl)docosa-4,7,10,13,16,19-hexaenamide (dohevanil), 
(9Z,12Z)-N-(4-hydroxy-3-methoxybenzyl)octadeca-9,12- 
dienamide (livanil), and (9Z,11E,13Z)-N-(4-hydroxy-
3-methoxybenzyl)octadeca-9,11,13- trienamide (punivanil) 
synthetized by enzymatic means (Table 1). The expanded 
1H-NMR spectrum in the region of 0.7 to 7.2 ppm for all 
the synthetized capsaicinoids is shown in Table S1, Sup-
plementary Information.

N-(4-hydroxy-3-methoxybenzyl) oleamide (olvanil):
1H NMR (600 MHz, CDCl3) δH 6.85 (1H, d, J = 8.0 Hz, 

H6), 6.80 (1H, d, J = 2.0 Hz, H2), 6.75 (1H, dd, J = 8.0, 
2.0 Hz, H5), 5.62 (1H, br. s, NH), 5.58 (1H, s, OH), 5.43 
– 5.23 (2H, m, H9’, H10’, + oleic acid residues), 4.35 (2H, 
d, J = 5.6 Hz, H7), 4.21 (m, unknown), 3.87 (3H, s, CH3O), 
3.68 (m, unknown), 3.64 (3H, d, J = 0.8 Hz, unknown), 2.32 
(2H, dt, J = 14.9, 7.6 Hz, H2’), 2.18 (2H, p, J = 9.1, 7.6 Hz, 

H8’), 2.08 – 1.95 (2H, m, H11’, + oleic acid residues), 1.76 
– 1.54 (2H, m, H3’, + oleic acid residues), 1.44 – 1.16 (20H, 
m, H4’-H6’, H13’-H17’, + oleic acid residues), 0.87 (3H, m, 
H18’, + oleic acid residues).

N-(4-hydroxy-3-methoxybenzyl) octadeca-9,12-diena-
mide (livanil):

1H NMR (600 MHz, CDCl3) δH 6.85 (1H, d, J = 8.0 Hz, 
H6), 6.80 (1H, d, J = 2.0 Hz, H2), 6.75 (1H, dd, J = 8.0, 
2.0 Hz, H5), 5.62 (1H, br. s, NH), 5.58 (1H, s, OH), 5.45 
– 5.26 (4H, m, H9’, H10’, H12’, H13’, + linoleic acid resi-
dues), 4.35 (2H, d, J = 5.5 Hz, H7), 3.87 (3H, s, CH3O), 
3.64 (1H, s, unknown), 2.76 (2H, t, J = 6.8, 5.7  Hz, 
H11’, + linoleic acid residues), 2.33 (2H, dt, J = 15.0, 7.6 Hz, 
H2’, + linoleic acid residues), 2.19 (2H, dt, J = 15.0, 7.6 Hz, 
H8’, + linoleic acid residues), 2.03 (2H, q, J = 7.2, 6.1 Hz, 
H14’, + linoleic acid residues), 1.63 (4H, h, J = 7.5 Hz, H3’, 
H15’, + linoleic acid residues), 1.51 – 1.28 (12H, m, H4’-
H7’, H16’, H17’, + linoleic acid residues), 0.95 – 0.77 (3H, 
m, H18’, + linoleic acid residues).

N-(4-hydroxy-3-methoxybenzyl) docosa-4,7,10,13,16,19-
hexaenamide (dohevanil):

1H NMR (600 MHz, CDCl3) δH 6.84 (1H, d, J = 8.0 Hz, 
H6), 6.78 (1H, d, J = 2.0 Hz, H2), 6.74 (1H, dd, J = 8.0, 
2.0 Hz, H5), 5.73 (1H, br s, NH), 5.46 – 5.24 (12H, m, H4’, 
H5’, H7’, H8’, H10’, H11’, H13’, H14’, H16’, H17’, H19’, 
H20’, + DHA residues), 4.33 (2H, d, J = 5.6 Hz, H7), 3.86 
(3H, s, CH3O), 3.01 – 2.70 (10H, m, H6’, H9’, H12’, H15’, 
H18’, + DHA residues), 2.51 – 2.32 (2H, m, H2’, + DHA 
residues), 2.32–2.21 (2H, m, H3’, + DHA residues), 2.06 
(2H, m, H21’, + DHA residues), 1.60 (1H, s, unknown), 1.49 
(1H, q, J = 7.5, unknown), 1.37–1.22 (m, unknown), 1.19 
(s, unknown), 0.96 (3H, td, J = 7.5, 1.5 Hz, H22’, + DHA 
residues), 0.91 (t, J = 7.5 Hz, unknown), 0.87 (t, J = 7.0 Hz, 
unknown).

(9Z,11E,13Z)-N-(4-hydroxy-3-methoxybenzyl) octa-
deca-9,11,13-trienamide (punivanil):

1H NMR (600 MHz, CDCl3) δH 6.49–641 (2H, m, H11’, 
H12’), 6.04 (2H, tt, J = 10.7, 1.8, H10’, H13’), 5.43 (2H, 
dq, J = 10.7, 8.1 Hz, H9’, H14’), 2.34 (2H, t, J = 7.5 Hz, 
H2’, + punicic acid residues), 2.33–2.12 (4H, m, H8’, 
H15’, + punicic acid residues), 2.10 – 1.96 (m, unknown), 
1.66 – 1.56 (2H, m, H3’, + punicic acid residues), 1.39–1.27 
(8H, m, H4’- H7’, + punicic acid residues), 1.26–1.21 (4H, 
m, H16’, H17’, + punicic acid residues), 1.19 (s, unknown), 
0.98 – 0.79 (3H, m, H18’, + punicic acid residues).

The molecular mass of olvanil, livanil, dohevanil, and 
punivanil was determined by UHRQ- TOF mass spec-
trometer (Xevo G2-XS QTOF, Waters, Milford, Massa-
chusetts, USA) coupled with an ESI source. The sample 
was resuspended in different solvent mixtures and directly 
infused to an ESI source. The UHR-Q-TOF instrument 
was operated in positive ion mode (ES +) electrospray 
ionization with a capillary voltage of 2.5 kV. Data of 
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spectrum was recorded over the mass/charge (m/z) range 
of 50–1200 Da and analyzed with Waters Masslynx™ 
Mass Spectrometry software. The molecular masses 
obtained are summarized in Table S2, Supplementary 
Information, and the obtained ion chromatographs are 
shown in Fig. S1, Supplementary Information.

Scanning electron microscopy images of CLEAs

Scanning electron micrographs of CLEAs were recorded 
using a Mira3 LMU field emission scanning electronic micro-
scope (FE-SEM, TESCAN, Czech Republic). Prior, the sam-
ples were freeze-dried and coated with sputtered gold.

Table 1   Chemical structures and properties of the enzymatically synthetized capsaicin analogues. The 2D structures were drawn with RDKit (v. 
2022.03.5)

Capsaicin 
analogues

Chemical name Chemical properties Structure

Olvanil N-(4-hydroxy-3-

methoxybenzyl)oleamide

Chemical Formula: 

C26H43NO3

Molecular Weight: 417.63

m/z: 417.32 (100.0%)

Experimental m/z [M+H]+: 

418.5125

PubChem CID: 5311093

Livanil (9Z,12Z,15Z)-N-(4-hydroxy-

3-methoxybenzyl)octadeca-

9,12,15-trienamide

Chemical Formula: 

C26H39NO3

m/z: 413.29 (100.0%)

Experimental m/z [M+H]+: 

416.313 

PubChem CID: 6447859

Punivanil (9Z,11E,13Z)-N-(4-hydroxy-

3-methoxybenzyl)octadeca-

9,11,13-trienamide

Chemical Formula: 

C26H39NO3

m/z: 413.29 (100.0%)

Experimental m/z [M+H]+: 

414.3014

Dohevanil (4Z,7Z,10Z,13Z,16Z,19Z)-

N-(4-hydroxy-3-

methoxybenzyl)docosa-

4,7,10,13,16,19-

hexaenamide

Chemical Formula: 

C30H41NO3

m/z: 463.31 (100.0%)

Experimental m/z [M+H]+: 

464.2953

PubChem CID 9831070

Capsaicin (E)-N-(4-hydroxy-3-

methoxybenzyl)-8-

methylnon-6-enamide

Chemical Formula: 

C18H27NO3

Molecular Weight: 305.42

m/z: 305.20 (100.0%)

Experimental m/z [M+H]+: 

306.3538

PubChem CID: 1548943



	 Applied Microbiology and Biotechnology         (2024) 108:106   106   Page 6 of 14

Cell culture

Human glioblastoma multiforme (GBM) cells U138-MG-
HBT16 (U-138), U-87 MGHTB14 (U-87) and NCTC clone 
929 [L cell, L-929, derivative of Strain L] were obtained 
from the American Type Culture Collection (ATCC, Rock-
ville, MD). GBM cells and L-929 were grown at 37 °C in a 
humidified incubator under 5% CO2 and cultured in DMEM 
supplemented with fetal bovine serum (10%, w/v), penicil-
lin (10,000 U mL−1), streptomycin (10,000 μg mL−1), and 
amphotericin B (25 μg mL−1). The culture medium was 
replaced daily until attaining 80% confluence.

Viability assay

Capsaicin, olvanil, livanil, dohevanil, and punivanil were 
dissolved in dimethylsulfoxide (DMSO) at a final concentra-
tion of 100 mmol L−1. Temozolomide was selected as posi-
tive control, and the dilution was performed as instructed by 
the supplier. The solutions were then sterilized with syringe 
filters and kept frozen until use.

U-138, U-87 and L-929 (as control) cells (5,000 cells/well in 
200 μL of DMEM) were cultivated in 96-well plates for 72 h at 
37 °C, under 5% CO2, using the 3D model based on Matrigel™, 
(Corning, Matrigel, Matrix basement membrane) at 50%. Next, 
the cells were incubated with 50, 100, 200, and 400 μmol L−1 
of capsaicin analogues and temozolomide (300, 600, 900, and 
1200 μmol L−1) diluted in DMEM for GBM cells and 200, 300 
and 500 µmol L−1 for L-929 cells. The cytotoxicity of the vehi-
cle (DMSO, 1%, v/v) in DMEM) was also tested. After 24 h 
of incubation, the cytotoxic effect of capsaicin, capsaicin ana-
logues, temozolomide, and DMSO was determined using the 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assay as per manufacturer’s instruction. The absorbance 
was measured at 570 nm in a microplate reader (Bio-Rad). Three 
replicates were used for each capsaicin, capsaicin analogue, 
temozolomide, and vehicle concentration.

Induction of cell death by Apoptosis

Detection of phosphatidylserine externalization

For this determination, monolayer cultured GBM were used 
with a density of 200,000 cells per well in a 24-well plate 
in triplicate. After 24 h, the medium was removed and the 
studied molecules were added at the following concentra-
tions: capsaicin at 300 μmol L−1, olvanil and dohevanil at 
200 μmol L−1, and temozolomide (TMZ) at 600 μmol L−1. 
After 3 h of incubation, the molecules were removed, the 
cells were detached with EDTA at 2 mmol L−1 and worked 
according to the Annexin V protocol (Annexin V conjugated 
with Alexa-Fluor 488, Invitrogen Cat. No. 13201 PHN1010 
and PHN1008). The detection of phosphatidylserine 

externalization was measured at 533 nm and 575 nm using a 
Flow Cytometer (Guava EasyCyte 5, Millipore).

Caspase‑3 activation

3D culture of GBM cells with the Matrigel base model was 
performed in a culture chamber system on an 8-well slide 
(Thermo-Scientific, Cat. No. 154461-PK, Nunc Lab-Tek™ 
II Chamber Slide System), at a density of 20,000 cells per 
well. The cells were incubated for 72 h with culture medium 
at 37 °C with an air atmosphere of CO2 5%. Then, the follow-
ing capsaicin analogue concentrations were added: capsaicin 
and livanil at 300 μmol L−1, dohevanil at 200 μmol L−1. The 
culture was incubated for 6 h. Next, the culture medium was 
removed and incubated with a solution of paraformaldehyde 
4% (v/v) in 0.1 mol L−1 phosphate buffer at pH 7.4 (PBS), 
for 2 h. Immunofluorescence assay for caspase 3 (Abcam, 
ab-13847 cysteine-protease-3) was performed with a dilution 
of 1:500 and allowed to incubate overnight at 4 °C. Alexa-
Fluor 488 secondary antibody was bound for 2 h in the dark 
(1:500, Vector Laboratories), protected with a drop of mount-
ing medium with 4',6-diamidino-2-phenylindole, di-hydro-
chloride (Fluoroshield, Abcam 104,139), and later analyzed 
under fluorescence microscopy (Leica DM4 DF7000T, Leica 
Biosystems, Wetzlar, Germany). The obtained images were 
analyzed with the Leica Application Suite software (LAS). 
For each taken image taken, the degree of fluorescence inten-
sity was kept constant. The total cells (DAPI) and cells labeled 
with Caspase 3 (Green) were counted in 10 fields (1.5 mm2) 
for each well and each group (3 wells). The percentage of 
labeled cells was calculated using the double-blind technique.

Statistical analysis

All data are expressed as mean ± standard deviation (SD). Statis-
tical analysis was conducted with the GraphPad Prism software, 
v. 6 (GraphPad Software, San Diego, CA, USA). Differences on 
cell viability were analyzed by one-way and two-way analysis 
of variance (ANOVA) followed by Tukey post-hoc to determine 
whether the differences from the studies groups were signifi-
cant from those of the capsaicin analogues treated groups. In 
all cases, the level of statistical significance was set to p < 0.05, 
0.001, 0.0005 or 0.0001.

Results

Preparation and characterization of CLEAs

Prior to the preparation of CALB-CLEAs, the crude fer-
mentation extract of P. pastoris containing recombinant 
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CALB, among contaminant proteins, was concentrated 32 
times and dialyzed with Milli-Q water by ultrafiltration 
with a 10 kDa membrane, in order to remove salts from the 
medium. The concentrated crude fermentation extract of 
CALB contained 0.8 g L−1 of total protein. The enzymatic 
activity of CALB prior to immobilization was 38 U mL−1.

Before the CLEAs preparation, the best precipitation 
conditions were initially established. For this, 1 part of 
CALB was incubated with 9 parts of different precipitat-
ing agents for 30 min at 30 °C. In a previous work from 
our group, we described the preparation and optimiza-
tion of CLEAs of recombinant CALB for the synthesis of 
olvanil (Diaz-Vidal et al. 2019). The results indicated that 
CALB precipitated with isopropanol and cross-linked with 
150 mmol L−1 for 60 min gave active and highly efficient 
crystal-shape immobilizates. Thus, we selected the same 
precipitation and cross-linking conditions for the present 
synthesis of capsaicin analogues.

Scanning electron microscopy images of CLEAs

The morphology of CLEAs depends on enzyme type, pre-
cipitant agent and the microenvironment of the enzyme 
when cross-linking (Zerva et al. 2018). SEM microgra-
phies revealed the formation of clusters with irregular, 
cluster shapes and low porosity for CALB-CLEAs (Fig. 1).

Synthesis of capsaicin analogues

The synthesis of capsaicin analogues was conducted on 
2M2B at 50 °C with equimolar concentrations of VAM-
HCl and oleic acid, linoleic acid, DHA, and punicic acid as 
acyl donors. The amount of biocatalyst was equivalent to 1 
U on the hydrolysis of pNPB (20 mg and 38 mg of CALB-
CLEAs and CALB-150, respectively). Table 2 shows the 
concentration and conversion values of livanil, dohevanil 
and punivanil synthesis using CALB-150 at 50 °C for 24, 
48 and 72 h. The highest conversion was achieved when 
punicic acid was used as acyl donor. At 48 h of reaction, 
19.4 g L−1 of punivanil were synthetized with 73% of con-
version. Surprisingly, at 72 h, the conversion of punivanil 
dramatically decreased 3.3-fold. In contrast, the synthesis 
of livanil increased steadily through time, achieving the 
maximum conversion yield at 72 h (58.3% conversion to 
livanil). Dohevanil was obtained in moderate amounts, and 
similar conversion values were obtained at 48 and 72 h.

The concentration and conversion values obtained in the 
synthesis of livanil, dohevanil, and punivanil catalyzed by 
recombinant CALB-CLEAs is resumed in Table 3. Overall, 
the catalytic performance displayed by CALB-CLEAs was 
low in comparison to commercial CALB-150. In contrast 

to CALB-150, CALB-CLEAs displayed a strong preference 
for linoleic acid as acyl donor. At 72 h, the conversion to 
livanil was 69.7%, the highest conversion value obtained in 
comparison to the rest of acyl donors. In contrast, DHA gave 
the poorest catalytic results, and only 8.3% of conversion 
to dohevanil was achieved at 72 h. Similar to CALB-150, 
the synthesis of punivanil reached a maximum at 48 h, fol-
lowed by a decrease in conversion, where presumably the 
hydrolysis of the product predominated. The 1H NMR spec-
tra of the isolated capsaicinoids showed typical chemical 
shifts of the vanillyl ring, 3-OCH3, 4-OH, NH group, and 
long-chain acyl moieties for olvanil, livanil, and dohevanil 
(Kobata et al. 2010; Roby et al. 2015). For punivanil, the 
chemical signals of 3-OCH3, double bonds, and C-bonds of 
the aliphatic chain were easily detected; however, we were 
unable to completely identify the H and NH group peaks of 
the vanillyl ring. This could be explained by an aromatic 
solvent induced shift (Cao et al. 2007). The enzymatically 
synthetized capsaicin analogues were also subjected to mass 
spectrometry analysis. The theoretical molecular masses 
were in agreement with the experimentally measured m/z 
values (Supplementary Table S2 and Fig. S1).

Effect of capsaicin and capsaicin analogues 
on the cytotoxicity of glioblastoma cells

The viability of U-138 and U-87 glioblastoma cells treated 
with increasing concentrations of capsaicin, capsaicin 
analogues (olvanil, livanil, dohevanil, and punivanil), and 
temozolomide for 24 h was determined by the MTT assay. 
Capsaicin analogue type and concentration had a statisti-
cal effect on cell viability. Increasing concentrations of 
capsaicin, olvanil, and dohevanil had a significant effect on 
the viability of U-138 and U-87 cells, whereas livanil and 
punivanil did not show a significant cytotoxic effect (Fig. 2 
and 3). Photomicrographs of viable and non-viable cell lines 
due to capsaicinoid exposition are shown in Supplementary 
Fig. S2.

U-138 cells treated with capsaicin maintained their via-
bility at capsaicin concentrations ≤ 100 μmol L−1. However, 
at capsaicin concentrations ≥ 400 μmol L−1, the viability was 
reduced to 65 ± 3.6%. In contrast, U-87 cells required less 
capsaicin concentration to induce a cytotoxic effect. The 
viability was reduced to 91.7% at the lowest capsaicin con-
centration assessed (50 μmol L−1), and the maximum cyto-
toxic effect was observed with 400 μmol L−1 of capsaicin 
with a viability of 60.66 ± 2.7%. The viability of U-138 cells 
treated with olvanil at concentrations ≥ 100 μmol L−1 had 
a significant effect in cytoxicity, recording a minimum of 
21.1 ± 0.4% in viability at the highest olvanil concentration 
evaluated (400 μmol L−1). U-87 cells treated with olvanil 
responded similar to U-138 cells. Concentrations ≥ 200 μmol 
L−1 significantly reduced the cell viability from 77.3 ± 2.2% 
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with 100 μmol L−1 olvanil to 18.8 ± 4.6% with 400 μmol 
L−1. The cytotoxic effect of olvanil was more notorious for 
U-87 cells, as also observed for capsaicin.

U-138 cell viability was diminished to 79.9 ± 1.7% 
when exposed to dohevanil concentration of 100 μmol 
L−1. However, at a concentration of 200 μmol L−1, the 

Fig. 1   Scanning electron micrographs of the structure of CALB-
CLEAs at A) 1,030 × magnifications, B) 2,200 × magnifications, C) 
2,000 × magnifications, and D) 5,000 × magnifications. CLEA prepa-

ration conditions: isopropanol as precipitating agent, 150 mM glutar-
aldehyde for 60 min at 30 °C
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cell viability drastically decreased to 22.3 ± 0.2%. Increas-
ing the concentration of dohevanil at 400 μmol L−1 had no 
effect on the cytotoxicity of U-138 cells. For U-87 cells, 
the cytotoxic effect of dohevanil was more notorious at 
lower concentrations (50 and 100 μmol L−1) with a cell 
viability of 85.1 ± 5.1% and 76.8 ± 4.5%, respectively. 
The cell viability effect at concentrations ≥ 200 μmol L−1 
was similar to that observed for U-138 cells (24.1 ± 0.9 
20.6 ± 3.1 for 200 and 400 μmol L−1, respectively).

 Conversely, the studied concentrations of livanil and 
punivanil (50–400 μmol L−1) had no significant effect on 
the cytotoxicity of U-87 and U-138 cells.

The induction of cell death by apoptosis in GBM cells 
due to the effect of capsaicin and its analogues was deter-
mined by the detection of phosphatidylserine externaliza-
tion and the expression of caspase-3. Capsaicin analogues 
tested after 3 h promoted the binding of annexin V to exter-
nalized phosphatidylserine with a positive percentage of 

Table 2   Concentration and conversion values of livanil, dohevanil, and punivanil at 24, 48, and 72 h catalyzed by CALB immobilized on immo-
bead 150

24 h 48 h 72 h

Compound Concentration (g L−1) Conversion (%) Concentration (g L−1) Conversion (%) Concentration (g L−1) Conversion (%)

Livanil 4.98 ± 0.37 24 8.66 ± 0.33 41.7 12.1 ± 0.67 58.3
Dohevanil 4.2 ± 0.6 18.1 5.37 ± 1.08 23.2 5.62 ± 1.46 24.2
Punivanil 17 ± 4.28 66.6 19.42 ± 0.55 73 5.85 ± 0.45 22

Table 3   Concentration and conversion values of livanil, dohevanil, and punivanil at 24, 48 and 72 h catalyzed by CALB-CLEAs. The CALB-
CLEAs were obtained with isopropanol as precipitating agent and cross-linked with 150 mmol L−1 of glutaraldehyde for 60 min

24 h 48 h 72 h

Compound Concentration (g L−1) Conversion (%) Concentration (g L−1) Conversion (%) Concentration (g L−1) Conversion (%)

Livanil 1.83 ± 0.11 8.8 10.1 ± 1.13 48.6 14.47 ± 0.40 69.7
Dohevanil 0.30 ± 0.13 1.3 1.26 ± 0.12 5.4 1.91 ± 0.27 8.3
Punivanil 7.18 ± 0.8 24.4 12.09 ± 1.77 41.2 8.88 ± 5.29 30.3

Fig. 2   Average viability percentage of U-138 cell line in a concen-
tration-dependent manner: A) 50  μmol L−1, B) 100  μmol L−1, C) 
200 μmol L−1, and D) 400 μmol L.−1. Data are expressed as the aver-
age viability percentage ± standard deviation at different doses of cap-
saicin, capsaicin analogues, control (culture medium), temozolomide 

(TMZ, as positive control) and vehicle (DMSO) and analyzed using 
one-way ANOVA test followed by Tukey post-hoc. Differences were 
considered significant when *p < 0.05, **p < 0.001, ***p < 0.0005 or 
**** p < 0.0001
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cells of 60.6 ± 7.2, 65.5 ± 5.7 and 67.5 ± 3.9% for capsai-
cin (300 μmol L−1), olvanil and dohevanil (200 μmol L−1), 
respectively. The positive control temozolomide (600 μmol 
L−1) promoted a value of 40.8 ± 7.2% (Supplementary 
Fig. S3).

The expression of active caspase-3 in GBM cells could 
be observed by fluorescense photomicrographs (Supple-
mentary Fig. S4). For cells without the caspase-3 labeling 
marker using Alexa-Fluor 488 (green), only the nucleus 
was stained with DAPI (blue). After 6 h of exposure, the 
positivity for capsaicin and dohevanil was 19.1 ± 2.6% and 
73.5 ± 7.6%, respectively, with a difference to the control 
group of 5.6 ± 1.6. As expected, livanil did not promote the 
expression of caspase-3, showing a positivity percentage 
of 3.5 ± 1.5% with no significant differences compared to 
the control group.

The cytotoxicity test in the L-929 line presented a lower 
level of cytotoxicity compared to GBM cells (Fig. 4). The 
utilization of dohevanil at a concentration of 500 µmol L−1 
in L-929 cells results in an average cell viability of 34%. 
Meanwhile, at a concentration of 400 µmol L−1, the aver-
age viability was 22% and 24% in U-138 and U-87 cells, 
respectively. 

Likewise, cells incubated with olvanil showed a viability 
of 47% at a dose of 500 µmol L−1, whereas in lines U-138 

and U-87, the viability at 400 µmol L−1 was 21% and 18%, 
respectively. Punivanil did not show any type of cytotoxicity.

Discussion

Capsaicin analogues from punicic acid, linoleic acid, and DHA 
were obtained by a chemoenzymatic process catalyzed by 
commercial CALB-150 and CALB-CLEAs. The capability of 
CALB to efficiently synthetize and hydrolyze amides has been 
previously described (Anderson et al. 1998; Torres-Gavilan 
et al. 2006). In particular, commercial CALB (Novozym 435) 
has mediated the synthesis of olvanil, rinvanil, and N-vanil-
lyltetradecanamide with efficacies greater than 70% (Kobata 
et al. 1999; Reyes-Duarte et al. 2002; Castillo et al. 2008).

The catalytic efficiency of commercial CALB-150 was 
compared to recombinant CALB-CLEAs. The CLEAs were 
obtained directly from the fermentation extract of a deficient 
protein strain of P. pastoris. In a previous work, we observed 
that recombinant CALB precipitated with isopropanol and 
further cross-linked with 150 mmol L−1 of glutaraldehyde 
for 60 min led to active, robust, and efficient CLEAs in the 
synthesis of olvanil (Diaz-Vidal et al. 2019). In the present 
work, the same immobilization conditions were selected for 
the synthesis of long-chain N-vanillylamides.

Fig. 3   Average viability percentage of U-87 cell line in a concen-
tration-dependent manner: A) 50  μmol L−1, B) 100  μmol L−1, C) 
200 μmol L−1, and D) 400 μmol L.−1. Data are expressed as the aver-
age viability percentage ± standard deviation at different doses of cap-
saicin, capsaicin analogues, control (culture medium), temozolomide 

(TMZ, as positive control) and vehicle (DMSO) and analyzed using 
one-way ANOVA test followed by Tukey post-hoc. Differences were 
considered significant when *p < 0.05, **p < 0.001, ***p < 0.0005 or 
**** p < 0.0001



Applied Microbiology and Biotechnology         (2024) 108:106 	 Page 11 of 14    106 

Overall, the performance of commercial immobilized 
CALB on immobead 150 was greater than that of recom-
binant CALB-CLEAs. This might indicate that the CLEA 
preparation conditions selected for the synthesis of these 
particular long-chain capsaicin analogues were not optimum. 
Immobilization protocols can greatly affect the selectivity of 
a certain enzyme in relation to changes in the tridimensional 
structure of the enzyme (Rodrigues et al. 2013). Hydropho-
bic supports tend to improve the catalytic performance of 
lipases due to interfacial activation (Fernandez-Lafuente 
et al. 1998; Rodrigues et al. 2013). This could explain the 
poor catalytic performance obtained with CALB-CLEAs 
in contrast to commercial CALB-150. Although the CLEA 
methodology is a carrier-free method, different approaches 
can be aimed to cause an interfacial activation on an enzyme 
without the need of hydrophobic supports. In the presence 
of an imprinting template, such as polymers, substrates, sur-
factants, detergents, etc., an open conformation can be mim-
icked and further locked by the addition of a cross-linker 
(Mingarro et al. 1995; Abahazi et al. 2014; Zhang et al. 
2017). This technique is known as molecular bioimprint-
ing, and besides its simplicity and low cost, it can modify 
the specificity, stability, and selectivity of lipolytic enzymes 
(Fishman and Cogan 2003; Foresti et al. 2005).

As many parameters influence the catalytic performance of 
CLEAs, it is important to optimize its preparation by screen-
ing a variety of precipitant agents, cross-linking agent type 
and concentration, agitation rate, additives, etc. (Sheldon 
2011b). In this work, we selected the optimum CLEA prepa-
ration conditions for the synthesis of olvanil, but as observed, 
these conditions are unfavorable for the synthesis of other 
N-vanillylamides.

Therefore, in order to increase the yield of livanil, dohe-
vanil, and punivanil synthesis, additional CLEA optimi-
zation procedures should be performed for each reaction. 
Although the synthesis of livanil and dohevanil has been 
previously described by chemical means (Melck et al. 1999; 
Jin et al. 2002; Sumithran et al. 2012), this is the first report 
concerning the lipase mediated synthesis of these com-
pounds. However, as far as we are concerned, our report is 
the first and only concerning the synthesis of punivanil, a 
capsaicin analogue from punicic acid.

According to the morphology of the CALB-CLEAs 
obtained in this work, the immobilizates can be classified as 
“type 2”, which are non-defined clusters (Schoevaart et al. 
2004). In general, the structures had a highly irregular, clus-
tered shape, which is a typical feature of highly glycosylated, 
hydrophilic enzymes. However, at some magnifications, 

Fig. 4   Average viability percentage of L929 cell line in a concentra-
tion-dependent manner: A) 200 µmol L−1, B) 300 µmol L−1 and C) 
500  µmol L.−1. Data is expressed as the average viability percent-
age ± standard deviation at different doses of capsaicin, capsaicin ana-

logues, control (culture medium), temozolomide (TMZ,  as positive 
control) and vehicle (DMSO) and analyzed using one-way ANOVA 
test followed by Tukey post-hoc. Differences were considered signifi-
cant when *p < 0.05, **p < 0.001, ***p < 0.0005 or **** p < 0.0001
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some “ball type or type 1” structures could be observed 
among the flat surface (Schoevaart et al. 2004). The forma-
tion of “type 1” structures is caused when the enzyme is 
highly lipophilic, as in the case of CALB. As the CLEAs in 
this work were immobilized directly from the fermentation 
broth of P. pastoris, the presence of contaminant proteins 
of unknown hydrophobicity and lipophilicity is expected. 
This mixture can help explain why CALB-CLEAs are 
a combination of both “type 1” and “type 2” structures. 
However, based on our results, the CLEA preparation con-
ditions selected for our CALB-CLEAs generated immobi-
lizates with poor catalytic performance in the synthesis of 
capsaicin analogues.

As expected, capsaicin analogues and temozolo-
mide demonstrated a dose-response cytotoxic effect for 
U-87 and U-138 glioblastoma cell lines. Although the 
molecular mechanisms underlying the cytotoxicity on 
U-138 cells has not been elucidated, similar reports with 
U-87 cells pointed out a TRPV1-independent mecha-
nism in where the apoptosis pathway is activated. Jeon 
and colleagues found that cell viability of U-87 cells 
incubated with capsaicin decreased in a dose-dependent 
manner (Jeon et al. 2012). Capsaicin analogues, espe-
cially dohevanil and olvanil, were able to promote the 
extracellular expression of phosphatidylserine in MG 
U-138 cells, as well as caspase 3, which serve as indica-
tors that these compounds could be acting in apoptotic 
pathways as observed in prior studies. Morphological 
changes, down-regulation of BCL-2 expression, up-
regulation of Bax expression, and DNA fragmentation 
proved that apoptosis occurred during capsaicin induced 
cytotoxicity of U-87 cells. Thus, apoptosis occurred via 
activation of the p-38 MAPK signaling pathway and 
the mitochondrial pathway of BCL-2/Bax. In contrast 
to what has been reported for other cell lines, caspases 
did not participate in the capsaicin-induced apoptosis 
of U-87 cells (Jeon et al. 2012). However, the reported 
cell viability values were slightly lower than the ones 
obtained in this work. Values of ~ 60% and ~ 50% cell 
viability were determined after incubation with 200 and 
400 μmol L−1 of capsaicin, respectively.

A similar loss of cell viability (~ 80%) was also observed 
for LN-18 glioblastoma cells after 24 h of incubation with 
200 μmol L−1 capsaicin (Szoka and Palka 2020). However, 
the effect of 400 μmol L−1 capsaicin after 24 h of incu-
bation was more detrimental on cell viability, and values 
around ~ 30% were determined. Similarly, capsaicin acti-
vated the intrinsic apoptosis pathway of LN-18 cells, which 
is regulated by Bcl-2 proteins, and increased levels of 
PPARɣ expression. Indeed, a combination therapy of cap-
saicin analogues with PPARɣ agonists, such as thiazolidin-
ediones, is a promising strategy for the treatment of several 
cancer cell lines (Hurley et al. 2017; Szoka and Palka 2020).

Dohevanil, a capsaicin analogue from DHA, was the 
most cytotoxic capsaicin analogue on both U-138 and U-87 
cells, tested both in cytotoxicity tests with MTT, as well 
as apoptotic pathways, expressed by the increase in phos-
phatidylserine translocation and the expression of caspase 
3, as shown in other research with other types of cancers. 
Dohevanil required less dose to achieve a significant cyto-
toxic effect. The cytotoxic effect of dohevanil has also been 
studied for MCF-7 human breast cancer cells. Similar to our 
results, Tuoya et al. observed that the apoptosis induction 
caused by dohevanil was more potent than that of capsai-
cin (Tuoya et al. 2006). The cytotoxic effect of olvanil was 
also significant on both U-138 and U-87 cells and the data 
suggests that the potency of olvanil might be greater than 
that of capsaicin. Similar results have also been seen with 
human small cell lung cancer cells (Hurley et al. 2017) and 
C6 rat glioma cells and EFM-19 breast cancer cells (Melck 
et al. 1999).

Livanil and punivanil did not show a significant cytotoxic 
effect on U-87 and U-138 glioblastoma cells. However, both 
capsaicin analogues increased cell viability by ~ 9–30%. The 
prospective application of these capsaicin analogues is still 
unexploited, but according to our results, these compounds 
can be envisaged as cell growth promoters in cases where 
cell protection is required.

L-929 cells are mouse connective tissue cells, with 
fibroblast morphology from the ATCC. As these cells 
do not present any pathology, they are commonly used 
to carry out toxicity studies. Nevertheless, these capsai-
cin analogues were employed for testing, revealing cyto-
toxic properties. Yet, upon analyzing specific doses and 
comparing these cells with tumor cells, they exhibited a 
lower level of cytotoxicity.

If capsaicin analogues prove effective as antitumor ther-
apies, their utilization alongside specific adjuncts could 
enable targeted action towards tumors without affecting 
healthy cells. Nevertheless, at lower doses, their cytotoxicity 
in healthy cells is comparatively lower than in tumor cells.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00253-​023-​12856-y.

Authors’ contribution  JCMD, AACA, and JAR conceived and designed 
research, TDV, VPAP, LCRR, RBMP, and YKGM conducted experi-
ments. TDV, JCMD, AACA, LCRR, and JAR analyzed data. TDV 
wrote the manuscript. All authors read and approved the manuscript.

Funding  This work was supported by Secretaria de Educación Pública-
Consejo Nacional de Ciencia y Tecnología (SEP-CONACYT) grant 
242544–2014 and Fondo Sectorial de Investigación en Salud y Seguri-
dad Social (FOSISS) grant B-S-34029–2018. TDV thanks CONACYT 
for her doctoral scholarship.

Data and code availability   The data that support the findings of this 
study are available from the corresponding author, JAR, upon reason-
able request.

https://doi.org/10.1007/s00253-023-12856-y


Applied Microbiology and Biotechnology         (2024) 108:106 	 Page 13 of 14    106 

Declarations 

Conflicts of interest  The authors declare no conflicts of interest.

Ethical statement  This article does not contain any studies with human 
participants or animals performed by any of the authors.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abahazi E, Boros Z, Poppe L (2014) Additives enhancing the cata-
lytic properties of lipase from Burkholderia cepacia immobilized 
on mixed-function-grafted mesoporous silica gel. Molecules 
19:9818–9837. https://​doi.​org/​10.​3390/​molec​ules1​90798​18

Abdel-Salam OME (2014) Capsaicin as a therapeutic molecule. 
Springer Science & Business Media

Alfekaik DF, Al-Hilfi SA (2016) Fatty acids composition by (GC-MS) 
and most important physical chemicals parameters of seed oil 
pomegranate and grape seeds. J Biol Agric Healthc 6(8):25–32

Amantini C, Mosca M, Nabissi M, Lucciarini R, Caprodossi S, Arcella 
A, Giangaspero F, Santoni G (2007) Capsaicin-induced apop-
tosis of glioma cells is mediated by TRPV1 vanilloid receptor 
and requires p38 MAPK activation. J Neurochem 102:977–990. 
https://​doi.​org/​10.​1111/j.​1471-​4159.​2007.​04582.x

Anderson EM, Larsson KM, Kirk O (1998) One biocatalyst - many 
applications: The use of Candida antarctica B-lipase in organic 
synthesis. Biocatal Biotransformation 16:181–204. https://​doi.​org/​
10.​3109/​10242​42980​90031​98

Andualema B, Gessesse A (2012) Microbial lipases and their industrial 
applications: review. Biotechnology 11:100–118. https://​doi.​org/​
10.​3923/​biote​ch.​2012.​100.​118

Aruna P, Venkataramanamma D, Singh AK, Singh RP (2016) Health 
benefits of punicic acid: a review. Compr Rev Food Sci Food Saf 
15:16–27. https://​doi.​org/​10.​1111/​1541-​4337.​12171

Basith S, Cui M, Hong S, Choi S (2016) Harnessing the therapeutic 
potential of capsaicin and its analogues in pain and other diseases. 
Molecules 21. https://​doi.​org/​10.​3390/​molec​ules2​10809​66

Cao L, van Langen L, Sheldon RA (2003) Immobilized enzymes: 
carrier-bound or carrier free? Curr Opin Biotechnol 14:387–394. 
https://​doi.​org/​10.​1016/​S0958-​1669(03)​00096-X

Cao Y, Yang L, Gao HL, Chen JN, Chen ZY, Ren QS (2007) Re-char-
acterization of three conjugated linolenic acid isomers by GC-MS 
and NMR. Chem Phys Lipids 145:128–133. https://​doi.​org/​10.​
1016/J.​CHEMP​HYSLIP.​2006.​11.​005

Castillo E, Regla I, Demare P, Luviano-Jardon A, Lopez-Munguia A 
(2008) Efficient chemoenzymatic synthesis of phenylacetylrinva-
nil: an ultrapotent capsaicinoid. Synlett 2008:2869–2873. https://​
doi.​org/​10.​1055/s-​0028-​10835​21

Castillo E, Torres-Gavilan A, Severiano P, Arturo N, Lopez-Mun-
guia A (2007) Lipase catalyzed synthesis of pungent capsaicin 

analogues. Food Chem 100:1202–1208. https://​doi.​org/​10.​1016/j.​
foodc​hem.​2005.​11.​026

Diaz-Vidal T, Armenta-Perez VP, Rosales-Rivera LC, Mateos-Diaz 
JC, Rodriguez JA (2019) Cross-linked enzyme aggregates of 
recombinant Candida antarctica lipase B for the efficient synthe-
sis of olvanil, a non-pungent capsaicin analogue. Biotechnol Prog 
35:e2807. https://​doi.​org/​10.​1002/​btpr.​2807

Dray A, Bettaney J, Rueff A, Walpole C, Wrigglesworth R (1990) 
NE-19550 and NE- 21610, antinociceptive capsaicin analogues: 
studies on nociceptive fibres of the neonatal rat tail in vitro. Eur J 
Pharmacol 181:289–293. https://​doi.​org/​10.​1016/​0014-​2999(90)​
90091-J

Fernandez-Lafuente R, Armisen P, Sabuquillo P, Fernander-Lorente G, 
Guisan JM (1998) Immobilization of lipases by selective adsorp-
tion on hydrophobic supports. Chem Phys Lipids 93:185–197

Fishman A, Cogan U (2003) Bio-imprinting of lipases with fatty acids. 
J Mol Catal B Enzym 22:193–202. https://​doi.​org/​10.​1016/​S1381-​
1177(03)​00032-8

Foresti ML, Alimenti GA, Ferreira ML (2005) Interfacial activation 
and bioimprinting of Candida rugosa lipase immobilized on poly-
propylene: effect on the enzymatic activity in solvent-free ethyl 
oleate synthesis. Enzyme Microb Technol 36:338–349. https://​
doi.​org/​10.​1016/j.​enzmi​ctec.​2004.​09.​012

Friedman JR, Nolan NA, Brown KC, Miles SL, Akers AT, Colclough 
KW, Seidler JM, Rimoldi JM, Valentovic MA, Dasgupta P (2018) 
Anticancer activity of natural and synthetic capsaicin analogs. J 
Pharmacol Exp Ther 364:462–473

Hurley JD, Akers AT, Friedman JR, Nolan NA, Brown KC, Dasgupta 
P (2017) Non-pungent long chain capsaicin-analogs arvanil and 
olvanil display better anti-invasive activity than capsaicin in 
human small cell lung cancers. Cell Adh Migr 11:80–97. https://​
doi.​org/​10.​1080/​19336​918.​2016.​11873​68

Jacobsson SOP, Wallin T, Fowler CJ (2001) Inhibition of rat C6 glioma 
cell proliferation by endogenous and synthetic cannabinoids. Rela-
tive involvement of cannabinoid and vanilloid receptors. J Phar-
macol Exp Ther 299:951–959

Jeon JH, Choi YJ, Han IH, Choi BK, Cha SH, Cho WH (2012) Capsa-
icin-induced apoptosis in the human glioblastoma U87MG cells 
via p-38 MAPK and Bcl-2/Bax signaling pathway. Mol Cell Toxi-
col 8:69–76. https://​doi.​org/​10.​1007/​s13273-​012-​0009-5

Jin K, Ishihata K, Kajiyama S, Fukusaki E, Kobayashi A, Baba N, Tada 
M, Takahata K (2002) Effect of capsaicin and N-docosahexae-
noyl vanillylamide on growth of taxol tolerant HeLa cells. J Food 
Chem 9:50–53

Kobata K, Kawaguchi M, Watanabe T (2002) Enzymatic synthesis of 
a capsinoid by the acylation of vanillyl alcohol with fatty acid 
derivatives catalyzed by lipases. Biosci Biotechnol Biochem 
66:319–327. https://​doi.​org/​10.​1271/​bbb.​66.​319

Kobata K, Kobayashi M, Tamura Y, Miyoshi S, Ogawa S, Watanabe 
T (1999) Lipase catalyzed synthesis of capsaicin analogs by 
transacylation of capsaicin with natural oils or fatty acid deriva-
tives in n-hexane. Biotechnol Lett 21:547–550. https://​doi.​org/​10.​
1023/A:​10055​67923​159

Kobata K, Saito K, Tate H, Nashimoto AKI, Okuda H, Takemura I, 
Miyakawa KEN, Takahashi M, Iwai K, Watanabe T (2010) Long-
chain N-vanillyl-acylamides from Capsicum oleoresin. J Agric 
Food Chem 58:3627–3631. https://​doi.​org/​10.​1021/​jf904​280z

Kobata K, Toyoshima M, Kawamura M, Watanabe T (1998) Lipase-
catalysed synthesis of capsaicin analogs using natural oils as an 
acyl donor. Biotechnol Lett 20:781–783

Lee YS, Nam DH, Kim JA (2000) Induction of apoptosis by capsaicin 
in A172 human glioblastoma cells. Cancer Lett 161:121–130. 
https://​doi.​org/​10.​1016/​S0304-​3835(00)​00608-X

Lin C-H, Lu W-C, Wang C-W, Chan Y-C, Chen M-K (2013) Capsai-
cin induces cell cycle arrest and apoptosis in human KB cancer 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/molecules19079818
https://doi.org/10.1111/j.1471-4159.2007.04582.x
https://doi.org/10.3109/10242429809003198
https://doi.org/10.3109/10242429809003198
https://doi.org/10.3923/biotech.2012.100.118
https://doi.org/10.3923/biotech.2012.100.118
https://doi.org/10.1111/1541-4337.12171
https://doi.org/10.3390/molecules21080966
https://doi.org/10.1016/S0958-1669(03)00096-X
https://doi.org/10.1016/J.CHEMPHYSLIP.2006.11.005
https://doi.org/10.1016/J.CHEMPHYSLIP.2006.11.005
https://doi.org/10.1055/s-0028-1083521
https://doi.org/10.1055/s-0028-1083521
https://doi.org/10.1016/j.foodchem.2005.11.026
https://doi.org/10.1016/j.foodchem.2005.11.026
https://doi.org/10.1002/btpr.2807
https://doi.org/10.1016/0014-2999(90)90091-J
https://doi.org/10.1016/0014-2999(90)90091-J
https://doi.org/10.1016/S1381-1177(03)00032-8
https://doi.org/10.1016/S1381-1177(03)00032-8
https://doi.org/10.1016/j.enzmictec.2004.09.012
https://doi.org/10.1016/j.enzmictec.2004.09.012
https://doi.org/10.1080/19336918.2016.1187368
https://doi.org/10.1080/19336918.2016.1187368
https://doi.org/10.1007/s13273-012-0009-5
https://doi.org/10.1271/bbb.66.319
https://doi.org/10.1023/A:1005567923159
https://doi.org/10.1023/A:1005567923159
https://doi.org/10.1021/jf904280z
https://doi.org/10.1016/S0304-3835(00)00608-X


	 Applied Microbiology and Biotechnology         (2024) 108:106   106   Page 14 of 14

cells. BMC Complementary and Alternative Medicine 2013 13:1 
13:1–9. https://​doi.​org/​10.​1186/​1472-​6882-​13-​46

Liu K-J (2009) Lipase-catalyzed synthesis and antibacterial activity of 
N-vanillyl nonanamide. J Mol Catal B Enzym 58:181–186. https://​
doi.​org/​10.​1016/j.​molca​tb.​2008.​12.​015

Melck D, Bisogno T, De Petrocellis L, Chuang H, Julius D, Bifulco 
M, Di Marzo V (1999) Unsaturated long-chain N-acyl-vanillyl-
amides (N-AVAMs): vanilloid receptor ligands that inhibit anan-
damide-facilitated transport and bind to CB1 cannabinoid recep-
tors. Biochem Biophys Res Commun 262:275–284. https://​doi.​
org/​10.​1006/​bbrc.​1999.​1105

Mingarro I, Abad C, Braco L (1995) Interfacial activation-based 
molecular bioimprinting of lipolytic enzymes. Proc Natl Acad 
Sci U S A 92:3308–3312. https://​doi.​org/​10.​1073/​pnas.​92.8.​3308

Mori A, Lehmann S, O’Kelly J, Kumagai T, Desmond JC, Pervan M, 
McBride WH, Kizaki M, Koeffler HP (2006) Capsaicin, a com-
ponent of red peppers, inhibits the growth of androgen-independ-
ent, p53 mutant prostate cancer cells. Cancer Res 66:3222–3229. 
https://​doi.​org/​10.​1158/​0008-​5472.​CAN-​05-​0087

Ostrom QT, Gittleman H, Fulop J, Liu M, Blanda R, Kromer C, Wolin-
sky Y, Kruchko C, Barnholtz-Sloan JS (2015) CBTRUS statistical 
report: primary brain and central nervous system tumors diag-
nosed in the United States in 2008–2012. Neuro Oncol 17:iv1–
iv62. https://​doi.​org/​10.​1093/​neuonc/​nov189

RDKit: Open-source cheminformatics. https://​www.​rdkit.​org. 10.5281/
zenodo.6961488

Reyes-Duarte D, Castillo E, Martinez R, Lopez-Munguia A (2002) 
Lipase-catalysed synthesis of olvanil in organic solvents. Bio-
technol Lett 24:2057–2061. https://​doi.​org/​10.​1023/A:​10213​
71422​062

Roby MH, Allouche A, Dahdou L, De Castro VC, Alves Da Silva PH, 
Targino BN, Huguet M, Paris C, Chretien F, Gueant RM, Desobry 
S, Oster T, Humeau C (2015) Enzymatic production of bioactive 
docosahexaenoic acid phenolic ester. Food Chem 171:397–404. 
https://​doi.​org/​10.​1016/J.​FOODC​HEM.​2014.​09.​028

Rodrigues RC, Ortiz C, Berenguer-Murcia A, Torres R, Fernandez-
Lafuente R (2013) Modifying enzyme activity and selectivity by 
immobilization. Chem Soc Rev 42:6290–6307. https://​doi.​org/​10.​
1039/​c2cs3​5231a

Saini RK, Keum Y-S (2018) Omega-3 and omega-6 polyunsaturated 
fatty acids: dietary sources, metabolism, and significance — a 
review. Life Sci 203:255–267. https://​doi.​org/​10.​1016/J.​LFS.​2018.​
04.​049

Santos VAM, Bressiani PA, Zanotto AW, Almeida IV, Berti AP, Lunkes 
AM, Vicentini VEP, Dusman E (2023) Cytotoxicity of capsaicin 
and its analogs in vitro. Brazilian J Biol 83:e268941. https://​doi.​
org/​10.​1590/​1519-​6984.​268941

Schoevaart R, Wolbers MW, Golubovic M, Ottens M, Kieboom 
APG, van Rantwijk F, van der Wielen LAM, Sheldon RA (2004) 
Preparation, optimization, and structures of cross-linked enzyme 

aggregates (CLEAs). Biotechnol Bioeng 87:754–762. https://​doi.​
org/​10.​1002/​bit.​20184

Sheldon RA (2011a) Cross-linked enzyme aggregates as industrial 
biocatalysts. Org Process Res Dev 15:213–223. https://​doi.​org/​
10.​1021/​op100​289f

Sheldon RA (2011b) Characteristic features and biotechnological 
applications of crosslinked enzyme aggregates (CLEAs). Appl 
Microbiol Biotechnol 92:467–477. https://​doi.​org/​10.​1007/​
s00253-​011-​3554-2

Sheldon RA, Van Pelt S (2013) Enzyme immobilisation in biocatalysis: 
why, what and how. Chem Soc Rev 42:6223–6235. https://​doi.​org/​
10.​1039/​c3cs6​0075k

Sumithran S, Sono M, Raner GM, Dawson JH (2012) Single turnover 
studies of oxidative halophenol dehalogenation by horseradish 
peroxidase reveal a mechanism involving two consecutive one 
electron steps: Toward a functional halophenol bioremediation 
catalyst. J Inorg Biochem 117:316–321. https://​doi.​org/​10.​1016/j.​
jinor​gbio.​2012.​09.​017

Szallasi A, Blumberg PM (1999) Vanilloid (capsaicin) receptors and 
mechanisms. Pharmacol Rev 51:159–211

Szoka L, Palka J (2020) Capsaicin up-regulates pro-apoptotic activity 
of thiazolidinediones in glioblastoma cell line. Biomed Pharma-
cother 132:110741. https://​doi.​org/​10.​1016/j.​biopha.​2020.​110741

Torres-Gavilan A, Castillo E, Lopez-Munguia A (2006) The amidase 
activity of Candida antarctica lipase B is dependent on specific 
structural features of the substrates. J Mol Catal B Enzym 41:136–
140. https://​doi.​org/​10.​1016/j.​molca​tb.​2006.​06.​001

Tuoya BN, Shimoishi Y, Murata Y, Tada M, Koseki M, Takahata K 
(2006) Apoptosis induction by dohevanil, a DHA substitutive 
analog of capsaicin, in MCF-7 cells. Life Sci 78:1515–1519. 
https://​doi.​org/​10.​1016/j.​lfs.​2005.​07.​019

Yuan G-F, Chen X-E, Li D (2014) Conjugated linolenic acids and their 
bioactivities: a review. Food Funct 5:1360–1368. https://​doi.​org/​
10.​1039/​c4fo0​0037d

Zerva A, Antonopoulou I, Enman J, Iancu L, Rova U, Christakopoulos 
P, Zerva A, Antonopoulou I, Enman J, Iancu L, Rova U, Christako-
poulos P (2018) Cross-linked enzyme aggregates of feruloyl esterase 
preparations from Thermothelomyces thermophila and Talaromyces 
wortmannii. Catalysts 8:208. https://​doi.​org/​10.​3390/​catal​80502​08

Zhang W, Yang H, Liu W, Wang N, Yu X (2017) Improved perfor-
mance of magnetic crosslinked lipase aggregates by interfacial 
activation: a robust and magnetically recyclable biocatalyst for 
transesterification of Jatropha oil. Molecules 22:2157. https://​doi.​
org/​10.​3390/​molec​ules2​21221​57

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1186/1472-6882-13-46
https://doi.org/10.1016/j.molcatb.2008.12.015
https://doi.org/10.1016/j.molcatb.2008.12.015
https://doi.org/10.1006/bbrc.1999.1105
https://doi.org/10.1006/bbrc.1999.1105
https://doi.org/10.1073/pnas.92.8.3308
https://doi.org/10.1158/0008-5472.CAN-05-0087
https://doi.org/10.1093/neuonc/nov189
https://www.rdkit.org
https://doi.org/10.1023/A:1021371422062
https://doi.org/10.1023/A:1021371422062
https://doi.org/10.1016/J.FOODCHEM.2014.09.028
https://doi.org/10.1039/c2cs35231a
https://doi.org/10.1039/c2cs35231a
https://doi.org/10.1016/J.LFS.2018.04.049
https://doi.org/10.1016/J.LFS.2018.04.049
https://doi.org/10.1590/1519-6984.268941
https://doi.org/10.1590/1519-6984.268941
https://doi.org/10.1002/bit.20184
https://doi.org/10.1002/bit.20184
https://doi.org/10.1021/op100289f
https://doi.org/10.1021/op100289f
https://doi.org/10.1007/s00253-011-3554-2
https://doi.org/10.1007/s00253-011-3554-2
https://doi.org/10.1039/c3cs60075k
https://doi.org/10.1039/c3cs60075k
https://doi.org/10.1016/j.jinorgbio.2012.09.017
https://doi.org/10.1016/j.jinorgbio.2012.09.017
https://doi.org/10.1016/j.biopha.2020.110741
https://doi.org/10.1016/j.molcatb.2006.06.001
https://doi.org/10.1016/j.lfs.2005.07.019
https://doi.org/10.1039/c4fo00037d
https://doi.org/10.1039/c4fo00037d
https://doi.org/10.3390/catal8050208
https://doi.org/10.3390/molecules22122157
https://doi.org/10.3390/molecules22122157

	Long chain capsaicin analogues synthetized by CALB-CLEAs show cytotoxicity on glioblastoma cell lines
	Abstract 
	Key points
	Introduction
	Materials and methods
	Chemicals and reagents
	Production of recombinant CALB lipases in P. pastoris
	Protein estimation and enzymatic activity
	Preparation and characterization of CLEAs
	Punicic acid extraction and purification
	Synthesis and purification of capsaicin analogues
	Spectroscopic analysis
	Scanning electron microscopy images of CLEAs
	Cell culture
	Viability assay
	Induction of cell death by Apoptosis
	Detection of phosphatidylserine externalization
	Caspase-3 activation

	Statistical analysis

	Results
	Preparation and characterization of CLEAs
	Scanning electron microscopy images of CLEAs
	Synthesis of capsaicin analogues
	Effect of capsaicin and capsaicin analogues on the cytotoxicity of glioblastoma cells

	Discussion
	References


