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A B S T R A C T

Polysaccharides, widely used in food, pharmaceutical and industrial sectors, are abundant in Theobroma species 
pod husk waste (T. cacao, T. grandiflorum and T. bicolor). This study examined alkaline extraction using NaOH 
and KOH with ultrasound assistance to assess the physicochemical and functional properties of the resulting 
polysaccharides and non-polysaccharides components. The extraction yields of these components varied, with 
T. cacao-NaOH yielding the highest recovery (38.0 %), followed by T. bicolor-NaOH (14.7 %) and T. grandiflorum- 
NaOH (8.0 %). NaOH-extracted materials exhibited galacturonic acid content up to 40 %, molecular weight of 
~783 kDa and esterification degree of 38.1 %, while KOH-based extraction retained higher levels of rhamnose 
(18.0 %) and xylose (28.3 %). Materials extracted via KOH preserved metabolites like proanthocyanidins (1.58 
mg catechin equivalent/g in T. grandiflorum), whereas NaOH extraction resulted in greater antioxidant activity, 
particularly in T. cacao with 127.8 mmol Fe2+/g and 3.26 M Trolox equivalent/g in FRAP and ORAC assays. 
Rheology showed that polysaccharides extracted from T. cacao and T. bicolor exhibited highest viscosity and gel 
strength (G′ > G″), while those from T. grandiflorum had lower viscosity. Thermal analyses confirmed that NaOH 
extractions produced stable, gel-forming polysaccharides associated with pectic components. These findings 
highlight Theobroma pod husks as a valuable waste source for revalorization.

1. Introduction

The Theobroma genus, part of the Malvaceae family, includes plants 
native to tropical America, valued for their bioactive compounds like 
alkaloids, flavonoids and fats (Benlloch-Tinoco et al., 2024). Theobroma 
cacao is the most recognized species due to its role in chocolate pro
duction, but other species, such as Theobroma. grandiflorum (cupuaçu) 
and Theobroma. bicolor (macambo), have gained attention for their high- 
quality fats and unique flavor profiles (Febrianto & Zhu, 2022). Despite 

these valuable properties, these fruits present a challenge: the consid
erable waste generated during post-harvest processing. Up to 70 % of 
T. cacao fruit is discarded (Girón-Hernández, Rodríguez, et al., 2024), 
resulting in a substantial biomass that could be harnessed for its 
bioactive compounds. In particular, this biomass, including its seeds, 
pod husks, pulp and leaves, contains a rich diversity of biocompounds 
and biopolymers that have significant ecological, nutritional and in
dustrial value (Jean-Marie et al., 2022). Among these, polyphenols are 
particularly prominent, contributing to the antioxidant properties of the 
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biomass. Flavonoids, such as catechins, epicatechins and proanthocya
nidin, are abundant in Theobroma seeds and pod husks, offering health 
benefits and enhancing food stability. Phenolic acids, including gallic 
and caffeic acids, are also present, contributing to bioactivity and po
tential therapeutic properties of Theobroma biomass (Mar et al., 2024). 
Another significant class of compounds, methylxanthines, primarily 
theobromine and caffeine, exhibit stimulatory effects and plant defense 
roles, with the highest concentrations in seeds but can also be detected 
in other parts of the plant (Kieck et al., 2016). Furthermore, the bio
polymers in the Theobroma genus include polysaccharides such as cel
lulose, hemicelluloses and pectins, essential for plant integrity. These 
polysaccharides are particularly prominent in the pod husks and play an 
important role in applications such as biodegradable packaging and 
bioenergy production (Mar et al., 2024). Revalorizing biomass for 
biopolymer extraction holds significant importance due to its potential 
to create sustainable materials, reduce agricultural waste and support 
bioeconomy initiatives. The comprehensive biochemical composition of 
Theobroma biomass highlights its value across various sectors, including 
food, cosmetics and pharmaceuticals. This diversity underscores the 
importance of exploring the full potential of the genus as a source of 
bioactive compounds and renewable materials.

To address this, researchers have explored various methods to 
valorize Theobroma residual biomass, primarily using acidic solutions 
(Barrios-Rodríguez et al., 2022); however, these approaches are often 
limited by extraction yields below 10 % (Jarrín-Chacón et al., 2023; 
Vriesmann et al., 2012). Recently, enzymatic and alkaline extractions 
aided by ultrasound (US) have been explored (Girón-Hernández, 
Rodríguez, et al., 2024). Moreover, alkalization is aligned with existing 
methods used in the cocoa processing industry to reduce the acidity of 
the beans and modify flavor, color and solubility by adding alkalis like 
NaOH, KOH, K2CO3 or NaHCO3 to cocoa powder or mass; this process 
also impacts the material’s elastic modulus, a measure of its stiffness, 
which is crucial for understanding how a material behaves under 
different forces (Puchol-Miquel et al., 2021). In addition, studies on 
cocoa paste alkalinization have investigated how different alkaline so
lutions affect the content of metabolites in the final product. Indeed, 
phenols in cocoa exist in free or non-extractable forms (bound to other 
molecules or cellular structures) and these can be released during 
alkalization with NaOH. One study reported that clovamide was the only 
polyphenol present at higher concentrations in cocoa compared to 
commercial varieties following treatment with a NaOH solution and 
subsequent extrusion (Valverde et al., 2020). Therefore, alkaline 
extraction effectively breaks down plant matrices by hydrolyzing ester 
bonds in protopectin, facilitating soluble pectin release. This method is 
particularly advantageous for extracting gel-forming polysaccharides 
associated with pectin components, making them suitable in industry 
(Yang et al., 2024).

Building on these findings, our study aimed to apply the principles of 
cocoa paste alkalinization, combined with the use of ultrasound, to 
valorize the residual biomass from the three most cultivated Theobroma 
species in the Amazon region. In this work, we hypothesized that vari
ations in structure and composition among the Theobroma species may 
influence both the yield and nature of polysaccharide and non- 
polysaccharide components obtained through alkaline-assisted 
methods. Indeed, the pod husks of these Theobroma species differ 
markedly in the structure of the epicarp, mesocarp and endocarp. T. 
cacao features a thick, highly lignified epicarp that provides strong 
protection but limits extractability. In contrast, T. grandiflorum has a 
thinner, less lignified epicarp with a looser structure that enhances 
solvent penetration, while T. bicolor shows intermediate characteristics. 
The mesocarp of T. cacao is moderately dense and rich in pectic poly
saccharides; T. grandiflorum presents a softer, more hydrated mesocarp 
with higher pectin solubility and T. bicolor exhibits a more fibrous yet 
less compact mesocarp, with a balanced polysaccharide composition. 
Lastly, the endocarp in T. cacao is thin and mucilaginous, contributing 
little to extractables, whereas T. grandiflorum has a more developed, 

pectin-rich endocarp and T. bicolor displays a less mucilaginous and 
more variable endocarp structure (Benlloch-Tinoco et al., 2024; Marasca 
et al., 2022; Oñate-Gutiérrez et al., 2023). Furthermore, regarding the 
biochemical composition, T. cacao husks are characterized by high 
levels of flavanols, particularly epicatechin and isoquercitrin, which 
contribute to their strong antioxidant potential. In contrast, 
T. grandiflorum husks exhibit a broader spectrum of flavonol compounds, 
including quercetin derivatives, reflecting a more diverse phenolic 
profile. Meanwhile, T. bicolor husks present a distinct composition 
marked by notable concentrations of myricetin and the presence of 
unique minor compounds such as scopoletin, highlighting species- 
specific differences in secondary metabolite profiles (Tauchen et al., 
2016).

Additionally, we aimed to assess whether KOH could serve as an 
effective alternative to NaOH for alkaline extraction, potentially offering 
distinct advantages in terms of biopolymer composition and function
ality. The two alkalis may interact differently with plant material, 
possibly due to the differing properties of their associated cations (K+ vs 
Na+), which may affect the solubility and swelling behavior of the plant 
matrix, as well as interact ionically in distinct ways with the poly
saccharides embedded within the matrix (Gai et al., 2022; Safirzadeh 
et al., 2017). Notably, KOH has also been reported to offer economic 
benefits; according to Zhang et al. (Zhang et al., 2018), it generates <10 
% of the wastewater produced by NaOH, significantly reducing treat
ment costs in plant processing operations.

In this work, we proposed US-assisted extraction to intensify the 
process, based on our previous study (Girón-Hernández et al., 2023a) 
which showed that US reduced the extraction temperature for pectic 
polysaccharides from apple pomace, achieving high yields while pre
serving bioactivity. Literature also highlights several benefits of US 
including: (1) improved mixing, (2) faster energy and mass transfer, (3) 
lower thermal and concentration gradients, and (4) increased yield and 
throughput (Hu et al., 2022; Liu et al., 2024).

2. Materials and methods

2.1.1. Materials
Dichloromethane (≥99.9 %), hydrochloric acid (ACS reagent, 37 %), 

96 % ethanol, methanol (HPLC grade, ≥99.8 %), 3,5-dinitrosalicylic 
acid (DNS) reagent, Folin-Ciocalteu reagent, Biuret reagent (protein 
detection level 150–1000 μg/mL), potassium hydroxide (ACS reagent, 
≥85 %), sodium carbonate (ACS reagent, 99.5 %), gallic acid, Trolox, 
quercetin (HPLC reagent ≥95 %), sugar standards (≥97 %), including 
galacturonic acid (GalA), glucuronic acid (GlcA), galactose (Gal), 
glucose (Glc), mannose (Man), xylose (Xyl), rhamnose (Rha) and arab
inose (Ara), along with other chemicals such as acetonitrile, ammonium 
bicarbonate, ammonium hydroxide, formic acid and 3-(trimethylsilyl)- 
2,2,3,3-tetradeuteropropionic acid (TMSP-d4) were purchased from 
Merck, UK. Sodium hydroxide, deuterium oxide, 99.8 % (D2O) and tri
fluoroacetic acid (TFA) were purchased from Fisher Scientific, UK. 1- 
Phenyl-3-methyl-5-pyrazolone (PMP) was supplied by Apollo Scienti
fic, UK. Distilled water (dH2O) water and MS-grade water were obtained 
from a Milli-Q® system (IQ 7005, Merck, UK).

2.1.2. Sample preparation
Fruits from three species were collected at the physiological ripeness 

stage (indicating full maturity through natural development on the 
plant, ~5–6 months) from the University of Amazonia’s farm in 
Colombia. They were washed, dried and opened to separate seeds, 
funicle and pods. Pods were chopped, sun-dried to constant weight or 
oven-dried (40 ◦C, UF30, Memmert, Germany). The dried material was 
ground to ~200 μm using a MultiDrive Basic (IKA, Germany) and, then, 
stored in a desiccator.
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2.1.3. Setup of the Design of Experiments (DoE) and extraction of 
biopolymers from pod husk powder

The optimization of the biopolymers extraction was conducted using 
Response Surface Methodology (RSM) with a Box-Behnken design. The 
factors studied were extraction time (Et, min), temperature (T, ◦C) and 
powder-to-solvent ratio (P, g/mL), systematically varied across 15 runs 
(Table S1), where factor levels ranged from 11.11 to 22.22 mg/mL for 
the powder-to-solvent ratio, 30–80 ◦C for temperature and 20–60 min 
for time. This design enabled the evaluation of linear and quadratic ef
fects, as well as factor interactions. Replicates at the central condition 
(Et: 40 min, T: 55 ◦C, P: 0.016665 g/mL) to assess model reproducibility. 
For the extraction, the process followed the methodology reported by 
Gentile’s group (Girón-Hernández, Rodríguez, et al., 2024), based on the 
combinations of the studied factors (Et, T, P). Pod husk powder was 
dissolved in a Duran glass flask with 45 mL of 0.05 M alkaline solution 
(NaOH or KOH) and heated to the target temperature in an ultrasonic 
bath (VWR, UK) at 45 kHz for the specified time. Phase separation of the 
coarse and diluted polymeric material was achieved by centrifugation at 
3900 rpm for 30 min using a Sorvall ST1 Plus centrifuge (Thermo Fisher, 
UK). The supernatant was mixed with 96 % ethanol (1:1 vol/vol) and 
stored at 4 ◦C for 24 h to precipitate the polymers. After refrigeration, 
the mixture was centrifuged at 2000 rpm for 30 min to recover the 
polymer as a pellet. The polymer was then dialyzed in dH2O using cel
lulose membrane tubing (molecular weight cut-off 12–14 kDa Merck, 
UK) for 48 h, with the water changed three times daily. Finally, it was 
dried on non-stick baking paper in a MIR-154 incubator (Panasonic, 
Japan) at 37 ◦C until constant weight and stored.

2.2. Analysis of the moisture and ash content

2.2.1. Moisture content
Moisture content was determined by drying the sample at 105 ± 2 ◦C 

to a constant weight and expressed as g/100 g, calculated as the ratio of 
water weight (wet weight minus dry weight) to wet weight.

2.2.2. Ash content
Ash content was measured by ashing samples in a muffle furnace ELF 

(Carbolite Gero Ltd., UK) at 550 ± 10 ◦C for 2 h and expressed as g/100 
g, calculated as the ratio of ash weight to sample weight.

2.3. Color measurement

Color measurements were taken at five random points on both the 
lightest and darkest areas of the extracted materials using a DigiEye 
system (DigiPix, VeriVide, UK). A white standard plate was used for 
calibration and background. Results were expressed in CIE Lab color 
space (10◦ observer, D65 illuminant), with L* (lightness), a* (green- 
red), b* (blue-yellow) and automatically calculated chroma intensity 
(C*) and hue angle (h*).

2.4. Bioactive profile and antioxidant capacity

2.4.1. Total phenolics (TP) determination
TP was assessed using a modified Folin-Ciocalteu method (Macías- 

Garbett et al., 2022). A 50 μL sample (1 mg/mL) was mixed with 430 μL 
dH2O and 20 μL Folin-Ciocalteu reagent. After adding 50 μL Na2CO3 (20 
g/100 mL) and incubating in darkness for 10 min, the mixture was 
diluted with 450 μL dH2O. A 200 μL aliquot was transferred to a 96-well 
plate and absorbance was measured at 680 nm (FLUOstar UV–Vis, BMG 
Labtech, Germany). A gallic acid equivalents (GAEq) calibration curve 
(0.05–1 mg/mL, R2 = 0.997) was used, expressing results as mg GAE/g 
sample.

2.4.2. Total flavonoids (TF) determination
TF was quantified using the A319717-Plant Flavonoids Assay (An

tibodies, UK). Samples (1 mg/mL) in 60 % ethanol were mixed with 15 

μL nitrite solution (5 min), then 15 μL chromogen (5 min), followed by 
120 μL NaOH and 90 μL 60 % ethanol (15 min). Absorbance at 502 nm 
was measured in a 96-well plate. A quercetin equivalents (QEq) cali
bration curve (0.0156–1 mg/mL, R2 = 0.999) was used, with results as 
mg QEq/g sample.

2.4.3. Total oligomeric proanthocyanidins (TPA) determination
TPA was assessed using the A319718-Plant Oligomeric Proantho

cyanidins Assay Kit (Antibodies, UK). Samples (1 mg/mL) in extraction 
buffer were mixed (40 μL sample + 160 μL reagent) in a 96-well plate 
and incubated at 30 ◦C for 30 min. Absorbance at 500 nm was measured. 
A catechin equivalents (CEq) standard curve (0.039–5 mg/mL, R2 =

0.996) was used, with results as mg CEq/g sample.

2.4.4. Oxygen radical absorbance capacity (ORAC) determination
ORAC was measured using the ab233473-ORAC Assay Kit (Abcam, 

USA). Samples (0.02 mg/mL) in 1× assay diluent were mixed with 150 
μL Fluorescein solution, incubated at 37 ◦C for 30 min and fluorescence 
(Ex/Em = 480/520 nm) recorded. After adding 25 μL Free Radical 
Initiator (80 mg/mL), fluorescence was recorded every min for 1 h. A 
Trolox equivalents (TEq) standard curve (0–50 μM, R2 = 0.991) was 
used, with results in M TEq/g sample.

2.4.5. Ferric reducing antioxidant power (FRAP)
FRAP was assessed using the Ferric Antioxidant Status Detection Kit 

(Thermo Fisher Scientific, UK). Samples (1 mg/mL, 1:10 dilution) were 
mixed with 75 μL FRAP reagent in a 96-well plate and incubated for 30 
min. Absorbance at 560 nm was measured. An ascorbic acid standard 
curve (0.05–1000 μM, R2 = 0.999) was used, with results in mmol Fe2+/ 
g sample.

All measurements were performed in triplicate, at a minimum, 
following the manufacturer’s specifications.

2.5. Analysis of metabolites by mass spectrometry (MS)

Pod powders (10 mg) were extracted in 1 mL analytical methanol, 
sonicated (15 min, ice-water bath) and centrifuged (15000 rpm, 15 min, 
4 ◦C). Supernatants were vacuum-dried (45 ◦C, 2 h), resuspended in 100 
μL 95/5 LC/MS-grade water/acetonitrile, sonicated and filtered (0.22 
μm Costar Spin X, 10,000 rpm, 5 min). Filtrates were transferred to 
autosampler vials with 200 μL micro-inserts. Extraction blanks and 
pooled QCs were included for MS/MS exclusion/inclusion lists and 
stability assessment.

Chromatographic separation used a Waters HSS T3 column (2.1 mm 
× 150 mm, 1.7 μm, 35 ◦C, 250 μL min− 1). A binary buffer system (0.1 % 
ammonium hydroxide) followed a gradient of Buffer A (95/5 LC/MS- 
grade water/acetonitrile) and Buffer B (5/95): T0–1.5 min, 95 % A; 
T1.5–11.5 min, 5 % A; T15–20 min, 95 % A. Injection-to-injection time: 
21.5 min. Data acquisition followed a data-dependent (Thermo 
AcquireX) approach. MS1: 30,000 resolution (100–1000 m/z, Quad RF 
30, AGC 95 %, max injection 50 ms). MS2: stepped HCD (10, 35, 60), 
1.0 m/z isolation. Metrics: vaporizer temp 275 ◦C, ion transfer tube 
300 ◦C, gas flow (sheath: 35, aux: 7, sweep: 0). Data were converted to . 
abf files and aligned using Riken MSDial 4.9. MS2 matches (≥70 % 
similarity, 10-ppm tolerance) were verified with an authentic library. 
QC metrics (RSD ≤1.3 %, threshold ≤15 % in both modes) ensured 
stable MS/MS signals (RSD ≤25 %) with metadata: formula, S/N ratio, 
retention time, m/z, adduct, MS/MS match score and InChIKey.

2.6. Structural sugars determination

Structural sugar determination involved hydrolysis, derivatization 
and quantification, based on adaptations of existing methods (Slimestad 
et al., 2019). One milligram of extracted material was placed in a glass 
vial with 1000 μL dH2O and 500 μL TFA (4 M). The sealed vial was 
heated at 120 ◦C with stirring for 90 min and then cooled. To remove 
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residual TFA, 200 μL of methanol was added and the mixture was 
evaporated at 80 ◦C. The resulting residue was re-dissolved in 1 mL 
dH2O. For monosaccharide derivatization, 200 μL hydrolyzed solution 
was mixed with 80 μL 0.3 M NaOH and 80 μL PMP in methanol, The 
mixture was incubated at 80 ◦C for 60 min, cooled, neutralized with 80 
μL 0.3 M HCl and diluted to 1 mL. Excess PMP was removed by 
extraction with CH2Cl2 (3 × 1 mL), followed by vortexing at 30,000 rpm 
for 30 s. All samples and sugar standards were derivatized, filtered (0.45 
μm) and transferred to chromatographic vials. Sugar quantification was 
performed using UV detection (250 nm) on an ACQUITY Premier UHPLC 
with a single quadrupole MS. Separation was achieved on a C18 column 
(50 × 2.1 mm, 1.7 μm) at 25 ◦C, using ammonium bicarbonate/ 
ammonium hydroxide (pH 9.2) and acetonitrile. Mass spectrometry was 
used to confirm the identity of peaks (ESI-MS, positive mode, 400–1000 
m/z, 200 ms scan). Characteristic pseudomolecular ions included: 481 
m/z (pentoses), 495 m/z (deoxy-hexoses), 511 m/z (hexoses) and 525 
m/z (uronic acids). Data were processed using MassLynx software 
(v4.2). The rhamnogalacturonan-I (RG-I) domain content was estimated 
using the formula RG-I (%) ≈ 2Rha (mol%) + Ara (mol%) + Gal (mol%), 
while the homogalacturonan (HG) as GalA(mol%) − Rha (mol%) (Wu 
et al., 2023a).

2.7. Molecular weight determination

Molecular weight was determined by size-exclusion chromatography 
(Agilent, UK) using a Jasco PU-4180 pump, Kontron 480 column oven 
and Shodex RI-101 detector. The system included a 1× PL Aquagel-OH 
MIXED-H (8 μm, 50 × 7.5 mm) guard column and 2× PL Aquagel-OH 
MIXED-H (8 μm, 300 × 7.5 mm) columns. Samples (10 g/L) were dis
solved in 0.2 M NaNO3+ 0.01 M NaH2PO4 (pH 7), filtered (0.45 μm) and 
manually injected (20 μL, full-loop mode). The oven was set to 50 ◦C, 
pump pressure at 1.7 MPa. Molecular weights were calculated using 
Clarity GPC extension Software (v2.3) against a 10-point Agilent Pul
lulan calibration (Mw 340–700 kDa).

2.8. FTIR-ATR characterization and esterification degree determination

FTIR spectra and esterification degree (DE) were analyzed using 
FTIR-ATR (Frontier PerkinElmer Inc., UK). Samples were placed on the 
ATR accessory, recording signals (4000–550 cm− 1, 32 scans, 2 cm− 1 

resolution). For DE, 10 mg of dry material was re-suspended in 5 mL 
dH2O (pH ~5.5), dried and analyzed. DE was calculated via Spectrum IR 
software (v10) following a published protocol (Dranca et al., 2020) 
using peak areas at 1780–1720 cm− 1 (COOH) and 1640–1600 cm− 1 

(COO− ) as: 

DE (%) =
Area of COOH

Area of COOH + Area of COO− ×100 (1) 

2.9. 1H NMR measurement

The extracted material was analyzed using NMR spectroscopy. 
Saturated samples were prepared in 0.7 mL of D2O, with TMSP-d4 added 
at 0.0 ppm as an internal reference. The 1H NMR spectra were acquired 
at 80 ◦C using an Advance III HD 700 MHz spectrometer equipped with a 
Prodigy TCI probe (Bruker, UK). Each spectrum consisted of 128 scans 
and 32 K data points (transformed to 128 K). Baseline corrections were 
applied prior to integration. Data were processed by applying baseline 
corrections prior to integration, through Mnova software (v15.1). The 
degree of esterification has been calculated following the protocol re
ported by Grasdalen et al. (Grasdalen et al., 1988a) that is related to the 
intensities (I) of the line patterns A and B by the formula: 

DE (%) =
IA − IB

IA + IB
×100 (2) 

where B refers to the signals from H-5 of charged units and A corre

sponds to the signals from H-1 and H-5 of esterified units.

2.10. Thermal analysis

The thermal performance of the extracted materials was analyzed 
using a Thermogravimetric Analyzer (TGA 1 STARe System, Mettler- 
Toledo, Switzerland). Each test sample (~6 mg) was heated at a rate 
of 10 ◦C/min from room temperature (25 ◦C) to 800 ◦C in a nitrogen gas 
environment with a flow rate of 10 mL/min. Furthermore, the thermal 
properties were evaluated by Differential Scanning Calorimetry (DSC) 
using the DSC 1 STARe System analyzer (Mettler-Toledo, Switzerland). 
Approximately 5 mg samples of each extracted materials were sealed in 
aluminum pans. The samples were heated from 30 ◦C to 450 ◦C at a rate 
of 10 ◦C/min. All tests were conducted under a nitrogen atmosphere 
with a flow rate of 10 mL/min. Results were normalized to the sample 
weight to allow for comparative analysis using the STARe Software 
(v18.0).

2.11. Rheology test

Sample solutions (2 % w/w) were solubilized in dH2O under stirring 
(25 ◦C, 16 h) and rested overnight at 4 ◦C before rheological tests. 
Measurements were conducted using an MCR302 stress-controlled 
rheometer (AntonPaar GmbH, Austria) with 25 mm parallel plates. A 
water trap prevented dehydration and temperature was controlled via a 
Peltier system. Viscosity was measured at shear rates from 0.1 to 100 1/s 
(1 % strain), while frequency sweep tests used angular frequencies 
(100–0.1 rad/s, 1 % strain). Tests were performed in triplicate (Girón- 
Hernández et al., 2023b) and analyzed using the manufacturer’s Rheo
Compass software (v1.3).

2.12. Multivariant analysis

In the statistical processing, dimensionality reduction was performed 
and a multivariate Principal Component Analysis (PCA) was applied to 
the evaluated variables: molecular weight, thermal properties at 
different temperatures (DSCT1, DSCT2), phenolics, flavonoids, proan
thocyanidins, FRAP, ORAC, galacturonic acid content (GalA) and degree 
of esterification (DE). The analyzed samples included CC-NaOH and CC- 
KOH (derived from T. cacao), GF-NaOH and GF-KOH (T. grandiflorum), 
BC-NaOH and BC-KOH (T. bicolor), and COM-P (commercial pectin used 
as control). A 10-variable × 7-sample data matrix was created for this 
purpose. The analysis was conducted using R software (v4.5.1).

3. Results and discussion

3.1. Analysis of Theobroma species pod husk

The harvested fruits of the three Theobroma species had fresh weights 
of ~1 kg or more (up to ~1.5 kg), with T. bicolor being the heaviest, 
followed by T. grandiflorum and T. cacao. Upon separating the fruit 
components, T. cacao showed a residual husk mass ratio 1.5 folder more 
than both T. bicolor and T. grandiflorum. Table 1 shows the average fresh 

Table 1 
Fresh weight distribution of fruit components of T. cacao (CC), T. grandiflorum 
(GF) and T. bicolor (BC).

Species Fresh 
fruit (g)

Seeds 
(g)

Funiculus 
(g)

Pod 
husk (g)

Total 
fruit (g)

Pod/ 
Fruit 
ratio

CC 103.3 
± 12.6

151.7 
± 7.6

30.0 ± 5.0 661.7 
± 22.5

946.7 ±
22.5

0.70 ±
0.01

GF 385.0 
± 55.0

236.7 
± 34.0

98.3 ±
15.3

653.3 
± 119.3

1373.3 
± 200.4

0.47 ±
0.04

BC 396.7 
± 107.5

290.0 
± 105.0

56.67 ±
2.9

740.0 
± 160.0

1483.3 
± 370.0

0.50 ±
0.02
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weights of each fruit and its component after seed removal. The husks of 
T. bicolor were the hardest, while both T. grandiflorum and T. cacao had 
softer husks.

Moisture and ash content analyses of fresh and dry pods revealed 
significant variations among the species, with implications for industrial 
processing (Table S2). The high moisture content observed in fresh 
T. cacao pods (84.61 ± 0.86 %) suggests a greater capacity for water 
retention, consistent with prior studies of its its hydration potential 
(Djali et al., 2021; Dos Anjos Lopes et al., 2023). While this trait may 
help maintain freshness, it also increases drying time and energy con
sumption, posing challenges for industrial scalability. In contrast, the 
lower moisture contents of T. grandiflorum and T. bicolor (72.13 ± 1.14 
% and 75.12 ± 2.47 %, respectively), are aligned with literature high
lighting their lower water retention, making them more cost-efficient for 
drying processes (Benlloch-Tinoco et al., 2024). Regarding ash content, 
fresh T. cacao pods had the highest mineral concentration (4.36 ± 0.12 
%), making them promising for biofertilizer production, as reported in 
studies emphasizing the value of mineral-rich byproducts in soil 

amendment (van Vliet & Giller, 2017). Conversely, the low ash content 
in fresh T. grandiflorum pods (0.66 ± 0.09 %) makes them better suited 
for pectin extraction, where minimal mineral interference is desired. 
This observation is supported by existing research (Kazemi et al., 2021), 
which suggests that low ash content aids in producing high-purity pectin 
in accordance with FAO standards for food additive specifications (Joint 
FAO/WHO Expert Committee on Food Additives, 2006). Notably, this 
trend is reversed in dry pods, with T. grandiflorum exhibiting the highest 
ash content (9.43 ± 0.21 %).

Differences in fresh and dry weights, along with drying yields, un
derscore the variability in biomass utilization across species. T. cacao 
pods, with a fresh weight of 596.67 ± 116.23 g and a dry yield of 27.07 
± 1.44 %, reflect their high initial moisture and lower drying efficiency, 
in line with previous findings. In contrast, T. grandiflorum pods 
demonstrated greater efficiency with a similar fresh weight of 606.67 ±
85.05 g but a substantially higher dry yield (54.37 ± 3.97 %), high
lighting their suitability for sustainable biomass processing. T. bicolor 
showed the highest fresh weight (765.33 ± 165.91 g) and an 

Fig. 1. Pareto charts of standardized effects (x-axis) of factors (y-axis)-temperature (T), extraction time (Et), pods powder/solvent ratio (P) and interactions- on the 
extraction yield (%). Bars crossing the red dashed line indicate significance (α = 0.05) (A). Fitted model equations and metrics: coefficient of determination (R2), 
adjusted coefficient of determination (R2 Adj.), predictive coefficient of determination (R2 Pred.), the predicted extraction yield (Pred. Value), observed extraction 
yield (Obs. Value) and the experimental percentage error (Error), calculated as difference between the predicted and observed values, divided by the observed value 
(%) (B).
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intermediate dry yield (48.69 ± 2.08 %) (Table S3), representing a 
balance profile between water content and biomass retention, making it 
versatile for diverse applications.

3.2. Biopolymer extraction from Theobroma species using NaOH and 
KOH

After characterizing the different waste biomass (exocarp) from the 
Theobroma genus, biopolymer extraction was performed using NaOH 
and KOH as solvents, with temperature (T), extraction time (Et) and 
pods powder/solvent ratio (P) as factors. Results revealed marked dif
ferences in extraction performance between NaOH and KOH, likely due 
to variations in the solubility of pectic-related compounds, material 
composition, or distinct chemical interactions with the alkaline solu
tions. Significant factors or their interactions (crossing the red dashed 
line) were identified using a Pareto chart (Fig. 1A), with non-influencing 
factors retained only if they interacted with key factors. This un
derscores the complex dependency on factor interactions for the 
extraction. Response surface methodology provided insights into pro
cess efficacy, model reliability and predictive performance (Fig. 1B). 
Overall, among the factors considered in the DoE for NaOH extractions 
across all species, temperature consistently emerged as a key variable, 
highlighting its role in the biopolymers solubilization. The pods pow
der/solvent ratio also ranked highly, particularly in T. cacao and 
T. grandiflorum, highlighting its importance in optimizing yield. 
Conversely, KOH exhibited poor performance, with no factors identified 
as significant in several cases, indicating weaker chemical interactions 
and limited extraction efficiency. For T. cacao with NaOH, powder/ 
solvent ratio significantly influenced yield, both as an independent 
factor (P, P⋅P) and through its interaction with temperature (T⋅P). The 
model showed excellent reliability with all metrics >90 % and the 
predicted yield (40.7 %) closely aligned with the observed yield (38.0 
%), with an extraction error of 7.2 %. KOH extraction, however, 
revealed no significant factors, with limited model reliability, though 
predicted and observed yields were similar (23.7 % vs. 23.0 %). 
T. grandiflorum produced the lowest yields for both treatments. With 
NaOH, temperature was the dominant factor, followed by its interaction 
with the pods powder/solvent ratio (T•P), extraction time (Et) and the 
ratio itself (P). The model achieved high accuracy, all metrics >95 %, 
with predicted (8.7 %) and observed yields (8.0 %) showing an 8.5 % 
error. KOH extractions had a simplified model, with T remaining 
dominant, followed by P and Et•T. While moderate reliability, pre
senting metrics in the range of (65 % to 85 %), a 122 % extraction error 
indicated a large discrepancy between predicted (11.1 %) and observed 
yields (5 %). For T. bicolor with NaOH, T was the most influential factor, 
alongside interactions (T•P, T•T). The model showed high accuracy 
with all coefficients >91 %, with predicted (14.9 %) and observed yields 
(14.7 %) closely matching and a minimal error (1.5 %). With KOH, re
sults mirrored those of T. cacao, although the factors were not signifi
cant, they were retained to ensure statistical completeness.

The findings confirm that temperature significantly influences pectin 
solubilization in Theobroma species, aligning with literature empha
sizing its role in enhancing reaction kinetics and breaking down proto
pectin complexes. Elevated temperatures hydrolyze mainly ether and 
ester bonds, releasing soluble pectic polysaccharides (Qian et al., 2021). 
Optimal extraction temperatures (70–90 ◦C) balance yield with func
tional property preservation, such as methoxylation and esterification 
(Girón-Hernández et al., 2023b). However, regardless of the solvent 
applied during extraction, excessive heat may affect the functional 
properties of extracting biopolymers, lowering molecular weight and 
gel-forming ability, as reported in the literature for pectic poly
saccharides, which become less suitable for applications requiring spe
cific viscoelastic properties (Said et al., 2023). In NaOH extractions, 
temperature enhances solvent penetration, disrupting cell matrices and 
releasing bound pectin (Sandarani, 2017). Studies on sunflower heads 
and sugar beet pulp confirm temperature accelerates pectin 

solubilization while maintaining high yields and purity (Muñoz-Alma
gro et al., 2023; Peighambardoust et al., 2021).

Higher extraction yields with NaOH stem from its strong base 
strength, effectively breaking down plant cell walls and solubilizing 
protopectin (Abang Zaidel et al., 2017). KOH, though milder, preserves 
functional properties, producing cleaner extracts but with slightly lower 
yields (Iglesias & Lozano, 2004). NaOH’s aggressive action also extracts 
impurities, requiring further purification, whereas KOH retains more 
structural integrity, minimizing contamination (Iglesias & Lozano, 
2004).

3.3. Moisture and ash content measurement

For the moisture content of the extracted materials (Table S4), 
T. cacao exhibited the lowest value in both treatments (NaOH: 4.17 ±
0.53 %, KOH: 3.03 ± 0.61 %), indicating lower water retention capacity 
compared to the other species. In contrast, T. bicolor showed the highest 
values (NaOH: 7.11 ± 1.14 %, KOH: 5.42 ± 0.66 %), suggesting higher 
water retention, which could influence extraction processes and final 
product properties. T. grandiflorum exhibited intermediate values 
(NaOH: 5.75 ± 1.45 %, KOH: 4.93 ± 1.35 %), indicating similar 
behavior to T. bicolor, even with lower water retention capacity.

Regarding ash results, T. cacao showed the highest ash content with 
KOH treatment (3.77 ± 0.60 %), indicating a higher mineral concen
tration. T. grandiflorum exhibited the lowest ash values across both 
treatments (NaOH: 3.01 ± 0.31 %, KOH: 2.58 ± 0.30 %), making it 
more suitable for applications requiring low mineral content, such as the 
food industry, where ash levels must be controlled. T. bicolor had in
termediate ash values, higher than T. grandiflorum but lower than 
T. cacao, with 3.47 ± 0.16 % in NaOH and 3.07 ± 0.13 % in KOH, 
indicating a moderate mineral concentration.

3.4. Color measurement

NaOH extraction produces darker samples than KOH, with T. cacao 
and T. bicolor showing reddish hues and T. grandiflorum a yellowish hue. 
Fig. 2A illustrates the color variations of the extracted materials by 
source and method. Notably, cocoa husk extraction with NaOH shifts the 
hue angle from 333.89◦ (blue) to 38.40◦ (red-orange) (Fig. 2B), as 
consequence of the different content of phenolic compounds (par. 3.5).

3.5. Bioactive profile and antioxidant capacity

Fig. 3A summarizes assay results, while Fig. 3B compares normalized 
bioactive profiles and antioxidant capacity. NaOH extraction increased 
phenolics, flavonoids and proanthocyanidins in T. cacao and T. bicolor 
pod husks. T. grandiflorum showed stable bioactive content, though 
proanthocyanidins were higher with KOH (1580 ± 250 mg CEq/g). 
T. bicolor (NaOH) had the highest bioactive profile: 460 ± 9 mg GAEq/g 
phenolics, 328 ± 5 mg QEq/g flavonoids and 2090 ± 880 mg CEq/g 
proanthocyanidins.

These results contrast with prior findings on T. bicolor seed husks 
(Baldera Ocampo et al., 2021; Vázquez-Ovando et al., 2015), likely due 
to differences in sample treatment. Vázquez-Ovando et al. analyzed 
defatted pod husks, while Ocampo et al. used hot-water infusion ex
tracts. Extracted material is notable, as its pulp has higher reported 
values. This may reflect the pod husk’s structural role, which may not 
require high secondary metabolite content for fruit protection (Jean- 
Marie et al., 2022; Mar et al., 2024; Sanchez-Ballesta et al., 2022).

The Theobroma samples exhibited higher bioactive content than 
commercial citrus pectin (90 ± 6 mg GAEq/g phenolics, 37 ± 3 mg 
QEq/g flavonoids, 1040 ± 158 mg CEq/g proanthocyanidins). However, 
proanthocyanidins assays have limitations, as non-specific reactions 
with dihydrochalcones, anthocyanins, flavan-3-ols and ascorbic acid can 
lead to overestimation (Waterman & Mole, 1994). Factors such as sol
vent acidity, proanthocyanidins concentration and temperature 
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fluctuations further impact accuracy (Sun et al., 1998; Waterman & 
Mole, 1994). Regarding the antioxidant activity, NaOH extractions 
yielded higher FRAP values than KOH, particularly in cocoa (127.8 ±
6.4 vs. 56.3 ± 4.7 mmol Fe2+/g) and T. bicolor (232.7 ± 1.1 vs. 157.3 ±
4.9 mmol Fe2+/g). Commercial pectin (27.4 ± 0.9 mmol Fe2+/g) 
exhibited lower reducing power than most extracts, except for 
T. grandiflorum, highlighting NaOH’s superior extraction efficacy. ORAC 
values showed smaller differences, with NaOH slightly outperforming 
KOH in cocoa (3.3 ± 0.1 vs. 3.0 ± 0.1 M Trolox/g) and T. bicolor (2.2 ±
0.1 vs. 1.8 ± 0.1 M Trolox/g). For T. grandiflorum, differences were 
negligible. Commercial pectin (2.9 ± 0.01 M Trolox/g) exhibited com
parable or higher ORAC values, suggesting its antioxidant profile favors 
radical scavenging over reducing power.

Comparisons of these values should consider limited literature on 
Theobroma pectic materials and variations in extraction analysis 

methods (Benlloch-Tinoco et al., 2024). Also, proanthocyanidin content 
may be influenced by sample color (Mannino et al., 2021), while the 
Folin-Ciocalteu assay may overestimate phenolics due to contributions 
from non-phenolic reducing agents (Munteanu & Apetrei, 2021).

These findings indicate that alkaline extraction (0.05 M), particu
larly NaOH, is advantageous for preserving phenolics better than acidic 
or microwave-assisted methods (Mellinas et al., 2020), likely due to 
reduced heat-related degradation (~70 ◦C vs. ~100 ◦C in microwave 
extractions).

3.6. Metabolomic profiling of extracted material

The analysis revealed that both solvents enabled the extraction of 
comparable metabolite pools. However, all extractions performed using 
NaOH resulted in the detection of >200 metabolites, whereas in KOH- 

Fig. 2. (A) Images of the materials extracted from T. cacao, T. bicolor and T. grandiflorum using NaOH and KOH. (B) Average values and standard deviations of color 
coordinates, chroma and hue measured on both the lightest and darkest areas of the extracted materials.

Fig. 3. Bioactive profile and antioxidant capacity of the extracted polysaccharides (A). Comparative representation of normalized data, illustrating differences 
between sample sources and extraction methods with NaOH in solid line and KOH in dashed line (B). Commercial citrus pectin (COM-P) is included as a reference.
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based extractions, this threshold was surpassed only in the case of 
T. grandiflorum (Table S5). Metabolites were classified into ten main 
functional groups, along with an additional “others” category (Fig. 4). 
Fatty acids emerged as the dominant class, ranging from 48 % in CC- 
KOH up to 81 % in GF-NaOH extracted materials, in agreement with 
their key role as major constituents of plant cell membranes 
(Reszczyńska & Hanaka, 2020). Carboxylic acids represented the second 
most abundant group (up to 19.4 % in the CC-KOH extract). Indeed, 
intermediate compounds such as citric, succinic and maleic acids were 
detected. These compounds likely reflect residual metabolic activity or 
degradation products (Supplementary material-Metabolite list). Inter
estingly, amino acids were also prominently identified, with KOH ex
tractions favoring a higher recovery of this group (17.5 % for CC-KOH). 
Notably, tyrosine, tryptophan and phenylalanine were recovered in 
significant quantities (Table S5), consistent with their well-established 
role as precursors in polyphenol biosynthesis. Tyrosine serves as a 
central precursor in antioxidant biosynthesis pathways (Marchiosi et al., 
2020).

Furthermore, direct detection of phenolic compounds in the extrac
ted materials was noteworthy (relative abundance from 2.7 to 6.2 %), 
considering their bioactive potential and their reported contribution to 
cytocompatibility in our previous studies (Girón-Hernández, Tombe, 

et al., 2024). These phenolic constituents may also enhance the cross
linking efficiency of polysaccharide-based formulations (Pan et al., 
2024). Among them, p-coumaric acid was prominently detected, align
ing with its role in the phenylpropanoid biosynthetic pathway respon
sible for polyphenol production. Alkaloids were also identified (from 
0.12 to 0.99 %), as expected for the studied genus, with trigonelline, 
theobromine and caffeine being the most representative. These com
pounds are well known for their stimulant properties, particularly in 
Theobroma species (Jazayeri et al., 2021). Finally, a similar relative 
abundance (up to ~0.5 %) of vitamins, nucleic acids and hormones was 
detected because of the transformation processes induced by the 
extraction treatment. Notably, within the other compounds category, 
traces of serotonin were observed, potentially originating from the 
metabolic transformation of tryptophan present in the extracted mate
rial (Walther et al., 2003).

3.7. Structural sugars, monosaccharides composition

The sugar composition of pectic materials from Theobroma species 
varied based on extraction method (NaOH vs. KOH) (Fig. 5A). KOH 
extraction preserved more rhamnose, a key component of 
rhamnogalacturonan-I (Davis et al., 1990). In T. cacao, rhamnose 

Fig. 4. Relative abundance (%) of metabolite classes identified in samples treated with NaOH and KOH from three different Theobroma matrices based on 
metabolomic analysis.
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increased from 10.9 % (NaOH) to 18 % (KOH), while galactose 
decreased from 17.1 % to 9.8 %, that may be related to the presence of 
different pools of extracted polysaccharides. In T. grandiflorum, KOH 
yielded higher galacturonic acid (40 % vs. 29.9 % with NaOH) and lower 
galactose (9.6 % vs. 17.1 %), while T. bicolor showed a similar trend, 
with higher galacturonic acid (37.6 % vs. 34.1 %) but lower glucose and 
rhamnose.

The calculated proportions of the RG-I and HG domains are reported 
in Fig. 5B. As reported in the literature, Rha content plays a key role in 
defining the primary structure of pectic polysaccharides. The RG-I 
domain backbone is composed of repeating GalA and Rha units; there
fore, a higher Rha content reflects a longer RG-I chain. The side chains, 
primarily consisting of neutral sugars such as Gal and Ara, are inter
woven and attached to the backbone, forming the RG-I domain (Vincken 
et al., 2003). Notably, the materials BC-NaOH and CC- both NaOH and 
KOH treatment had significantly higher Rha content, corresponding to 
the highest RG-I domain proportions, compared with materials extrac
ted from T. grandiflorum. This structural feature can be associated with 
an increased presence of bioactive compounds, such as flavonoids 
(Fig. 3A).

Furthermore, HG is a linear polymer made up of α-1,4-linked D- 
galacturonic acid units, which can carry varying degrees of methox
ycarbonyl substitutions. In our work, CC-NaOH showed the highest 
proportions of the HG domain (~33 %) similar to results reported by Wu 
et al. (Wu et al., 2023b) that have extracted pectic polysaccharides from 
citrus segment membranes.

Species-specific differences in sugar composition were notable. 
T. grandiflorum exhibited particularly high xylose content (28.3 % with 
NaOH and 23.6 % with KOH), indicating a greater presence of xylan, 
xyloglucan or xylogalacturonan structures compared to T. cacao and 
T. bicolor. These polysaccharides, along with cellulose and lignin, 
contribute to the strength and resilience of fruit pods, providing me
chanical protection and aiding the plant’s defense against herbivores, 
damage and pathogens (Munzert & Engelsdorf, 2024). These structural 
features are crucial for seeds or pods that must withstand harsh envi
ronmental conditions before germination.

3.8. Molecular weight measurement

Fig. 6A illustrates the molecular weight (Mw) profiles of the different 
fragments of the samples extracted from the Theobroma species pod 
husks. Regardless of the fruit type and both alkaline conditions, all 
extracted pectic polysaccharides exhibited a bimodal Mw distribution. 
Notably, in all the samples, the first fragment to appear in the SEC 
elution profile (Peak 1) exhibited the highest Mw, where the highest Mw 
(783 kDa) was observed in the material extracted from T. cacoa after 
using NaOH as extraction solvent, while the lowest Mw (92.5 kDa) was 
found in the T. grandiflorum extract obtained with KOH. Regarding the 
remaining fragments (Peak 2 and Peak 3), the estimated Mw ranged 
between ~9 and ~37 kDa.

Furthermore, the molecular weight distribution of the extracted 
pectic polysaccharides is presented in Fig. 6B, highlighting distinct 

Fig. 5. (A) Structural sugar composition (%) of the polysaccharides extracted from the different Theobroma genus biomasses using NaOH and KOH alkaline 
treatments, analyzed by UHPLC. (B) Table reporting the corresponding calculated values (%) for the homogalacturonan (HG) and rhamnogalacturonan I (RG-I) 
domains. The homogalacturonan (HG) domain content was estimated as GalA(mol%) − Rha (mol%) while the rhamnogalacturonan-I (RG-I) using the formula RG-I 
(%) ≈ 2Rha (mol%) + Ara (mol%) + Gal (mol%).
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differences in their Mw profiles. The calculated values are available in 
the supplementary material (Table S6). As control, the commercial cit
rus pectin exhibited a predominantly high-Mw population (513 kDa), 
accounting for ~91.5 % of the total signal.

In contrast, the biopolymers extracted from Theobroma species 
demonstrated more complex Mw distribution, with up to 3 distinct 
populations. Such multimodal patterns have been consistently reported 
in the literature across various plant sources (Benito-Román et al., 2024; 
Li et al., 2019). Among the three species, T. bicolor yielded the lowest 
Mw values, followed by T. grandiflorum and T. cacao. Notably, KOH 
extraction resulted in a higher proportion of low-MW fractions in 
T. bicolor (20.5 kDa, ~78.8 % relative area) and T. grandiflorum (92.5 
kDa, ~61.6 % relative area). Conversely, T. cacao showed a predomi
nance of high-Mw materials under both extraction methods: 1069.5 kDa 
(~85.9 % area) and 1567.1 kDa (~76.8 % area) for KOH-extracted 
samples. However, the high polydispersity index (PDI > 1.7) in these 
samples suggests a broad distribution of molecular sizes. The commer
cial citrus pectin, despite having a single dominant peak, showed an 
even higher PDI (>2.2), indicating an even more heterogeneous mixture 
of molecular weights.

3.9. 1H NMR measurement

To elucidate the structural features of the materials extracted from 
Theobroma species, 1H NMR spectroscopic analysis was performed at 
80 ◦C. This temperature was selected to reduce sample viscosity and 
improve resolution, thereby enabling more accurate chemical shift 
assignment, particularly for anomeric proton environments. The 

Fig. 6. Chromatographic SEC profiles of extracted pectic polysaccharides and 
COM-P (A) and the associated Mw distribution (B).

Fig. 7. 1H NMR spectra (700 MHz) of the extracted materials, showing the full spectra (left of each panel) and expanded regions corresponding to the chemical shifts 
δ 5.3–5.0 ppm (middle) and δ 4.1–3.3 ppm (right). Panel (A) shows the NaOH-extracted materials, while panel (B) corresponds to the KOH-extracted materials.
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anomeric region (5.5–4.3 ppm) of the spectra exhibited well-defined 
resonances that are characteristic of typical glycosidic linkages present 
in pectic and hemicellulosic polysaccharides. Notably, the signal at 5.28 
ppm, corresponding to the α-(1 → 4)-linked oligomers of galacturonic 
acid (Hachem et al., 2016) was clearly identified in all extracted samples 
(Fig. 7). In contrast, the resonance at 4.55 ppm, attributed to β-(1 → 4)- 
linked oligomers of galacturonic acid, was detected only in the BC-NaOH 
sample.

The signal at 5.27 ppm, attributed to the anomeric proton of rham
nose residues involved in both 1,2- and 1,2,4-linkages (indicative of 
branched rhamnogalacturonan regions), was most prominent in the GF- 
NaOH, CC-KOH and BC-KOH extracts. A closely related signal at 5.25 
ppm was observed in the CC-NaOH and BC-NaOH samples, likely rep
resenting the same structural motif. The slight shift in chemical shift 
may reflect differences in the local conformational environment of the 
rhamnose residues, such as variations in hydrogen bonding, ionic in
teractions or chain flexibility and hydration (Shi et al., 2017). The signal 
at 5.17 ppm, characteristic of internal α-(1 → 5)-linked arabinofuranosyl 
(Araf) residues in a linear arabinan or branched α-Araf substituted at O-3 
or O-2, was exclusively observed in the BC-NaOH and BC-KOH spectra, 
indicating a unique structural feature in the polysaccharides extracted 
from T. bicolor; while an intense peak in the range of 5.10–5.12 ppm was 
detected across all extracts and was assigned to terminal α-(1 → 5) 
arabinofuranosyl residues (non-reducing end α-L-arabinofuranosyl) 
(Konishi et al., 2006). Furthermore, in CC-NaOH and CC-KOH samples, a 
distinct signal at 5.06 ppm was assigned to α-(1 → 4)-linked gal
actopyranosyl (GalpA) uronic acid. This was accompanied by minor 
resonances at 5.04 and 5.01 ppm, which were less apparent in the other 
samples and may reflect local variation in glycosidic environments or 
branching patterns (Colquhoun et al., 1990).

Additional signals corresponding to ring protons of α-galacturonic 
acid residues were consistently observed across all extracts. The H-5 
resonance appeared at 4.67 ppm, H-4 at 4.43 ppm and H-2 at ~3.90 ppm 
(Hotchkiss et al., 2023). The H-3 signal was found near 4.11 ppm but 
partially overlapped with the residual D2O peak and adjacent reso
nances from rhamnose units. The H-3 proton of α-rhamnose was 
assigned to a signal at 3.87 ppm. The H-6 methyl protons of rhamnose 
appeared as doublets centered at 1.23 and 1.30 ppm in all samples, 
except for GF-NaOH, where a single peak was observed at ~1.30 ppm. 
Interestingly, the ratio of substituted (1,2,4-Rha) to unsubstituted (1,2- 
Rha) rhamnose ranged from 5.5:1 for CC-NaOH to 1.1:1 for BC-NaOH, 
based on the integration of the H6,6′ signals at 1.22 and 1.29 ppm, 
respectively.

These resonances are attributed to rhamnose residues linked via (1 
→ 2) glycosidic bonds to galacturonic acid, as well as (2 → 1)-linked 
rhamnose units bearing O-4-substituted galacturonic acid branches, 
structural features consistent with rhamnogalacturonan-I (RG-I) do
mains (Huamani-Palomino et al., 2023). Additionally, two distinct sig
nals between 2.0 and 2.2 ppm were assigned to acetyl groups attached at 
the 2-O and 3-O positions of GalA residues (Bédouet et al., 2003). Peaks 
in the 3.3–3.6 ppm range were attributed to the H-2, H-3, H-4 and H-5 
protons of β-xylopyranose (β-Xylp) units, with higher intensities 
observed in the materials extracted from T. grandiflorum and T. bicolor 
(Patova et al., 2021). The H-1 of β-1.4-xylopyranosyl units typically 
appears between 4.4 and 4.5 ppm; however, its proximity to the H-4 
signal of galacturonic acid may result in spectral overlap. Finally, a 
resonance at 8.5 ppm was detected in all the extracts. This signal is 
indicative of aromatic protons from phenolic compounds (Kontogianni 
et al., 2013). The presence of this signal suggests the co-extraction or 
retention of aromatic phenolics, potentially from cell wall-bound poly
phenols, during the alkaline extraction process.

The degree of esterification (DE) of the extracted materials was 
determined via 1H NMR using the method developed by H. Grasdalen 
et al. (Grasdalen et al., 1988b), resulting in a DE ranging from of 38.09 % 
calculated for CC-NaOH to 22.65 % for GF-KOH (Table S7) where the 
extractions in NaOH revealed higher DE.

3.10. FTIR-ATR characterization and esterification degree determination

Fig. 8 the FTIR-ATR spectra of extracted materials and commercial 
pectin, revealing similar peaks across all samples. A broad band at 3313 
cm− 1 corresponds to hydroxyl group stretching, while the 2925 cm− 1 

band, prominent in commercial pectin, represents C–H bending vi
brations (CH, CH2, CH3). Other signals in this range result from O–H 
stretching due to hydrogen bonding in carboxyl groups (Ghoshal & Negi, 
2020). The broad O–H absorption highlights intermolecular hydrogen 
bonds, affecting galacturonic acid’s hydroxyl groups (Gnanasambandam 
& Proctor, 2000). As a result, O–CH3 activity is masked by hydroxyl 
groups, making it unreliable as an indicator of methoxylation (Ghoshal 
& Negi, 2020), masking O–CH3 activity as a methoxylation indicator.

The esterified carboxyl group (COOR) appears at 1725 cm− 1, sup
porting the presence of pectic polysaccharides in the extracted mate
rials. The 1800–1500 cm− 1 spectral region was crucial for determining 
DE via FTIR, with 1725 cm− 1 (C––O stretching) and 1610 cm− 1 (COO– 
asymmetrical stretching) indicating carboxylic ester and acid groups 
(Manrique & Lajolo, 2002). Using Chatjigakis’ method (Chatjigakis 
et al., 1998), DE ranged from 25.6 % (GF-KOH) to 38.8 % (CC-NaOH), 
aligning with 1H NMR results (Table S7).

Below 1430 cm− 1, characteristic pectin bands at 1313, 1230 and 
1145 cm− 1 correspond to methyl groups, C–H bending and C–O–C 
stretching in the pyranose ring that is part of the structure of the sugars 
that make up pectin (Pereira et al., 2016) and hemicellulose poly
saccharides (Peng & Wu, 2010).

Furthermore, FTIR-ATR analysis revealed that each extracted mate
rial exhibits a distinct absorption maximum within the 1200–900 cm− 1 

range (Fig. 8B). This spectral region is primarily influenced by ring vi
brations, along with contributions from C–OH stretching and C–O–C 
glycosidic bond vibrations. Notably, bands at ~1070 and ~ 1043 cm− 1 

can be attributed to rhamnogalacturonan, consistent with previous re
ports (Kacuráková et al., 2000). However, a band at 1072 cm− 1 was also 
characteristic of β-galactan, that is associated to pectic polysaccharide. 
Also, a slight peak observed at 1066–1064 cm− 1 can be assigned to the 
β-(1 → 4)-mannan, a typical component of hemicellulosic poly
saccharides (Kacuráková et al., 2000). Commercial pectin differs in band 
shape due to industrial extraction and raw material variation, as pectin’s 
structural properties depend on feedstock and isolation methods (Chan 
& Choo, 2013).

3.11. Differential scanning calorimetry (DSC) and thermo-gravimetric 
analysis (TGA)

DSC measurements were conducted for each extracted sample and 
compared with the analysis of a commercial pectin (Fig. 9A). The 
thermograms of all samples revealed similar behavior, highlighting the 
presence of exothermic and endothermic peaks (Table S8). The broad 
endothermic peaks, observed in the range from 146.2 ◦C for GF-KOH to 
169.6 ◦C for BC-NaOH, indicated weight loss due to the vaporization of 
water. Similarly, Siqueira et al. (Siqueira et al., 2022) identified an 
endothermic peak at 132 ◦C in films produced of pectin extracted from 
C. brasiliense mesocarp. Interestingly, the materials extracted using 
NaOH presented higher endothermic peaks, resulting more comparable 
to the commercial counterpart. Exothermic peaks were observed in the 
range from 237.1 ◦C for CC-KOH to 267.0 ◦C for BC-NaOH, reflecting 
decomposition caused by pectic polysaccharides chain degradation. 
Nisar et al. reported exothermic decomposition temperatures ranging 
from 231.53 ◦C to 234.88 ◦C for citrus pectin films containing clove 
essential oil (Nisar et al., 2018). Similarly, Cervera et al. (Cervera et al., 
2004) and Chaudhari and Singhal (Chaudhari & Singhal, 2015) 
observed peaks between 200 ◦C and 300 ◦C, associating them with 
characteristic polymeric decomposition.

Fig. 9B presents on the top the TGA thermographs, illustrating the 
weight loss trend as a function of temperature, while on the bottom it 
displays the DTG thermographs, highlighting the maximum thermal 
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degradation temperature (Tmax) for the extracted polysaccharides and 
commercial pectin. The TGA traces display similar mass loss patterns 
demonstrating comparable resistance to thermal degradation that 
occurred in four distinct stages. The first stage took place from room 
temperature up to 115 ◦C, with a Tmax ranging from 70 ◦C for GF-KOH 
and to 74.2 ◦C for CC-NaOH (Table S9) and ~6 % weight loss.

The first stage corresponds to the loss of free water weakly bound to 
the polymer, facilitated by pectin’s hydrophilic nature, aligning with 
Nešić et al. (Nešić et al., 2017). The second stage (185–260 ◦C), visible in 
all the extracted materials, showed a Tmax from 235.0 ◦C (CC-KOH) to 
243.4 ◦C (CC-NaOH) with a 30 % weight loss, that can be attributed to 
the decomposition of pectic polysaccharides (Wang et al., 2016). 
Additionally, a third stage (285–400 ◦C), more pronounced in the ma
terials extracted from T. grandiflorum (both extraction methods) and 
T. cacao (using NaOH), exhibited degradation peaks around 350 ◦C and 
420 ◦C, with weight loss ranging from 40 % (T. cacao) to 58 % 
(T. grandiflorum). These peaks can be attributed to the decomposition of 
the hemicellulosic polysaccharides (Werner et al., 2014).

Beyond 500 ◦C, mass loss slowed as remaining char degraded, 
confirmed by exothermic heat flow traces. Notably, T. grandiflorum 

materials degraded at lower temperatures (640–675 ◦C) than T. cacao 
(750–755 ◦C). All extracted materials exhibited thermal behavior like 
commercial pectin but with higher residual char at 800 ◦C (~40 % vs. 
~18 %), likely due to residual hemicelluloses and celluloses.

3.12. Rheological analysis

Rheological analysis showed distinct behaviors between Theobroma- 
derived materials and commercial pectin (COM-P, Merck). Fig. 10A il
lustrates viscosity as a function of shear rate, where all solutions 
exhibited shear-thinning behavior, typical of pectin solutions due to 
polymer chain alignment under shear stress (Chan et al., 2017).

CC-NaOH and CC-KOH displayed the highest viscosity, suggesting 
T. cacao materials form a highly structured, viscous network, likely due 
to high molecular weight and strong intermolecular interactions. COM-P 
had the lowest viscosity, highlighting the superior rheological perfor
mance of NaOH-extracted samples.

Frequency sweep tests at 25 ◦C showed GEL behavior (G′ > G″) for all 
solutions, including COM-P (Fig. 10B). At higher frequencies (>50 rad/ 
s), BC-KOH exhibited SOL behavior (G′ < G″), indicating a transition in 

Fig. 8. FTIR-ATR spectra of the biopolymers extracted from the Theobroma genus recorded in the mid-infrared range (4000–550 cm− 1) (A) and in the 1200–800 
cm− 1 region for the identification of monosaccharides with different structures and compositions (B). COM-P refers to the commercial pectin.

Fig. 9. Thermal characterization of the extracted materials and the commercial pectin: (A) DSC thermograms and (B) TGA (top) and DTG curves (bottom).
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mechanical properties. The extraction process significantly influenced 
solution behavior, possibly because of the higher content of bioactive 
compounds, with NaOH-extracted T. cacao and T. bicolor materials 
achieving higher viscosity. These findings suggest that T. cacao-derived 
materials are most suitable for applications requiring high viscosity and 
strong gel structures, T. bicolor materials are ideal for moderate viscosity 
needs and T. grandiflorum materials are better suited for applications 
requiring more fluid-like properties. The choice of biomass and 

extraction method can be tailored to optimize materials functionality for 
specific industrial uses.

3.13. Multivariant analysis

Principal Component Analysis (PCA) of samples showed that PC1 
and PC2 accounted for 76.4 % of the variance (Fig. 11). PC1 was driven 
by GalA content, molecular weight (Mw) and degree of esterification 

Fig. 10. (A) Flow-curves and (B) rheological properties obtained from frequency sweep tests of the solutions prepared from the extracted materials. Citrus pectin 
from Merck (COM-P) has been used as control.
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(DE), while PC2 reflected antioxidant activities (ORAC, FRAP) and 
thermal properties (DSC). The scores plot revealed distinct clustering, 
with higher DE and Mw samples separating from lower values, 
emphasizing their impact on samples behavior. The loadings analysis 
confirmed GalA, Mw and DE strongly correlated with PC1, defining 
structural properties, while PC2 was linked to antioxidant activity and 
thermal stability, suggesting extraction influences these attributes. Mw 
and DE showed a positive correlation, while variations in ORAC and 
FRAP indicated structural modifications affecting radical scavenging 
properties.

Higher DSC values corresponded to altered thermal stability due to 
molecular interactions from chemical modifications. The correlation 
between Mw, DE and GalA supports their role in solubility and gelation, 
consistent with studies emphasizing esterification and molecular weight 
in the extracted materials functionality.

4. Conclusion

This study examined polysaccharides extraction from T. cacao (CC), 
T. grandiflorum (GF) and T. bicolor (BC) using NaOH and KOH, revealing 
significant differences in yield, bioactivity and functionality. T. bicolor 
(NaOH) exhibited the highest bioactive content, antioxidant activity and 
diverse metabolomic profile, including amino acids, phenolics and al
kaloids, enhancing its therapeutic potential. T. cacao (NaOH) had the 
highest molecular weight (~783 kDa) and viscosity, ideal for gel- 
forming applications requiring structural stability and T. cacao (KOH) 
had the highest galacturonic acid content (43 %). NaOH extraction 
generally yielded higher bioactive compounds (e.g. phenolics) content 
and structural integrity, while KOH preserved homogalacturonan 
integrity, offering distinct functional advantages. The extraction yields 
varied by species and solvent, with T. cacao (NaOH) showing the highest 
recovery, whereas T. grandiflorum had the lowest. Compared to com
mercial citrus pectin, T. bicolor and T. cacao materials exhibited superior 
bioactive profiles, molecular weights and gel-forming properties. Their 
antioxidant properties exceeded commercial pectin, making them suit
able for nutraceutical and pharmaceutical applications. Enhanced vis
cosity, gel strength and superior thermal stability in T. cacao and 
T. bicolor suggest their feasibility in industrial applications requiring 
heat resistance. These findings highlight Theobroma polysaccharides as 
functional material, offering tailored physicochemical and bioactive 
properties for specific applications. However, this study has some limi
tations, including the lower extraction efficiency observed with KOH 
and the high variability in biomass composition among Theobroma 
species, which may affect process reproducibility. Moreover, the need 
for further purification and standardization constrains immediate scal
ability. Future research should focus on optimizing downstream pro
cessing to improve purity and evaluating bioactivity in application- 
specific models. In particular, the antioxidant, prebiotic and anti- 

inflammatory properties of the extracts warrant investigation for their 
potential use in functional foods and tissue engineering applications.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.carbpol.2025.124070.
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J.M. Núñez-Ramírez et al.                                                                                                                                                                                                                    Carbohydrate Polymers 368 (2025) 124070 

14 

https://doi.org/10.1016/j.carbpol.2025.124070
https://doi.org/10.1016/j.carbpol.2025.124070
https://doi.org/10.17660/ActaHortic.2017.1152.29
https://doi.org/10.17660/ActaHortic.2017.1152.29
https://doi.org/10.25127/aps.20213.814
https://doi.org/10.1002/cben.202100061
https://doi.org/10.1002/cben.202100061
https://doi.org/10.1016/S0008-6215(02)00500-1
https://doi.org/10.1016/S0008-6215(02)00500-1


subcritical water. Food Hydrocolloids, 153, Article 109957. https://doi.org/10.1016/ 
J.FOODHYD.2024.109957
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Mannino, G., Chinigò, G., Serio, G., Genova, T., Gentile, C., Munaron, L., & Bertea, C. M. 
(2021). Proanthocyanidins and where to find them: A meta-analytic approach to 
investigate their chemistry, biosynthesis, distribution and effect on human health. 
antioxidants, 10(8). https://doi.org/10.3390/antiox10081229

Manrique, G. D., & Lajolo, F. M. (2002). FT-IR spectroscopy as a tool for measuring 
degree of methyl esterification in pectins isolated from ripening papaya fruit. 
Postharvest Biology and Technology, 25(1). https://doi.org/10.1016/S0925-5214(01) 
00160-0
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polyvinylpyrrolidone films: A sustainable approach to the development of biobased 
packaging materials. Composites Part B: Engineering, 110. https://doi.org/10.1016/j. 
compositesb.2016.11.016

Nisar, T., Wang, Z. C., Yang, X., Tian, Y., Iqbal, M., & Guo, Y. (2018). Characterization of 
citrus pectin films integrated with clove bud essential oil: Physical, thermal, barrier, 
antioxidant and antibacterial properties. International Journal of Biological 
Macromolecules, 106. https://doi.org/10.1016/j.ijbiomac.2017.08.068
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