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Abstract: Coffee pulp is a by-product generated during coffee processing, producing environmental
pollution when discarded to rivers. The revalorization of coffee by-products is currently being
studied due to its high potential as new value-added food ingredients. This work aims to explore
the chemical composition and functional properties of coffee pulp and validate its safety for use as
a novel food ingredient. Coffee pulp composition was assessed following the standard methods
(AOAC). Physicochemical properties, total phenolic compounds (TPC), antioxidant capacity,
hypoglycemic and hypolipidemic properties were determined using in vitro techniques. Acute and
sub-chronic oral toxicity experiments were carried out following OECD Test Guidelines 452 and
408. Coffee pulp showed a high content of dietary fiber (51.2%), highlighting the insoluble fraction.
Proteins (9.2%) and lipids (2.6%) were considered a min fraction. Coffee pulp presented high content
of TPC (40.6 mg g™), of which 29% were linked to DF, giving coffee pulp its antioxidant potential
(102.3 mg Trolox eq g™). The by-product showed good physicochemical properties. Coffee pulp
reduced the absorption of cholesterol (84%) and bile salts (85%), inhibited pancreatic lipase (64%),
and presented the capacity to diminish the diffusion of glucose (34%). The intake of coffee pulp did
not cause significant lesions in vital organs. In conclusion, the coffee pulp could be used as a
potential ingredient with beneficial health properties.

Keywords: coffee by-products; coffee pulp; dietary fiber; physicochemical properties;
hypolipidemic properties; hypoglycemic properties; toxicity

1. Introduction

The coffee processing industry produces vast quantities of by-products every year, causing
enormous economic and environmental problems when they are discarded. Furthermore, the steady
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growth of the world population and the threat of reduced food sources has increased in recent years
the interest in reusing materials that are currently considered waste [1].

Coffee by-products, including husk, skin, pulp, coffee mucilage, coffee parchment, coffee
silverskin, and spent coffee grounds, can be obtained by wet or dry processing. Coffee pulp is one of
the by-products obtained during the wet processing, representing 43.2% of the whole fruit. The coffee
pulp can be used as food for animals or as a substrate for microbiological processes, but few studies
are about its potential as a new ingredient for human food [2].

Several reports have shown that coffee pulp is a source of bioactive compounds of high value
and attractive nutritional value, such as dietary fiber (DF) and phenolic compounds [3,4]. DF has
several physiological benefits, and its intake provides health benefits, such as reducing the risk of
coronary heart disease, type 2 diabetes, and intestinal disorders. The physiological effects of DF
depend on physicochemical properties. Therefore, the coffee pulp study as a source of DF is necessary
to estimate its potential health benefits and its technological properties [5].

The purpose of this work was to determine the chemical composition and functional properties
of coffee pulp, including potential antioxidant, hypoglycemic and hypocholesterolemic effects, and
to validate the by-product as a novel sustainable and safe food ingredient.

2. Materials and Methods

2.1. Materials

Coffee pulp from Arabica species was obtained by the wet method and kindly supplied by
AORA HEALTH S.L (Spain). The coffee pulp was milled to obtain coffee pulp flour.

2.2. Chemical Composition

The AOAC Official methods [6] were used to determine lipid and nitrogen contents. Protein
content was calculated as nitrogen x 6.25. Total dietary fiber (TDF), insoluble dietary (IDF), and
soluble dietary fiber (SDF) were determined by enzymatic-gravimetric assay according to AOAC-
991.4 and AACC-32.07.01 methods [6,7].

2.3. Extraction and Analysis of Total Phenolic Compounds and Antioxidant Capacity

2.3.1. Extraction of Free and Bound Phenolic Compounds

Free and bound phenolic compounds were extracted using organic solvents according to the
method described by Aguilera et al. [8].

2.3.2. Total Phenolic Compounds

Total phenolic compounds were analyzed by the Folin-Ciocalteu method [9]. The experiment
was performed in a 96-well microplate. Briefly, 10 pL of the sample, 150 pL of Folin-Ciocalteu reagent
(diluted 1: 14, v/v in Milli-Q water), and 50 puL of Na2COs 20% were added to each well. The plate was
incubated in the dark at room temperature for 2 h. Absorbance was measured at 750 nm in a
microplate reader. A standard gallic acid curve (0.01-0.2 mg mL-') was performed, and the results
were expressed as mg gallic acid equivalents per gram (mg GAE g™).

2.3.3. In Vitro Antioxidant Capacity

Antioxidant capacity was assessed by the ABTS™* assay [10]. 2.2'-Azino-bis(3-
ethylbenzothiazoline-6-sulfonic) acid radical cations (ABTS'*) were obtained by reacting 7 mmol L
ABTS solution with 2.45 mmol L1 potassium persulfate and stirring it in the dark at room
temperature for 16 h before use. The ABTS * solution obtained was diluted in 5 mmol L' PBS, pH 7.4
by adjusting the solution to an absorbance of 0.70 at 734 nm. The assay was carried out in a 96-well
microplate by adding 30 uL of the sample and 270 pL of the diluted solution ABTS '+ to each well.
After 10 min of incubation, the absorbance was read at 734 nm on a microplate reader. A calibration
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curve was made using Trolox as a standard solution (0-0.06 mg mL"). The results were expressed as
mg Trolox equivalent per gram (mg TE g extract).

2.4. Physicochemical and Techno-Functional Properties

Bulk density, water holding capacity, oil holding capacity, water absorption capacity, swelling
capacity, emulsifying activity, foaming capacity, and gelation capacity (last gelation concentration),
were measured according to published protocols [11].

2.5. In Vitro Hypoglycemic Effect of Coffee Pulp

2.5.1. Glucose Absorption Capacity

Glucose absorption capacity was determined by mixing the sample (1 g) with 100 mL of glucose
solution (10, 50, 100, 300 mmol L), then, the coffee pulp flour was incubated (37 °C, 6 h) and
centrifuged (3500x g, 15 min) [5]. The supernatant’s glucose content was measured using an
enzymatic kit (Megazyme K-GLUC, Wicklow, Ireland).

2.5.2. In Vitro Glucose Diffusion Retardation

In vitro glucose dialysis retardation capacity was determined by assessing the glucose dialysis
retardation index (GDRI)[11]. The sample (0.5 g) was mixed with 25 mL of a glucose solution (50
mmol L1). The samples were dialyzed using a dialysis membrane (cut-off molecular weight of
12,000-14,000 Da) against 80 mL of Milli-Q water at 37 °C for 150 min, taking aliquots at 15, 30, 60,
90, 120, and 150 min of incubation. The amount of glucose in the dialysate was measured using the
K-GLUC Enzyme Kit (Megazyme, Wicklow, Ireland).

2.5.3. In Vitro Residual a-Amylase Activity

The residual amylase activity was determined by mixing 1 g of the sample or controls (pectin or
cellulose) with a-amylase (4 mg) and potato starch solution (4% w/v, 40 mL). The mixture was
incubated (37 °C, 60 min), then 80 mL of NaOH 0.1 mol L-! was added, and centrifuged (3500x g, 15
min). Finally, the glucose content was evaluated using the K-GLUC test kit [11].

2.5.4. In Vitro Starch Digestibility Retardation

The retardation of in vitro starch digestibility was studied by mixing 0.2 g of sample, 4 mg of a-
amylase, and 10 mL of potato starch solution (4% w/v). The solution was dialyzed (cut-off molecular
weight of 12,000-14,000 Da) against 200 mL of distilled water at 37 °C. After 10, 30, 60, 120, and 150
min of incubation, the dialysate’s glucose content was quantified using the glucose test kit [5].

2.6. Evaluation of the In Vitro Hypolipidemic Properties of Coffee Pulp

2.6.1. Cholesterol Binding Capacity

Fresh egg yolks were diluted nine times their weight with Milli-Q water and beaten to obtain an
emulsion. The mixture was divided into two equal parts and adjusted to pH 2.0 and 7.0. The sample
(0.4 g) was mixed with 10 mL of egg yolk diluted at pH 2.0 and 7.0. The samples were then incubated
under agitation at 37 °C for 2 h and centrifuged at 800x g for 15 min. The supernatant obtained (0.1
mL) was mixed with 0.6 mL of pure acetic acid, 0.2 mL of H250: (96%), and 0.1 mL of o-
phthalaldehyde (0.6 mg MI). The mixture was incubated (60 °C, 30 min) with continuous stirring
for color development. Absorbance was finally measured at 550 nm [11].

2.6.2. Bile Salts Binding Capacity

For the evaluation of the binding capacity of bile salts, the sample (0.2 g) was mixed with 5 mL
of NaCl solution (100 mL, 0.15 mol L, pH 7.0) and sodium cholate (0.2 g). The samples were
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incubated while stirring at 37 °C for 1, 2, and 3 h, and centrifuged at 800x g for 20 min. The supernatant
(0.1 mL) was mixed with 0.6 mL H250s (45%) and 0.1 mL furfural (0.3%). The mixture was incubated
(30 min, 65 °C) under agitation for color development, and then, the absorbance was measured at 620
nm [11].

2.6.3. Inhibitory Activity against Pancreatic Lipase

For the determination of the inhibitory activity against pancreatic lipase, 2 mL of olive oil, 10 mL
of sodium phosphate buffer (0.1 mol L, pH 7.2), and 2 mL of pancreatic lipase (0.75 mg mL") were
added to the sample (0.1 g). Afterward, the samples were shaken and incubated (37 °C, 1 h). They
were placed in a water bath at 100°C to stop the reaction, followed by centrifugation (800x g, 15 min).
Tween™ 20 was added to the supernatants containing olive oil to obtain an emulsion. The amount of
free fatty acid released was evaluated by titration with NaOH (0.05 mol L-!) and phenolphthalein
[11].

2.7. Acute and Sub-Chronic Toxicity Experiments

Acute toxicity and Sub-chronic toxicity assays were performed following the guidelines of the
OECD (Organization for Economic Co-operation and Development) Test Guidelines 452 and Test
Guidelines 408, respectively. Adult male and female C57BL/6 mice were obtained from the Animal
House Facility of the Universidad Auténoma de Madrid (Madrid, Spain). The mice were placed in
cages with free access to water and a standard chow diet ad libitum. Treatment for the study of acute
toxicity (2000 mg kg') was administered in a single oral dose to each animal. After administration,
the mice were observed for 24 h, and once a day for the next 14 days to identify changes in body
weight, signs of toxicity, behavior, and mortality. For the sub-chronic toxicity test, a dose of 1000 mg
kg was administered orally every day for 90 days. The weight of animals and food consumption
was measured daily. At the end of the study, the mice were sacrificed, and the collected organs (liver,
spleen, and kidney) were subjected to a histopathological study.

2.8. Statistical Analysis

Statistical analysis was carried out using the statistical program SPSS 26.0. The results were
expressed as mean + standard deviation (SD) (n = 3). The data were analyzed by one-way analysis of
variance (ANOVA) and post hoc Tukey’s test. Differences were significant at p < 0.05.

3. Results

3.1. Chemical Composition

Coffee pulp contained a high amount of DF. The TDF in coffee pulp represented 51% of its
composition. The IDF and SDF fractions represented 89% and 11% of the total DF. Proteins (9.2%)
and lipids (2.6%) were considered a minor fraction.

3.2. Phenolic Compounds and Antioxidant Capacity

Coffee pulp presented a significant amount of total phenolic compounds (46.6 mg g! GAE). The
fractions of free and bound phenolic compounds represented 70.8 and 29.2%, respectively. The
antioxidant capacity of the coffee pulp was remarkably high (102.3 mg-! TE). The antioxidant capacity
linked to the fraction of free and bound phenolic compounds represented 68.6 and 31.4%,
respectively.

3.3. Physicochemical and Techno-Functional Properties

Coffee pulp flour had a pH of 3.7. Compared to the control samples (cellulose and pectin) the
water and oil holding capacities and bulk density of coffee pulp were adequate. On the other hand,
the coffee pulp flour did not exhibit right swelling, gelation, emulsifying, and foaming capacities.
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3.4. In Vitro Hypoglycemic Effects of Coffee Pulp

Concerning glucose adsorption, the coffee pulp was able to retain glucose in its structure. The
results show that the coffee pulp can adsorb glucose at all the concentrations studied (10-300 mmol
L-1). Determination of glucose diffusion showed that all samples (cellulose, pectin, and coffee pulp
flour) increased the dialysate’s glucose concentration over time (150 min). Coffee pulp flour
decreased glucose diffusion compared to a control sample (without sample). Pectin showed the
highest retention rate of dialyzed glucose (40%), followed by coffee pulp flour (34%) and cellulose
(22%). The presence of coffee pulp reduced glucose production (p < 0.05) by inhibiting the a-amylase
enzyme activity. The study of starch digestibility revealed that the sample containing coffee pulp
exhibited lower amounts of glucose in the dialysate than the control sample and cellulose. Starch
digestion was affected in the presence of coffee pulp.

3.5. In Vitro Hypolipidemic Effects of Coffee Pulp

The determination of the binding capacity of cholesterol to the by-product (Figure 1A) was
carried out at pH 2.0 and pH 7.0. Coffee pulp flour and cellulose showed an increased capacity to
bind cholesterol to its matrix at pH 7.0. Pectin and coffee pulp at pH 7.0 proved to be good matrices
for cholesterol binding. Regarding the bile salt absorption capacity (Figure 1B), coffee pulp flour
exhibited a significantly higher bile salt absorption capacity than cellulose and the same as pectin (p
< 0.05). During incubation, cellulose showed a significant increase (p < 0.05) in bile salt absorption.
The study of inhibitory activity against pancreatic lipase (Figure 1C) reported higher values for coffee
pulp flour (64%) and pectin (55%). Cellulose had the lowest value (28%) (p < 0.05) of pancreatic lipase
inhibition.
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Figure 1. Effect of cellulose, pectin, and coffee pulp flour on cholesterol absorption capacity (%) at
pH2.0 and pH 7.0 (A), bile salts absorption capacity (%) after 1, 2, and 3 h of incubation (B), and

pancreatic lipase activity (%) (C). The results are expressed as mean +SD (n = 3). Different letters
among columns indicate significant (p <0.05) differences between samples. .

3.6. Food Toxicity of Coffee Pulp

Oral intake of a single acute dose (2000 mg kg') and sub-chronic doses (1000 mg kg) of coffee
pulp did not cause visible signs of toxicity, unusual behavior, or mortality. No significant changes in
histological parameters or lesions in vital organs (liver, spleen, and kidney) were shown, ensuring
this sustainable food ingredient’s safety.

4. Discussion

Coffee production generates high quantities of by-products, including coffee pulp, which could
be valorized for use as new functional ingredients due to their high content of bioactive compounds
[12]. We present a critical evaluation of coffee pulp for its use in human food for the first time. To
date, the coffee pulp was reported to be dangerous for animal consumption due to its high caffeine
content [13]. In this work, coffee pulp proved to be a DF source, mainly composed of IDF, which may
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give volume to feces and increases bowel emptying, favoring intestinal health [14]. The water and oil
retention capacity and the coffee pulp’s apparent density were adequate for using coffee pulp as
flour. Coffee pulp’s physiochemical and techno-functional properties may influence foods’
nutritional and sensory characteristics and play a significant role during food preparation,
processing, and storage [15]. The coffee pulp contained many phenolic compounds, which proved to
possess in vitro antioxidant capacity. FPC was the main fraction. BPC was a considerable fraction
linked to the DF, which cannot be released or absorbed in the small intestine but released in the colon
by the action of bacterial enzymes and metabolized by the microbiota leading to beneficial effects on
human health [16]. As observed, coffee DF may be a natural vehicle for transporting antioxidant
compounds into the large intestine [17]. Coffee pulp was able to adsorb glucose and delay its
diffusion, which may result in diminished intestinal glucose absorption. This effect could be related
to insoluble fiber, which can pose a physical obstacle, keeping glucose trapped within the network
formed by fibers. Coffee pulp inhibited a-amylase activity, delaying starch’s digestibility. DF can trap
the enzyme and reduce its access to starch. Likewise, inhibitors in coffee pulp and its DF matrix (such
as phenolics) can interact with the enzyme’s active site, hindering its activity [18]. Therefore, coffee
pulp could lower postprandial plasma glucose through different mechanisms [19]. Similarly,
pancreatic lipase could be inhibited by the DF and the phenolic compounds released from coffee pulp
[20]. Cholesterol and bile salts can bind to the coffee pulp DF, impeding its absorption. As a result,
the liver synthesizes more bile salts from circulating cholesterol, reducing cholesterol levels [20].
Hence, coffee pulp’s DF may exert hypolipidemic effects through diverse mechanisms. These
hypoglycemic and hypolipidemic effects have also been observed in other coffee by-products [11].
Previous studies in our research group also evidenced the biological activity of phytochemicals
released from the coffee pulp, reducing lipid accumulation, inflammation, oxidative stress, and
insulin resistance in vitro [21,22]. The intake of acute and sub-chronic coffee pulp doses showed no
toxicity, abnormal behavior, or mice mortality. Other coffee by-products, such as coffee silverskin,
were previously validated [23]. Evaluating the nutritional value, biological properties, and safety of
food products are the first steps leading to their commercialization and use as a food ingredient.
Future studies will assess the in vivo biological activity of coffee pulp in different animal models. If
its health-promoting effects are validated, human clinical studies will be necessary to corroborate in
vitro and in vivo results. This work motivates coffee pulp’s use as a novel ingredient with a high
antioxidant DF content and great potential to be safely incorporated into functional foods.

5. Conclusions

In summary, the coffee pulp is mainly composed of insoluble dietary fiber. This fraction, along
with phenolic compounds, was associated with the reduction of intestinal glucose and lipid
absorption. Coffee pulp did not exert toxic acute and sub-chronic effects. Therefore, the coffee pulp
could be validated as a new antioxidant dietary fiber, with hypoglycemic and hypoglycemic effects
and good physicochemical and techno-functional properties, which would allow its incorporation
into foods with potential health benefits.
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