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Abstract

Coffee cherry pulp (CCP; cascara), a major by-product of coffee processing, has gained
increasing attention as a sustainable source of phenolic compounds, dietary fiber, and other
bioactive constituents with applications in food, nutraceutical, feed, and biomaterial indus-
tries. However, its utilization remains limited by compositional variability, anti-nutritional
compounds, and inefficiencies in conventional processing. Controlled fermentation has
emerged as a promising strategy to enhance the release, transformation, and bioavailability
of CCP-derived bioactive through targeted microbial biotransformation and controlled
bioprocessing. This review summarizes recent advances in enzymatic pretreatment, mi-
crobial fermentation, and metabolite-directed processing, with emphasis on their effects
on phenolic transformation, antioxidant activity, and functional properties. The roles of
selected lactic acid bacteria, yeasts, and microbial consortia in improving the nutritional,
sensory, and biological characteristics of CCP-derived products are critically discussed.
Potential applications of fermented CCP in functional foods and beverages, bioactive in-
gredients, biopolymers, and animal feed are also highlighted within the framework of an
integrated circular bioeconomy. Finally, current challenges and future perspectives related
to process scalability, metabolite control, regulatory approval, and AI-assisted bioprocess
optimization are addressed.

Keywords: coffee cherry pulp; cascara; controlled fermentation; bioactive compounds; cir-
cular bioeconomy; functional ingredients; biorefinery; sustainable processing; sustainability

1. Introduction
The global coffee industry, valued at over USD 100 billion annually, generates more

than 10 million tons of green coffee beans each year [1]. However, this large-scale pro-
duction generates substantial quantities of agro-industrial residues, particularly coffee
cherry pulp (CCP; commonly referred to as cascara in food applications), which accounts
for approximately 40–50% of the fresh fruit mass [2]. This lignocellulosic by-product,
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composed of the exocarp, mesocarp, mucilage, and residual endocarp (Figure 1), is com-
monly underutilized or discarded, leading to environmental concerns such as organic
waste accumulation, greenhouse gas emissions, and water pollution [3,4].

 
Figure 1. Anatomical structure of coffee cherry and green bean.

In recent years, the CCP has attracted increasing attention as a promising bioresource
due to its rich composition of phenolic compounds, dietary fiber, and bioactive alka-
loids [5,6]. These components confer multiple biological functions, including antioxidant,
anti-inflammatory, and metabolic regulatory activities, positioning CCP as a potential
high-value ingredient for functional food, nutraceutical, and biobased material applica-
tions [5,7]. Despite this potential, current utilization strategies remain largely fragmented,
typically focusing on single-product pathways such as composting, beverage production,
or bioenergy conversion [2,8]. As a result, the full valorization potential of CCP has not yet
been systematically realized.

To address this limitation, the concept of integrated valorization has emerged as a
key strategy within the circular bioeconomy framework [8]. This approach emphasizes
the cascading use of biomass through interconnected processing pathways to generate
multiple value-added products. In the context of CCP, such an approach requires not only
efficient pretreatment technologies but also advanced bioconversion strategies that direct
biochemical transformations toward targeted functional outcomes [7,9].

Among these strategies, controlled fermentation has recently gained prominence as
a next-generation biotechnological tool. Unlike conventional fermentation, which often
relies on empirical or spontaneous microbial activity, controlled fermentation involves the
deliberate selection of microbial strains, control of metabolic pathways, and optimization of
process parameters to achieve specific biochemical transformations. This approach enables
the targeted conversion of structurally bound compounds into more bioavailable and
bioactive forms, as well as the generation of novel metabolites with enhanced functional
properties [9].

In the case of CCP, controlled fermentation offers unique opportunities to unlock
its complex matrix by facilitating the release and transformation of phenolic compounds,
modifying its chemical profile and improving both functional and sensory attributes [5,7].
Moreover, when integrated with upstream processing (e.g., enzymatic pretreatment) and
downstream applications, controlled fermentation can serve as a central platform within a
broader CCP biorefinery system.

Therefore, this review aims to provide a comprehensive and concept-driven synthesis
of current knowledge on the valorization of CCP, with a particular focus on the role of
controlled fermentation as a transformative technology. Specifically, this review (i) examines
the intrinsic functional properties of CCP and their limitations, (ii) discusses bioprocessing
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strategies for enhancing bioactive compound availability, (iii) analyzes the mechanistic
basis and process design of precision fermentation, and (iv) explores its integration into
multi-sector applications, including functional foods, bioactive ingredients, biopolymers,
and animal feed. Finally, the review proposes an integrated CCP biorefinery framework
and highlights key challenges and future research directions to advance the sustainable,
high-value utilization of this underexploited biomass.

2. Functional Potential of CCP: From Traditional Uses to
Biotechnological Valorization

Coffee cherry pulp possesses intrinsic functional potential recognized in both tra-
ditional and modern contexts. Historically, its consumption in ethnobotanical practices
reflects early empirical knowledge of its health-promoting properties [10–13]. In contempo-
rary research, this functional potential is increasingly attributed to its rich composition of
phenolic compounds, dietary fiber, and alkaloids, which collectively contribute to antioxi-
dant, anti-inflammatory, and metabolic regulatory activities [2,5].

However, the bioactivity of these compounds is often limited by their structural com-
plexity and matrix-bound forms, which restrict bioavailability [3]. As a result, recent
research has focused on bioprocessing strategies, including enzymatic treatment and mi-
crobial fermentation, to enhance the release, transformation, and functionality of these
bioactive components [9]. This shift marks a transition from passive utilization to tar-
geted valorization, providing a critical foundation for controlled fermentation approaches
discussed in the following section.

2.1. Traditional and Health-Related Functional Potential

Historically, cascara or dry CCP was not just a beverage but was valued for its health-
promoting properties. The most well-known traditional use was for its mild stimulant
effect. The natural caffeine in cascara was used to increase concentration and fight fatigue
without the stronger jolt of coffee. In addition, traditional preparations were often used to
help regulate stomach and bowel movements and to prevent stomach ulcers and bloating,
thereby supporting overall digestive health. In Yemen, Qishr was considered a wellness
tea, thought to boost metabolism and support the body’s natural detoxification processes.
Furthermore, it was also traditionally believed to strengthen the immune system and help
prevent colds and flu [14].

The coffee cherry is emerging as a potent functional food matrix. Its dense concentra-
tion of chlorogenic acids, flavonoids, and complex dietary fibers positions it as a sustainable,
high-value ingredient for the nutraceutical and functional food industries. The therapeutic
efficacy of cascara is primarily mediated by its robust polyphenolic profile, dominated by
chlorogenic acid (CGA), protocatechuic acid, and caffeic acid. These secondary metabo-
lites exert potent antioxidant effects by scavenging reactive oxygen species (ROS) and
modulating intracellular redox homeostasis as shown in Tables 1 and 2.

Mechanistically, cascara extracts have been shown to downregulate pro-inflammatory
cascades by inhibiting the expression of inducible nitric oxide synthase (iNOS) and
cyclooxygenase-2 (COX-2). At the cytokine level, these phenolics suppress the se-
cretion of tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), and nitric oxide
(NO) [15,16]. Furthermore, the co-presence of methylxanthines, such as caffeine and
theophylline, appears to act synergistically with polyphenols to attenuate chronic low-
grade inflammation, providing a protective effect against the pathogenesis of metabolic
and neurodegenerative disorders.

The dietary fiber fraction of cascara, comprising both soluble and insoluble polysaccha-
rides, serves as a critical substrate for gastrointestinal health. These fibers, in conjunction
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with non-extractable polyphenols, exert a prebiotic effect by selectively promoting the
proliferation of Bifidobacterium and Lactobacillus species. This microbial fermentation
facilitates the production of short-chain fatty acids (SCFAs), which are essential for main-
taining intestinal barrier integrity and suppressing systemic endotoxemia [17–19].

From a cardiometabolic perspective, consumption of cascara has been linked to im-
proved glycemic and lipid profiles. The inhibition of carbohydrate-hydrolyzing enzymes,
specifically alpha-amylase and alpha-glucosidase, by cascara-derived chlorogenic acids
delays glucose absorption, thereby improving postprandial glycemic control. Concurrently,
cascara fibers enhance bile acid excretion, contributing to reduced low-density lipopro-
tein (LDL) cholesterol levels and reduced hepatic steatosis markers, including alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) [20–22].

The functional versatility of cascara extends to the central nervous system and pe-
ripheral tissues: The interaction between trigonelline, caffeine, and CGA contributes to
improved cognitive performance. Studies in older adults indicate that cascara-based inter-
ventions can enhance attention and working memory by antagonizing adenosine receptors
and mitigating oxidative stress in the nervous system [23,24].

Cascara extracts exhibit broad-spectrum inhibitory activity against foodborne pathogens,
including Staphylococcus aureus and Escherichia coli. Notably, fermented cascara deriva-
tives, such as kombucha, demonstrate heightened potency against Gram-negative bacteria,
likely due to the accumulation of organic acids during biotransformation [14].

In the cosmetic domain, cascara polyphenols have demonstrated inhibitory effects
on collagenase, elastase, and tyrosinase. These activities suggest a significant role for
cascara in protecting the dermal matrix from photoaging and pollution-induced oxidative
damage [25].

The transition of cascara from a coffee-processing byproduct to a multi-target func-
tional ingredient is supported by a growing body of evidence validating its antioxidant,
prebiotic, and metabolic benefits. Future research should focus on the bioavailability of
these “matrix-bound” compounds and the industrial scale-up of stabilized cascara ex-
tracts to facilitate their integration into global functional food and cosmeceutical markets
(Table 1).

In vitro Evidence with direct chemical-molecular interactions, enzymology, and cell-
line survival kinetics, standardized biochemical assays establish the competitive and non-
competitive inhibition constants against alpha-glucosidase, collagenase, elastase, and tyrosi-
nase [20,25]. Cell culture models (such as RAW 264.7 macrophages) provide direct evidence
of localized anti-inflammatory activity, showing a dose-dependent reduction in intracel-
lular ROS, iNOS, and COX-2 signaling pathways following oxidative insults [16]. Broad-
spectrum disk diffusion and minimum inhibitory concentration (MIC) methodologies
confirm the direct disruption of bacterial cell membrane potentials in target pathogens [14].

In simulated gastrointestinal digestion studies, static and dynamic in vitro diges-
tion models show that the cell wall polysaccharides of cascara are completely resistant
to upper gastrointestinal enzymatic cleavage [17]. Subsequent anaerobic colonic fermen-
tation models utilizing human fecal inocula confirm that these non-digestible fractions
serve as a selective carbohydrate source, driving saccharolytic fermentation, shifting the
Firmicutes-to-Bacteroidetes ratio, and increasing the partial pressure of protective lumi-
nal SCFAs [17,26,27]. However, none of the human clinical trials in the current literature
mapped or sequenced the gut microbiomes of the human participants. Because the hu-
man gut microbiome varies widely with diet, genetics, and geography, the rate at which
matrix-bound chlorogenic acids are hydrolyzed and absorbed in the human colon is highly
unpredictable. By failing to track fecal metabolomics or microbial shifts concurrently with
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cognitive testing, the current clinical body treats the human GI tract without bridging the
gap between colonic prebiotic fermentation and central nervous system output.

In vivo animal studies, rodent models subjected to a chronic high-carbohydrate high-
fat (HCHF) diet-induced metabolic syndrome, oral administration of cascara pulp or its
fermented counterparts significantly reverses visceral adiposity, corrects insulin resistance,
lowers blood pressure, and limits hepatic lipid accumulation [18]. Furthermore, healthy
animal cohorts provide critical evidence regarding the brain–gut–immune axis, showing
that rapid cascara-mediated modulation of colonic tight junctions and central microglial
activation states are highly sex-dependent, with females exhibiting distinct baseline shifts
in enteric neuroimmune signaling compared to males [21,22].

Human clinical evidence in the neurological and cognitive domains, including ran-
domized controlled trials (RCTs), confirms that standardized whole coffee cherry extract
(WCCE) improves acute and longitudinal cognitive profiles—specifically working memory,
executive function, and response inhibition during specialized neuropsychological evalua-
tion (e.g., Go/No-Go tasks). This cognitive tracking is supported by neurophysiological
biomarkers, including increased blood-oxygen-level-dependent (BOLD) signal within pre-
frontal cortical networks on functional MRI (fMRI) and a synchronized, measurable spike in
circulating plasma Brain-Derived Neurotrophic Factor (BDNF) [23,24]. The current clinical
evidence relies heavily on a highly concentrated WCCE rather than actual dietary cascara
matrices. A consumer drinking a standard commercial cup of cascara tea or a fermented
beverage will ingest a highly variable, unstandardized profile of these target compounds.
The clinical data derived from isolated, encapsulated powder extracts cannot accurately
validate the health claims of liquid beverages, because the presence of the complex matrix
significantly alters the gastric emptying rate and the subsequent plasma pharmacokinetic
curve of the active metabolites.

Table 1. Summarize the key health benefits of cascara, highlighting its potential as a rich source of
bioactive compounds.

Benefit Category Key Active Ingredients Detailed Scientific
Explanation References

Antioxidant and
Anti-Inflammatory

Chlorogenic acid (and its
isomers: 3-, 4-, 5-CQA),
protocatechuic acid, gallic
acid, rutin, flavonoids
(quercetin, kaempferol),
proanthocyanidins, caffeine,
theophylline, melanoidins

These compounds neutralize free radicals,
reduce oxidative stress, and inhibit
inflammatory mediators (e.g., NO, TNF-α,
IL-6, iNOS, COX-2). Chlorogenic acid is
particularly potent, with caffeine and
theophylline showing synergistic effects.

[15,16,20,25–29]

Neuroprotective/
Cognitive

Caffeine, chlorogenic acid,
caffeic acid, trigonelline,
theophylline

Caffeine antagonizes adenosine receptors,
increasing alertness and cerebral blood flow.
Trigonelline and chlorogenic acid reduce
oxidative stress in neural tissue. Whole
coffee cherry extracts have been shown to
improve working memory and attention in
clinical trials.

[23,24,30–32]

Metabolic and
Cardiovascular

Chlorogenic acids (CGAs),
caffeine, trigonelline, dietary
fiber

CGAs inhibit digestive enzymes (α-amylase
and α-glucosidase), thereby slowing glucose
absorption and improving glycemic control.
CGAs and fiber can lower LDL cholesterol
and modulate fat metabolism, reducing the
risk of metabolic syndrome.

[20–22]
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Table 1. Cont.

Benefit Category Key Active Ingredients Detailed Scientific
Explanation References

Gut Health/Prebiotic Dietary fiber, chlorogenic
acids, polyphenols

The high fiber content and polyphenols in
cascara act as prebiotics, promoting
beneficial gut bacteria (e.g., Bifidobacterium)
and the production of short-chain fatty acids
(SCFAs). This modulation of gut microbiota
can improve digestive and metabolic health.

[17,19]

Antimicrobial
Chlorogenic acid, caffeine,
theophylline, rutin, other
polyphenols, and alkaloids

These compounds disrupt microbial cell
membranes and inhibit the growth of both
Gram-positive and Gram-negative bacteria,
including foodborne pathogens like
Escherichia coli, Staphylococcus aureus, and
Bacillus cereus. The effect is often synergistic.

[14,20,28,29,33,34]

Hepatoprotective
Chlorogenic acid, caffeic acid,
other polyphenols, dietary
fiber

Compounds in cascara reduce liver enzymes
(ALT, AST) and improve liver steatosis by
reducing oxidative stress and liver
inflammation. This effect is partly mediated
by the gut-liver axis.

[18,35]

Skin Health/Anti-aging

Chlorogenic acid, caffeine,
theophylline, flavonoids
(rutin, quercetin),
proanthocyanidins

These compounds inhibit collagenase,
elastase, hyaluronidase, and
tyrosinase—enzymes that break down skin
structure and cause pigmentation. They also
protect skin cells (keratinocytes) from
pollution-induced oxidative damage (e.g.,
from PAHs).

[14,25]

Brain–Gut Axis and
General Safety

Polyphenols, dietary fiber,
caffeine

Cascara modulates the brain–gut axis by
reducing systemic inflammation and
oxidative stress, thereby positively affecting
mood and cognitive function through the
gut–brain connection. Safety studies confirm
no adverse effects on gastrointestinal motility
or behavior at relevant doses.

[17,21,22]

Table 2. Summary of bioactivities of coffee cherry pulp/husk according to evidence.

Bioactivity In Vitro Evidence Animal Model Evidence Clinical/Human Evidence

Antioxidant/redox
homeostasis

- Chlorogenic, protocatechuic, caffeic acids
quench ROS, chelate metals, activate
Nrf2/ARE (SOD, catalase, GPx) [20]

- Eight orthogonal assays (DPPH, ABTS,
FRAP, ORAC, HORAC, NORAC, SORAC,
SOAC) on whole coffee cherry extract
(WCCE) [20]

- HK-2 cells—cascara kombucha ↓
intracellular ROS ~41% and uric acid [16]

- HaCaT keratinocytes (PAH
model)—Soxhlet-extracted coffee cherry
pulp (CCS): DPPH 98.2 µM Trolox/g, strong
lipid peroxidation inhibition [25]

- HCHF-fed rats—coffee pulp
supplementation normalized
ALT/AST and lipid
peroxidation markers (indirect
evidence of reduced hepatic
oxidative stress) [35]

- Instant cascara attenuated
oxidative stress in
neural/colonic tissues
(mechanisms not dissected)
[21,22].

None—No direct measurement of
serum DPPH, FRAP, 8-isoprostane,
oxidized LDL, or Nrf2 pathway
markers in human trials [23,24]. BDNF
elevation is inferential [24]

Anti-inflammatory

- Chlorogenic acid (CGA) in LPS-stimulated
RAW 264.7 macrophages: decreases NO,
COX-2, iNOS; blocks IκB phosphorylation
→ prevents NF-κB p65 nuclear
translocation → decreases TNF-α, IL-6,
IL-1β.

- Cascara kombucha decreases NO formation
by 81–90% in LPS-induced RAW 264.7
macrophages [16]

- Methylxanthine synergy
(caffeine/theophylline) is plausible from
broader coffee literature [30,31] but not
directly tested with cascara compounds [22]

- Healthy Wistar rats—instant
cascara (3 weeks) altered colonic
mast cell density and substance
P expression (neuroimmune
modulation under basal
conditions, not disease model)
[22]

- HCHF rats—coffee pulp
normalized AST/ALT
(consistent with reduced hepatic
inflammation, but TNF-α/IL-6
not reported) [35].

None—No study measured plasma
CRP, IL-6, TNF-α, or any systemic
inflammatory biomarker in humans.
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Table 2. Cont.

Bioactivity In Vitro Evidence Animal Model Evidence Clinical/Human Evidence

Gut microbiota/prebiotic

- Cascara kombucha enhanced the growth of
lactic acid bacteria [18,19]

- Coffee by-products contain dietary fiber
(soluble/insoluble) that selectively
promotes Bifidobacterium and Lactobacillus
[17]

- SCFA production (butyrate, propionate,
acetate) is inferred from broader prebiotic
literature, not directly measured [17]

- HCHF-fed rats—coffee pulp
supplementation modulated
gut microbiome by 16S rRNA
amplicon sequencing; 14
physiological parameters
correlated with bacterial shifts
(specific genera
Bifidobacterium/Lactobacillus
but Akkermansia not described)
[35]

None—No human microbiome data

Cardiometabolic

- WCCE inhibited α-amylase (IC50 1.74
mg/mL) and α-glucosidase (IC50 2.42
mg/mL) [20]

- Cascara kombucha confirmed both enzyme
inhibitions [18]

- HCHF rats—coffee pulp (5%
freeze-dried, 8 weeks)
normalized systolic BP,
improved left ventricular
diastolic stiffness, decreased
plasma triglycerides and
NEFAs, improved glucose
tolerance, reduced ALT/AST
[35].

- Confirmed liver enzyme
normalization in high-fat diet
model [18]

None—No blood pressure, HbA1c,
fasting glucose, lipid panel, or liver
function tests were measured in the
cognitive human trials conducted
[23,24]

Cognitive/neurological

- Caffeine (A2A antagonism), CGA (NF-κB,
decrease tau phosphorylation,
mitochondrial ROS), and trigonelline
(dendritic spine density via nicotinic
receptors). Coffeeberry extract ↑ BDNF [30]

- Instant cascara modulated
colonic neural markers
(substance P, PGP9.5) and mast
cells
(sex-dependent)—brain–gut
axis relevant [22,32]

- Single 100 mg WCCE in older
adults with subjective cognitive
impairment and decreased
reaction time, fewer working
memory errors, increased
resting-state fMRI connectivity
(ACC to sensorimotor regions),
increased serum BDNF, ↑
glutamate/GABA ratio [24]

- Remote multi-week trial (200
mg CCE) in acute mode to
decrease working memory
omission errors, and sustained
accuracy. Only
human-validated cognitive
endpoints [23]

Antimicrobial

- Aqueous cascara extracts against all six
ESKAPE pathogens—MBC as low as 0.03
mg/mL (S. aureus, A. baumannii) and 0.26
mg/mL (P. aeruginosa). Artificial mixture of
four major compounds (caffeine,
trigonelline, CGA, protocatechuic acid) had
reduced efficacy → synergy of minor
constituents [34]

- Agar disk diffusion/MBC against S. aureus,
B. subtilis, other food pathogens [14,19,33]

None—No animal in vivo infection
model data.

None—No human clinical evidence for
antimicrobial effects.

Cosmeceutical/dermal

- Soxhlet-extracted coffee cherry pulp
(CCS)—highest total phenolics/flavonoids,
anti-radical activity, inhibited collagenase,
elastase, hyaluronidase, tyrosinase;
protected HaCaT cells from PAH toxicity
(increase antioxidant capacity) [25]

None—No animal dermal model
reported

None—No animal dermal model
reported

Abbreviations: ROS, reactive oxygen species; Nrf2/ARE, nuclear factor erythroid 2-related factor 2/antioxidant
response element; SOD, superoxide dismutase; GPx, glutathione peroxidase; WCCE, whole coffee cherry extract;
DPPH, 2,2-diphenyl-1-picrylhydrazyl; ABTS, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid); FRAP, ferric
reducing antioxidant power; ORAC, oxygen radical absorbance capacity; HORAC, hydroxyl radical absorbance
capacity; NORAC, peroxynitrite radical absorbance capacity; SORAC, superoxide radical absorbance capacity;
SOAC, singlet oxygen absorbance capacity; HK-2, human kidney proximal tubular cells; PAH, polycyclic aromatic
hydrocarbon; CCS, coffee cherry pulp; HCHF, high-carbohydrate/high-fat; ALT, alanine aminotransferase;
AST, aspartate aminotransferase; BDNF, brain-derived neurotrophic factor; LPS, lipopolysaccharide; COX-2,
cyclooxygenase-2; iNOS, inducible nitric oxide synthase; NF-κB, nuclear factor kappa B; TNF-α, tumor necrosis
factor alpha; IL, interleukin; SCFA, short-chain fatty acid; NEFA, non-esterified fatty acid; BP, blood pressure;
CGA, chlorogenic acid; MBC, minimum bactericidal concentration; ESKAPE, Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter species; ACC, anterior
cingulate cortex; MRS, magnetic resonance spectroscopy; ↓, decreased.

2.2. Bioprocessing Strategies for Functional Enhancement

Many studies have demonstrated that cellulolytic and pectinolytic enzymes effectively
enhance the extractability of polyphenols and reducing sugars from coffee by-products.
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Tran et al. [36] optimized a combined enzymatic treatment of coffee husks using cellulase
(400 U/g) and pectinase (600 U/g) at pH 4.0 and 50 ◦C for 60 min. Under optimal conditions,
the treatment released a total phenolic content (TPC) of 20.05 g GAE/100 g dry weight,
soluble solids of 60.6 g/100 g, and DPPH antioxidant activity of 1.5 mM TE/g. In a related
study, Arnthong et al. [37] developed a mutant strain of Aspergillus aculeatinus QN 247 with
enhanced production of pectinase and CMCase. Using a 10 L bioreactor, the strain achieved
pectinase and CMCase activities of 995.8 and 888.7 U/mL, respectively, yielding recoveries
of 9.0–31.7 mg GAE/g polyphenols and 166.7–208.3 mg/g glucose from coffee residues.

The combination of enzymatic pretreatment and fermentation was revealed to have
synergistic benefits. Huynh et al. [38] used coffee cascara as raw materials and applied
Celluclast® treatment (10 mg/g, 50 ◦C, 12 h), followed by fermentation with Lacticaseibacil-
lus paracasei C13 at 37 ◦C for 48 h. This sequential process markedly increased caffeic acid
levels, which were reported to be 12–18 times higher than those obtained under alternative
treatments, and resulted in a TPC of 29.56 mg GAE/g and antioxidant activity of 15.40 mg
AAE/g. Pothimoi et al. [39] further investigated the co-culture fermentation of Lactiplan-
tibacillus plantarum and Saccharomyces boulardii in coffee cherry pulp extracts, producing a
beverage with improved sensory attributes, antioxidant capacity, and potential non-toxic
antidiabetic properties. Pimpley and Murthy [40] compared several green extraction tech-
niques (enzyme-assisted extraction, steam-assisted extraction, and their combination). The
integrated enzyme-steam approach yielded the highest TPC (201 mg CGAE/g), flavonoid
content (328.6 mg QE/g), and ABTS/FRAP antioxidant values. Enzymatic treatments may
also help reduce undesirable compounds. Utami et al. [41] reported that bacterial enzymes
effectively reduced chlorogenic acid levels in cascara robusta coffee, thereby potentially
improving palatability (Table 3).

Table 3. A summary of the enzyme-assisted valorization of coffee by-products with several strategies.

Methods Key Active Ingredients Enhancement Key Conditions References

Enzymatic and Fermentation
Celluclast enzymatic
treatment and L. paracasei C13
fermentation

Chlorogenic acid,
protocatechuic acid,
caffeic acid

Caffeic acid: 12–18× higher vs. other
treatments; TPC: 29.56 mg GAE/g;
Antioxidant: 15.40 mg AAE/g

Celluclast (10 mg/g cascara, 1:10
w/v, 50 ◦C, 12 h) followed by L.
paracasei C13 (37 ◦C anaerobic, 48 h)

[38]

Combined Enzymes

Cellulase + Pectinase Polyphenols (TPC),
soluble solids

TPC: 20.05 g GAE/100 g; Soluble solids:
60.6 g/100 g; Antioxidant: 1.5 mM TE/g
(DPPH)

Cellulase (400 U/g), Pectinase (600
U/g), pH 4.0, 50 ◦C, 60 min [36]

Solid-State Fermentation (SSF)

Trichoderma asperellum SSF Chlorogenic acid,
quercetin, TPC, TFC

TPC: 191.48 mg GAE/g; TFC: 106.61 mg
QE/g (acetonic extract)

28 ± 1 ◦C, 7 days; solvent extraction
(water, ethanol, acetone) [42]

Saccharomyces cerevisiae
(chlorogenate esterase)

Chlorogenic acid, caffeic
acid Chlorogenic acid: 400% increase SSF on coffee wastes, extract with

chlorogenate esterase activity [43]

Enzyme-Assisted Extraction

Aspergillus aculeatinus QN-247
mutant enzymes Polyphenols, glucose Polyphenols: 9.0–31.7 mg GAE/g; Glucose:

166.7–208.3 mg/g

Pectinase (31% ↑), CMCase (120%
↑); 10 L bioreactor (pectinase: 995.8
U/mL, CMCase: 888.7 U/mL)

[37]

Enzyme-Assisted Extraction
(EA) + Steam (SA)

Chlorogenic acid,
flavonoids, alkaloids

TPC: 201 mg CGAE/g; Flavonoids: 328.6
mg QE/g; ABTS+: 46.14 mg TE/g; FRAP:
52.04 mg TE/g

Integrated EA and SA [40]

Microbial Fermentation
Bacillus subtilis fermentation
(UAE) Chlorogenic acid Chlorogenic acid: 14.86% (after

decaffeination) 6% B. subtilis, 24 h; UAE [41]

Note: Results are presented as reported in the original studies. Direct quantitative comparisons among studies
should be interpreted with caution because experimental conditions, analytical methods, and reporting units
varied across studies.

3. Fermentation for Bioactive Enhancement and Valorization of Coffee
Cherry By-Products

Controlled fermentation, when applied to coffee by-products, refers to the bioprocess
of selecting specialized strains and fine-tuning parameters to support microbial metabolism
toward maximum bioactivity. Several studies collectively demonstrate the ability to trans-
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form low-value coffee husks and pulp into functional extracts and beverages with markedly
elevated antioxidant capacity, specific phenolic acids, and microbial metabolites. Below,
the mechanisms and strategic controls through which controlled fermentation enhances
bioactivity are synthesized.

3.1. Targeted Biotransformation by Selected Fungi

Solid-state fermentation (SSF) with carefully selected filamentous fungi is a powerful
means of degrading lignocellulosic matrices that entrap phenolic compounds. Tricho-
derma asperellum NTY211 was shown to be especially effective on Coffea arabica cherry
husks, raising total phenolic content (TPC) to 191.48 mg GAE/g and total flavonoids to
106.61 mg QE/g in the extract, with concomitant increases in free chlorogenic acid and
quercetin [42]. Similarly, Penicillium purpurogenum produced cellulolytic and xylanolytic
enzymes that disintegrated the cell walls of coffee residue, releasing high-value phenolics
into the extract [44]. When coffee pulp served as the substrate for SSF, the process yielded
a liquid extract particularly rich in chlorogenic acids [43]. In these cases, the choice of
fungal isolate directly determines the enzyme cocktail and, consequently, the spectrum of
phenolics liberated.

3.2. Targeted Biotransformation by Selected Lactic Acid Bacteria and Yeasts

Controlled fermentation exploits the metabolic pathways of specific microorganisms
to convert phenolic esters and glycosides into more bioactive aglycones and low-molecular-
weight phenolics. Lactic acid bacteria (LAB) are an excellent choice for this role. Fermenta-
tion of coffee pulp with L. plantarum TISTR 543 enhanced total phenolic compounds (TPC)
and antioxidant activity and notably induced an accumulation of protocatechuic acid after
24 h of incubation [45]. When coffee cherry pulp was fermented with Lacticaseibacillus rham-
nosus GG, the concentration of caffeic acid more than doubled relative to the unfermented
control, reaching 1.51 µg/mL, while TPC and total flavonoids in the extract prior to fermen-
tation were extremely high (627.50 mg GAE/g and 1632.31 mg QE/g, respectively) [46].
Indigenous LAB from coffee pulp, under simultaneous aeration, produced a cascara bever-
age with 15% higher antioxidant activity than its spontaneously fermented counterpart and
30% higher than fresh pulp. Interestingly, special strain selection combined with bioprocess
control with aeration amplifies bioactivity and improves high-value compounds [47]. The
capacity of human intestinal Lactobacilli to ferment coffee pulp extract in milk further
underscored strain-dependent enhancement: the resulting fermented milk retained high
viable probiotic counts, increased total polyphenols and antioxidant capacity, and exhibited
antimicrobial activity [48].

Yeast-driven controlled fermentation is equally informative. After screening 12 native
aroma-producing yeasts from coffee wet fermentation, selected strains increased the pheno-
lic content and antioxidant capacity of cascara while also enriching the profile with higher
alcohols, esters, ketones, and organic acids, thereby creating a more complex and func-
tional beverage [49]. In kombucha-type fermentations, the precise assembly of microbial
consortia improved high value bioactive ingredients. A defined consortium comprising Sac-
charomyces cerevisiae, Komagataeibacter rhaeticus, and Levilactobacillus brevis produced cascara
kombucha with significantly higher total polyphenol and flavonoid levels than those of
traditional Scoby fermentation and enhanced radical-scavenging, enzyme-inhibitory, and
antimicrobial properties [50]. Water kefir grains, a naturally co-immobilized consortium of
lactobacilli, bifidobacteria, and yeasts, were optimized at an 8.58% grain concentration and
a 48 h fermentation to yield a probiotic cascara beverage with an extraordinarily high TPC
of 477.24 mg GAE/mL and an antioxidant activity of 65.53% [51]. These examples confirm
that selecting the biological catalyst is as critical as controlling the reaction conditions.
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3.3. Process Control Multiplies Microbial Efficacy

The impact of controlled fermentation is magnified when physical and chemical pa-
rameters are tightly controlled. Particle size of the coffee cherry substrate directly modulates
the extent of phenolic extraction during kombucha fermentation. Fine grinding of raw
material maximized TPC, total flavonoids, and FRAP values, and fermentation altered
the phenolic acid fingerprint, increasing vanillic acid in all kombucha samples [52]. The
fractionation before fermentation with L. rhamnosus GG pre-concentrated target phenolics,
allowing the subsequent microbial step to operate on a substrate enriched in esters by LAB
hydrolases [53]. Optimizing aeration for indigenous LAB fermentation modified the redox
environment, shortened processing time, and boosted antioxidant activities [47]. In solid-
state fermentation, the substrate type and the Trichoderma strain used strongly affected the
final amounts of chlorogenic acid and quercetin. [42]. Thus, controlled fermentation is not
only about the microorganism but also about the integrated design of the substrate type,
substrate preparation, incubation under optimal conditions, and strain performance.

Controlled fermentation emerges as a multifaceted strategy to enhance bioactivity
in coffee by-products, particularly cascara. The deliberate application of specific fungal
isolates penetrates cell walls, liberating bound phenolics. Selected LAB (L. plantarum,
L. rhamnosus, indigenous strains) and yeasts convert chlorogenic acids into more potent
molecules such as caffeic, protocatechuic, and vanillic acids, and produce new metabolite
profiles that synergistically elevate antioxidant and antimicrobial activities. When strain
selection is paired with optimized particle size, aeration, physical parameters, and defined
co-cultures (kombucha, water kefir, probiotic blends), the final extracts and beverages
consistently reach peak levels of phenolic content and bioactivity compared to unfermented
cascara. This controlled fermentation is a reproducible, targeted technology for upcycling
coffee waste into functional ingredients, providing clear mechanistic evidence for the inte-
gration of specialized microbial selection and bioprocess engineering, leading to phenolic
transformation and bioactivity enhancement (Table 4).

Table 4. Summarize the key bioprocesses and conditions for enhancing bioactive compounds in
coffee cherry through controlled fermentation.

Fermentation
Technology Substrate Scale Optimal Conditions

(Temp/Time/pH/Aeration)
Microbial
Strain(s)

Key Target
Compounds

Enhanced
Bioactivity
Outcomes

Critical
Limitations References

Solid-state (SSF) Coffee cherry
husks Lab 28 ◦C, 7 d, controlled initial pH,

static

Trichoderma
asperellum
CB-Pin-01 and
isolates NTY211,
PSUT001

Chlorogenic acid,
quercetin
(increased by
UHPLC-MS/MS)
with TPC: 191.48
mg GAE/g; TFC:
106.61 mg QE/g
(acetonic extract)

DPPH, ABTS, and
FRAP increased
(p < 0.05)

No scale-up; 7 d
only; fungal
strains, not GRAS
for food

[42]

SSF Coffee pulp Lab to pilot
(90 kg)

8 h, with 0.5% sulfite, no
ultrasound

Unspecified yeast
(not fully
characterized)

Chlorogenic acid
increased up to
400% (600 mg/kg
pulp)

chlorogenic
increase

Yeast strain not
identified; sulfite is
not food-grade
acceptable in many
countries

[43]

SSF Coffee husk and
pulp Lab Optimized moisture, pH, and

temperature via design
Penicillium
purpurogenum

Chlorogenic acid,
caffeic acid, rutin
(HPLC)

Radical absorbance
capacity increased

No quantification
of the magnitude
of the increase; no
pilot validation

[44]

Submerged (SmF) Coffee pulp Lab
Substrate:water:sugar ratio of
3:10:3 (w/v/w), 5% starter,
24–72 h, 37 ◦C (typical)

Lactobacillus
plantarum TISTR
543

Protocatechuic acid
and total phenolics
increased

DPPH, ABTS, and
FRAP increased

Short fermentation;
no storage stability [45]

SmF (coffee
extract) Coffee extract Lab Not fully specified, but cell

mass and acidity increase

Pediococcus
pentosaceus KNUT
0384,
Lacticaseibacillus
paracasei CJNU
1840,
Lactiplantibacillus
plantarum CJNU
0441

Chlorogenic acid
content increased,
caffeine decreased

Anti-Listeria, anti-S.
mutans,
antioxidant
increased (p < 0.05)

Fermented extract,
not whole pulp;
sensory, not
detailed

[46]

SmF with aeration
(4 m/s) Coffee pulp Lab 31.8 ◦C, 4.2 h, aeration 4 m/s

(optimized by RSM)

Indigenous
Leuconostoc
pseudomesenteroides
(isolated, not used
as starter in
optimum)

Total phenolics of
6.72% (dry basis)

Antioxidant
activity increases
27.6% (optimum
natural)

Isolated strain not
used in the final
optimized process;
temperature range
is narrow

[47]
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Table 4. Cont.

Fermentation
Technology Substrate Scale Optimal Conditions

(Temp/Time/pH/Aeration)
Microbial
Strain(s)

Key Target
Compounds

Enhanced
Bioactivity
Outcomes

Critical
Limitations References

SmF (in milk)
Milk with 20%
coffee cherry pulp
extract

Lab 37 ◦C (typical LAB)
Lactobacillus INIA
P495, INIA P708, L.
rhamnosus GG

Total polyphenols
increased

Antioxidant and
antimicrobial
activities increased,
and survival in
simulated GI
increased

Dairy matrix only;
no non-dairy
comparison; 20%
extract fixed

[48]

SmF Cascara (dried
coffee pulp) Lab Mixed culture, time (typical

yeast fermentation)

Wickerhamomyces
anomalus YN5 +
Kazachstania
humilis YN9 (native
coffee yeasts)

Total phenolics
increased 12.68%;
volatiles: linalool,
benzyl alcohol, and
acetophenone
increased

Antioxidant
increased 10.77%;
improved
floral-fruity aroma

Small phenolic
increase compared
to LAB/fungi; no
LAB comparison

[49]

Kombucha
(controlled mixed
culture)

Cascara Lab Defined consortium; time NR

Saccharomyces
cerevisiae +
Komagataeibacter
rhaeticus +
Lactobacillus brevis
(LAB
supplemented)

Total polyphenols
and flavonoids
increased (vs.
traditional SCOBY)

Free radical
scavenging,
α-amylase
inhibition,
tyrosinase
inhibition, and
antibacterial
activity increased

No direct
comparison to
traditional SCOBY
in the same study;
no sensory

[50]

SmF (water kefir) Cascara tea Lab 48 h, 8.58% grain concentration
(optimized by RSM)

Water kefir grains
(undefined mixed
LAB and yeast)

Total phenols
477.24 mg
GAE/mL

LAB 8.54 log
CFU/mL
IC50 : 173.66 ppm;
TPC: 477.24 mg
GAE/mL;
Antioxidant
increase upto
65.53%

Undefined
consortium—not
reproducible; no
individual strain
control

[51]

Kombucha
(traditional
SCOBY) + particle
size variation

Cascara (whole,
coarse, fine) Lab Fine grinding, fermentation

time (typical kombucha)

Traditional SCOBY
(undefined bacteria
+ yeast)

Vanillic acid,
apigenin, and
quercetin increased

Highest TPC
424.04 µg/mL,
FRAP 725.29
µg/mL, and
apigenin increase

SCOBY
composition not
characterized; no
pure culture
control

[52]

SmF (in MRS
broth)

Coffee cherry pulp
(CCP) Lab 10 d, 37 ◦C (typical LAB), in

MRS broth
Lactobacillus
rhamnosus GG

Caffeic acid
increased >2-fold
(from 0.75 to 1.51
µg/mL);
3-chlorogenic acid
increased

DPPH IC50 0.17
mg/mL (ethyl
acetate fraction)

Fermented in MRS
broth, not a real
food matrix; 10 d is
long

[53]

No fermentation—
in vitro digestion
only

Coffee pulp
aqueous extract Lab Simulated GI digestion (no

fermentation) Not applicable

After digestion:
decreased TPC of
7.9%, CGA of
31.7%, and caffeine
of 50.0%

Decreased DPPH
of 22.6%, and
FRAP of 12.4%;
inhibited E. coli
(150 mg/mL) and
S. aureus (200
mg/mL)

Not a fermentation
study; included as
baseline for
degradation

[54]

Note: Results are presented as reported in the original studies. Direct quantitative comparisons among studies
should be interpreted with caution because experimental conditions, analytical methods, and reporting units
varied across studies.

4. Applications
4.1. Production of Bioactive Ingredients from CCP
4.1.1. Bioactive Compounds Extraction

CCP consists of various phenolic compounds, including chlorogenic acids (CGAs), caf-
feic acid, protocatechuic acid, catechin, epicatechin, quercetin, and caffeine, which exhibit
bioactivities [54], making it an alternative feedstock for functional foods, nutraceuticals,
cosmetics, and pharmaceutical applications. Consequently, several studies reported ap-
proaches for extracting phenolic compounds CCP, such as conventional as well as emerging
extraction methodologies, including supercritical CO2 Extraction (scCO2), ultrasound-
assisted extraction (UAE), microwave-assisted extraction (MAE), deep eutectic solvents
(DES), and fermentation-assisted extraction.

Conventional Solid–Liquid Extraction (SLE)

Water-based SLE is the most accessible and food-safe approach to extract phenolic
compounds from CCP. The solid-to-liquid ratio is one of the factors that affect extraction
efficiency [54]. Extracted CCP at a 1:2 (w/v) ratio under room temperature conditions and
obtained extracts rich in total phenolic compounds (TPC), chlorogenic acid, caffeine, and
anthocyanins. Similarly, Magoni et al. [55] reported enhanced TPC recovery with a higher
solid-to-liquid ratio and extended extraction time. Extraction temperature strongly influ-
ences recovery efficiency. However, excessive heating may induce thermal degradation
of heat-sensitive compounds such as anthocyanins and chlorogenic acids. To improve
the extraction efficiency by SLE, the addition of ethanol as a co-solvent has been studied.

https://doi.org/10.3390/fermentation12070303

https://doi.org/10.3390/fermentation12070303


Fermentation 2026, 12, 303 12 of 26

Moderate ethanol concentrations (50–70%) generally provide optimal extraction efficiency
because water facilitates cell wall swelling while ethanol improves solvent penetration
and decreases viscosity [56,57]. Nevertheless, concerns regarding solvent toxicity, solvent
recovery, and energy consumption remain major limitations of conventional solvent ex-
traction. Deep eutectic solvents (DES) have emerged as a third-generation SLE option that
combines the high polarity and hydrogen-bonding characteristics of conventional solvents
with biodegradability and low toxicity. Loukri et al. [58] demonstrated that a choline chlo-
ride:glycerol (1:3) DES system outperforms methanol, ethanol, water, and β-cyclodextrin
in extracting caffeine from CCP. A subsequent comparison by Serna-Vázquez et al. [59],
employing a choline chloride:citric acid DES, showed that this alternative hydrogen-bond
donor system can produce an extract with stronger antioxidant inhibition despite lower
flavonoid content. These studies highlight that DES composition determines both yield
and compound-class selectivity. However, high viscosity and the technical complexity of
downstream purification limit the use of DES extraction in a large-scale deployment.

Emerging Green Extraction Technologies

Supercritical CO2 extraction (scCO2) enables tunable selectivity for individual com-
pounds by adjusting temperature, pressure, and co-solvent concentration, with the addi-
tional advantages of non-toxicity and easy solvent removal by simple depressurization.
A recent study applied the scCO2 technique to extract bioactive compounds from CCP
derived from various coffee varieties. The CCP extract showed biological activities [60].

Microwave-Assisted Extraction (MAE) utilizes dielectric heating to rapidly increase
intracellular pressure and rupture plant tissues. Kieu et al. [61] demonstrated that MAE
improved recovery of phenolics, flavonoids, chlorogenic acids, and caffeine while re-
ducing extraction time and solvent consumption. Nevertheless, microwave intensity
and extraction duration must be carefully controlled because overheating may degrade
sensitive phytochemicals.

Fermentation-Assisted Extraction has emerged as a biological extraction strategy that
enhances the release of phenolics through microbial enzymatic hydrolysis. Myo et al. [45]
demonstrated that fermentation with Lactiplantibacillus plantarum increased TPC and an-
tioxidant activity during early fermentation stages. Similarly, Chomphoosee et al. [33]
observed substantial increases in chlorogenic acids, caffeine, and antioxidant capacity fol-
lowing kefir grain fermentation. Microbial enzymes facilitate the degradation of cell-wall
polysaccharides and the release of bound phenolics. However, prolonged fermentation
may degrade flavonoids and carotenoids through microbial metabolism.

4.1.2. Pectic Oligosaccharide (POS) Production

POS are generated by controlled enzymatic or mild chemical depolymerization of
pectin into oligogalacturonides and branched oligosaccharides of varying degrees of poly-
merization (DP). The RG-I arabinan and galactan side chains identified in CCP pectin
provide not only the substrate for endo-arabinase and endo-galactanase-catalyzed hydroly-
sis but also define the specific prebiotic oligosaccharide structures that will be produced.
These indicate a direct connection between pectin structural characterization and POS
biological function. Indigenous Rhizopus pectinase isolates from CCP have been used to
produce oligosaccharides from both commercial and CCP-derived pectin, with prebiotic
activity confirmed in vitro by selective stimulation of probiotic bacteria, resulting in a pre-
biotic index comparable to that of fructooligosaccharides under the tested conditions [62].

Alencar et al. [63] demonstrate that emerging extraction and hydrolysis technolo-
gies, including UAE, MAE, and natural deep eutectic solvents, improve POS yield and
structural diversity when combined with enzymatic hydrolysis, enabling tailored degree-
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of-polymerization distributions that selectively promote Lactobacillus and Bifidobacterium
species, enhance short-chain fatty acid production, and exert immunomodulatory and
anti-inflammatory activities in gut models. The prebiotic index of POS derived from CCP
pectin is broadly comparable to FOS, with selectivity depending on DP distribution and
RG-I side chain composition—structural parameters that can, in principle, be tuned through
choice of enzyme and hydrolysis conditions, pointing toward the possibility of designer
prebiotics tailored from CCP pectin.

4.1.3. Integrated Zero-Waste Cascade Strategy

The convergence of evidence from the phenolic and pectin extraction literature points
toward a cascade biorefinery strategy for CCP that recovers both compound classes in
complementary sequential steps rather than competing single-objective processes. The
recommended integrated framework starts with an optional biological pre-treatment: solid-
state fermentation of CCP with Aspergillus species to enhance TPC and simultaneously
enzymatically depolymerize the pectic matrix. So, this approach can reduce the energy
required for subsequent pectin extraction without the use of a solvent. The core extraction
step is MAE with diluted food-grade acid (2% acetic acid, 120 ◦C, 300 W, 10 min), which
simultaneously releases phenolics and pectin as antioxidant phenolic-pectic conjugates.
After pectin separation, the phenolic-rich aqueous fraction is retained for functional food
and nutraceutical applications, while the pectin-rich fraction is subsequently hydrolyzed
by pectinases to produce POS with a targeted DP distribution. Prebiotic activity is tested
against Lactobacillus and Bifidobacterium. The lignocellulosic residue remaining after pectin
extraction can be valorized as a substrate for biogas production, or as a filler in biodegrad-
able films, completing the closed biomass loop.

For applications requiring higher selectivity in the phenolic fraction, such as
pharmaceutical-grade caffeine enrichment or protocatechuic acid-enriched nutraceuticals,
scCO2 with DoE-optimized ethanol content delivers fivefold caffeine enrichment over
aqueous extraction and superior cellular antioxidant activity per gram of extract. The
partial polysaccharide recovery observed at intermediate ethanol concentrations in scCO2

extraction [60] further raises the possibility of a sequential scCO2 cascade that first recovers
polysaccharides at 30–40% ethanol, then switches to 50% ethanol for phenolic enrichment, a
strategy that has not yet been demonstrated for CCP but is technically feasible with existing
equipment and would represent a significant advance in extract-level fractionation.

In terms of future research priorities, five directions emerge as most critical. RSM
optimization of MAE acetic acid extraction, combining pectin yield, DE, galacturonic acid
content, and phenolic concentration as simultaneous response variables, would directly
fill the gap between proof-of-concept and scalable integrated process design. Structural
characterization of phenolic-pectin conjugates using Nuclear Magnetic Resonance (NMR),
enzyme-specific hydrolysis, and mass spectrometry would predict bio-accessibility. Pilot-
scale techno-economic analysis comparing MAE-integrated extraction with conventional
sequential SLE combined with acid pectin extraction would establish the energy, solvent,
and capital cost landscape for industrial decision-making. In vitro gut fermentation models
using characterized prebiotic panels and ex vivo human microbiome communities would
provide the mechanistic evidence of gut health needed to support POS health claims.
Finally, well-designed human clinical trials assessing glycemic, lipid, anti-inflammatory,
or microbiome endpoints of CCP functional ingredients are essential to connect the gap
between abundant in vitro evidence and regulatory-level health-claim substantiation, as
the EFSA framework for novel CCP-derived food ingredients continues to evolve.
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4.2. Functional Food and Beverage Applications from CCP
4.2.1. Impact of Fermentation on Phenolic Composition and Antioxidant Activity

Fermentation significantly influences the phenolic profile and antioxidant potential
of coffee cherry-based beverages. Microbial enzymatic activities, including esterases and
glycosidases, play a central role in releasing bound phenolic compounds from plant cell
wall matrices, thereby increasing their solubility and bioavailability [49,64].

In cascara-based kombucha systems, fermentation has been reported to increase total
phenolic content by approximately 20–27%, with a notable enrichment of key compounds
such as 5-caffeoylquinic acid (5-CQA), gallic acid, and caffeic acid [65]. These changes
reflect both the liberation of existing compounds and the formation of new metabolites
through microbial transformation pathways.

Moreover, co-culture fermentation systems have demonstrated superior performance
over single-culture processes [66]. For example, fermentation of coffee cherry pulp using L.
plantarum and Saccharomyces boulardii resulted in a 19% increase in total phenolic content
and a 26% increase in antioxidant activity (DPPH assay), indicating synergistic interactions
between bacterial and yeast metabolism [67].

Despite these improvements, antioxidant outcomes are not always directly pro-
portional to increases in phenolics, as they depend on compound composition, assay
type, and fermentation conditions. Therefore, a mechanistic understanding of pheno-
lic transformation is essential for optimizing fermentation processes and maximizing
functional outcomes.

4.2.2. Microbial Biotransformation and Metabolic Mechanisms

The functional enhancement observed in fermented coffee cherry beverages is largely
driven by microbial biotransformation processes. During fermentation, microorganisms
secrete enzymes that degrade plant structural components, facilitating the release of bound
phenolics and generating new bioactive compounds [49,68]. LAB, particularly L. plantarum,
contributes through esterase-mediated hydrolysis of chlorogenic acid into caffeic acid and
quinic acid, which exhibit higher antioxidant activity. Concurrently, yeast strains such
as S. boulardii produce β-glucosidase, thereby cleaving glycosidic bonds and releasing
phenolic aglycones.

In co-culture systems, these metabolic pathways operate synergistically, leading to
enhanced metabolite diversity. Advanced metabolomic analyses have revealed the forma-
tion of complex bioactive compounds, including dicaffeoylquinic acids, organic acids, and
amino acid derivatives, which are associated with improved biological activities [67].

Additionally, fermentation leads to the accumulation of organic acids, including lactic
acid, acetic acid, and glucuronic acid, which contribute to both product preservation and
physiological functionality. These compounds are known to play roles in detoxification,
antioxidant defense, and metabolic regulation [65].

Recent advances in metabolomic profiling provide critical insights into how fermentation-
driven compositional changes in coffee cherry pulp can be mechanistically linked to biological
functionality and potential health outcomes. Rather than being viewed as isolated increases in
total phenolic content, these changes reflect a coordinated microbial biotransformation process
that reshapes the chemical landscape of the substrate and drives functional responses [47].

From a compositional perspective, fermentation of coffee cherry pulp has been shown
to enrich and diversify bioactive metabolites, including chlorogenic acid derivatives (e.g.,
caffeic acid, dicaffeoylquinic acids), organic acids (e.g., lactic acid, acetic acid, quinic acid),
and amino acid-derived compounds [65,67]. Importantly, some of these compounds are
either newly formed or significantly upregulated during fermentation, indicating active
metabolic conversion rather than simple extraction effects.
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These metabolite-level changes can be directly linked to specific microbial enzymatic
activities. For instance, esterase-mediated hydrolysis of chlorogenic acids yields caffeic acid
and quinic acid, which exhibit higher antioxidant and enzyme-inhibitory activities. Simi-
larly, β-glucosidase activity contributes to the release of phenolic aglycones, thereby enhanc-
ing their bioavailability. In co-culture systems, metabolic cross-feeding between lactic acid
bacteria and yeast further amplifies these transformations, resulting in a broader spectrum
of functional metabolites, including dicaffeoylquinic acids and phenolic esters [33,39,67].

In addition, the accumulation of organic acids during fermentation not only con-
tributes to product stability but also plays a functional role in modulating microbial ecology
and host-related physiological responses. For example, acetic acid and lactic acid are known
to influence gut microbial balance and metabolic signaling pathways, while glucuronic
acid has been associated with detoxification processes [65].

These mechanistic transformations at the molecular level translate into measurable
biological effects. Enhanced phenolic availability and metabolite diversity have been
associated with improved antioxidant activity, inhibition of carbohydrate-hydrolyzing
enzymes (α-amylase and α-glucosidase), and modulation of lipid metabolism. For instance,
fermented coffee cherry extracts have demonstrated increased inhibitory activity against
these enzymes, suggesting a potential role in glycemic regulation [39].

Similarly, digestion-based and cell culture studies indicate that these transformed
metabolites retain biological activity after gastrointestinal processing. Coffee pulp-derived
compounds have been shown to reduce micellar cholesterol solubility, bind bile acids, and
inhibit key enzymes involved in lipid metabolism, including lipase and HMG-CoA reduc-
tase, while also attenuating intracellular lipid accumulation in HepG2 cells [2]. These effects
provide mechanistic support for the potential role of fermented coffee cherry products in
managing dyslipidemia and metabolic disorders.

Furthermore, certain phenolic-rich fractions have demonstrated anti-inflammatory
activity by reducing pro-inflammatory mediators such as IL-8 in gastric epithelial models,
suggesting an additional pathway linking metabolite transformation to host physiological
responses [55].

Taken together, these findings support a causal framework in which microbial fermen-
tation induces targeted metabolite transformations. These transformations are mediated by
specific enzymatic and metabolic pathways, ultimately leading to the formation of bioactive
metabolites that exert measurable biological effects relevant to human health.

However, it is important to emphasize that while this mechanistic chain is supported
by consistent in vitro and cell-based evidence, its translation into clinical outcomes has yet
to be fully established. Future research should therefore focus on validating these path-
ways in human studies, particularly by linking metabolite bioavailability to physiological
endpoints such as glycemic response, lipid metabolism, and inflammatory status.

4.2.3. Biological Activities of Fermented Coffee Cherry Beverages

The compositional changes induced by fermentation are closely associated with en-
hanced biological activities. Antioxidant activity remains the most widely reported func-
tion; however, emerging evidence indicates that fermented coffee cherry products exhibit a
broader range of bioactivities.

Fermented cascara beverages have demonstrated antimicrobial activity against various
foodborne pathogens, including Salmonella spp., E. coli, and S. aureus, primarily in in vitro
antimicrobial assays [14]. These effects are largely attributed to the combined action of
organic acids, phenolic compounds, and fermentation-derived metabolites.

In addition, fermentation has been shown to enhance inhibitory activity against
carbohydrate-hydrolyzing enzymes. Co-culture fermented coffee cherry extracts exhibited
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improved inhibition of α-amylase and α-glucosidase, suggesting potential applications in
glycemic control and metabolic health [67,69].

Anti-inflammatory activity has also been reported. Coffee pulp extracts were shown
to significantly reduce IL-8 secretion in human gastric epithelial cell models, indicating
their potential anti-inflammatory activity at the cellular level [55].

Collectively, these findings demonstrate that fermentation enhances not only the
chemical composition but also the biological functionality of coffee cherry-based beverages,
supporting their classification as functional foods.

4.2.4. Health Implications, Clinical Relevance, and Future Perspectives

The available evidence supporting the health-related effects of coffee cherry-derived
beverages spans multiple levels, including in vitro assays, simulated gastrointestinal diges-
tion models, cell culture studies, limited animal experiments, and a small number of human
intervention studies. However, most of the currently available evidence remains preclinical,
and the strength of evidence varies substantially across reported health outcomes.

Beyond in vitro bioactivity, several studies have explored the potential health implica-
tions of coffee cherry-derived products in biological systems. Simulated digestion studies
have shown that coffee pulp extracts retain their functional properties after gastrointestinal
processing, including the ability to reduce micellar cholesterol solubility, bind bile acids,
and inhibit enzymes involved in lipid metabolism [2].

Furthermore, in HepG2 cell models, coffee pulp extracts reduced intracellular lipid
accumulation induced by fatty acids, suggesting a potential role in preventing metabolic
disorders such as dyslipidemia and non-alcoholic fatty liver disease [2]. These effects are
likely mediated by phenolic compounds, dietary fiber, and their metabolites.

Fermented beverage systems may further enhance these health-related effects by pro-
ducing additional bioactive compounds, including organic acids, vitamins, and microbial
metabolites with antioxidant, anti-inflammatory, and detoxification functions [64,65].

However, despite these promising findings, the current body of evidence remains
largely limited to in vitro studies, simulated digestion models, and cell-based assays.
Clinical evidence supporting the health benefits of fermented coffee cherry beverages is still
scarce, and important aspects such as bioavailability, effective dosage, and long-term safety
remain unclear [55,65]. Although several studies have reported beneficial physiological
effects of coffee cherry-derived products, most human studies have evaluated whole coffee
cherry extracts rather than fermented coffee cherry beverages, highlighting an important
research gap in clinical validation.

Therefore, future research should focus on well-designed human intervention stud-
ies, alongside advanced metabolomic and bioavailability analyses, to establish stronger
evidence for the role of fermented coffee cherry beverages as functional foods within a
clinical context.

4.3. Biopolymer Production from CCP
4.3.1. PHA as Sustainable Biopolymers and Production Constraints

Polyhydroxyalkanoates (PHAs) are biopolyesters synthesized intracellularly by nu-
merous microorganisms as carbon and energy storage compounds under nutrient-limited
conditions when carbon is in excess [70]. Due to their thermoplastic properties, biodegrad-
ability, and potential to replace petroleum-based plastics, PHAs have attracted considerable
attention as sustainable biomaterials in packaging, agriculture, and biomedical applica-
tions [71]. However, their large-scale commercialization remains constrained by high
production costs, particularly those associated with carbon substrates. Consequently, the
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use of low-cost and renewable feedstocks, especially agro-industrial residues, has emerged
as a key strategy to improve the economic feasibility of PHA production [72,73].

4.3.2. CCP as a Lignocellulosic Feedstock and Its Processing for PHA Production

CCP is a lignocellulosic biomass rich in cellulose, hemicellulose, and soluble sugars,
making it an attractive and low-cost substrate for microbial bioprocesses, including PHA
production [74,75]. Its abundance and carbohydrate-rich composition support its potential
as a renewable carbon source for biopolymer synthesis.

However, efficient utilization of CCP for PHA production requires appropriate pre-
treatment and hydrolysis to convert structural polysaccharides into fermentable sugars.
Common approaches include alkaline pretreatment followed by enzymatic saccharification,
which yields a mixture of hexoses and pentoses, such as glucose, sucrose, xylose, and arabi-
nose [26]. These sugars can subsequently be utilized by PHA-producing microorganisms
as carbon substrates.

Despite these advantages, pretreatment processes may also generate inhibitory com-
pounds, including furfural, hydroxymethylfurfural (HMF), and phenolic derivatives, which
can negatively affect microbial growth and PHA biosynthesis [76]. Therefore, optimizing
pretreatment conditions to maximize sugar recovery while minimizing inhibitor formation
remains a critical step in the effective valorization of CCP for biopolymer production.

4.3.3. Microbial Conversion of Coffee Residues to PHA

Although the direct application of CCP hydrolysate for PHA production has not
been extensively explored, several studies have demonstrated the feasibility of converting
coffee-derived residues, such as spent coffee grounds, into PHA using various bacterial
strains. For example, Halomonas halophila, Bacillus megaterium, and Bukholderia cepacia
have shown the ability to accumulate PHA from lignocellulosic hydrolysates, although
substrate inhibition and inefficient pentose utilization remain key limitations [77–79]. These
challenges highlight the need for robust microbial platforms capable of utilizing mixed
sugars and tolerating inhibitory compounds.

Process optimization remains a key factor in improving PHA yields from CCP-based
substrates. Parameters such as carbon-to-nitrogen (C/N) ratio, pH, temperature, aeration,
and agitation significantly influence both cell growth and intracellular PHA accumulation.
Typically, nitrogen-limited conditions with excess carbon promote PHA storage. Advanced
fermentation strategies, including fed-batch and two-stage cultivation systems, have been
widely employed to enhance productivity and polymer content [80,81].

4.3.4. Sustainability and Future Challenges

From a sustainability perspective, the conversion of CCP into biodegradable PHAs
supports the transition toward a circular bioeconomy by transforming agricultural waste
into high-value biopolymers. This approach not only mitigates environmental issues asso-
ciated with coffee waste disposal but also helps reduce dependence on fossil-based plastics.
However, several challenges remain, including variability in feedstock composition, the
need for efficient and low-cost pretreatment processes, and the scalability of fermentation
systems. Future research should focus on integrating CCP-based biorefineries with existing
coffee-processing industries and on developing robust microbial strains.

4.4. Application of CCP as Animal Feed and Feed Additives

Due to its rich composition of carbohydrates, dietary fiber, and phenolic com-
pounds, CCP has gained increasing attention as a potential functional ingredient in animal
feed [3,26,82]. These compositional attributes support its application not only as a low-cost
feed ingredient but also as a functional feed component with potential health-promoting
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effects, including antioxidant and gut-modulating properties [83–85]. To provide a clearer
presentation of the available evidence, studies on CCP utilization in animal nutrition are
discussed based on findings from simulated digestion, in vitro investigations, and animal
feeding trials, where applicable.

Accordingly, CCP has been explored in multiple forms within animal feeding systems,
including direct use as a raw feed ingredient, conversion into fermented biomass to improve
nutritional value and digestibility, and utilization as a source of bioactive compounds for
functional feed additives. However, the direct application of CCP remains constrained
by anti-nutritional factors, low digestibility, and compositional variability arising from
differences in coffee species, cultivation conditions, and processing methods, which may
limit nutrient utilization and feeding efficiency [3,75,83,85–87].

4.4.1. Direct Use of CCP in Animal Feed: Potential and Limitations

Animal feeding studies have evaluated CCP as a direct feed ingredient, particularly
in ruminants and aquaculture species. In ruminants, CCP can be efficiently utilized due
to the rumen microbial ecosystem, which enables the degradation of fibrous components
and allows partial replacement of conventional feed ingredients without adverse effects
on animal performance [84]. In aquaculture, CCP has been incorporated into tilapia diets,
where inclusion levels below approximately 20% maintained acceptable growth perfor-
mance, whereas higher levels reduced feeding efficiency due to limited digestibility [88].
These findings suggest that CCP may serve as a low-cost feed ingredient, although several
challenges still limit its broader application.

Despite these advantages, the direct application of CCP in animal feeding is con-
strained by several factors. The presence of anti-nutritional compounds, particularly
caffeine and tannins, reduces feed palatability and nutrient utilization. Tannins form com-
plexes with proteins and digestive enzymes, thereby limiting protein digestibility and
nutrient availability, while caffeine may disrupt metabolic processes and induce stress
responses in animals [3,75]. In addition, the high lignocellulosic content of CCP limits
its digestibility, especially in monogastric animals, thereby reducing feed efficiency and
nutritional value [89]. Furthermore, variability in CCP composition due to differences
in coffee species, geographical origin, and processing methods further complicates its
application as a consistent feed ingredient [3,26].

4.4.2. Fermented CCP as a Functional Feed Additive

To overcome these limitations, microbial fermentation has been widely applied to
improve the nutritional and functional properties of CCP. Fermentation reduces anti-
nutritional compounds, partially degrades lignocellulosic structures, and enhances protein
content through microbial biomass enrichment [75,89]. Compared with raw CCP, fermented
CCP has been reported to exhibit improved digestibility and feeding value, particularly in
monogastric animals [89].

Notably, in vitro studies have demonstrated that fermentation using the pectinolytic
yeast Kluyveromyces marxianus enhances enzymatic activity and promotes the release of
bioactive compounds. Chaiyaso et al. [75] reported that fermented CCP showed signifi-
cantly increased peptide release (~66%) and enhanced antioxidant activity (DPPH, ABTS,
and FRAP), indicating improved digestibility and functional properties.

Furthermore, in animal feeding trials, dietary supplementation with fermented CCP
improved growth performance, feed efficiency, meat quality, and gut microbiota compo-
sition in poultry [89]. These findings suggest that fermented CCP may function as both
a nutritional enhancer and a gut-health modulator, supporting its use as a functional
feed ingredient.
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4.4.3. CCP-Derived Bioactive Compounds as Feed Additives

CCP-derived phenolic compounds have been studied as functional feed additives.
CCP contains a variety of bioactive molecules, including chlorogenic acids, flavonoids,
and other polyphenols, which exhibit antioxidant, antimicrobial, and anti-inflammatory
properties [85,87]. These compounds have attracted considerable attention as natural
modulators of physiological and metabolic functions in animals, with potential benefits for
health and performance.

In vitro studies have suggested that phenolic compounds can scavenge reactive oxygen
species (ROS) and reduce oxidative stress. By maintaining redox balance, these bioactive
compounds may help protect cells and tissues from oxidative damage. In addition, certain
phenolics have been reported to exert antimicrobial effects by disrupting microbial cell
membranes or inhibiting key metabolic pathways, thereby contributing to a more balanced
gut microbiota [87].

In animal feeding trials, supplementation with CCP extracts has been shown to im-
prove growth performance, enhance immune responses, and promote gut health, par-
ticularly in poultry systems [56,85]. These improvements may be linked not only to
the antioxidant capacity of phenolic compounds but also to their ability to modulate in-
testinal microbial populations, enhance nutrient absorption, and reduce inflammatory
responses in the gastrointestinal tract. Moreover, the use of such plant-derived bioactive
compounds is increasingly considered a promising alternative to antibiotic growth pro-
moters in animal production systems, aligning with current trends toward sustainable and
antibiotic-free production.

Despite these promising results, several challenges remain. Most studies have been
conducted at the laboratory scale, and large-scale validation remains limited, constraining
the practical application of CCP in animal feeding systems. In addition, variability in
CCP composition, influenced by factors such as coffee variety and processing methods,
may affect fermentation efficiency and product consistency. Moreover, the mechanisms
underlying the beneficial effects of CCP, particularly its interactions with the gut micro-
biota, remain insufficiently understood. A more comprehensive understanding of these
interactions is essential for optimizing their functional applications. Therefore, advanced
analytical approaches, including metagenomics and metabolomics, are required to provide
deeper insights into the structure–function relationships of CCP-derived products and their
impact on animal health and performance.

5. Integrated Biorefinery Concept: Challenges and Future Perspectives
5.1. Challenges

Despite CCP’s potential as an integrated biorefinery platform, several challenges
remain to be addressed to enable the practical implementation of CCP valorization via
controlled fermentation. First, the variability of the feedstock and its complex composition
influence the fermentation process, product yield, and efficiency. Variations in coffee plant
species, cultivation conditions, and drying methods require effective quality control and
collaboration among all stakeholders across the coffee supply chain, as these variations can
lead to inconsistent fermentation and product quality [90]. Second, technical complexity is a
crucial barrier to implementing controlled fermentation. Unlike conventional fermentation,
the process demands strict operational control, specialized reactor design, and the use of
engineered or novel microbial strains. These requirements increase both the overall process
costs and technical requirements [91]. In most studies, no attempts were made to scale up
the process or to perform economic analysis of it, and further studies are needed to properly
address these issues [49]. Third, process integration systems remain significant challenges,
as effective strategies for pretreatment, fermentation, and downstream processing are
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required to co-produce value-added products while maintaining optimal product yield
and minimizing undesired by-products. For instance, while metabolites such as acetic acid
and lactic acid can support gut microbial balance, their accumulation during fermentation
can negatively affect sensory quality and consumer acceptance in food [49]. These can
be barriers to market entry and commercialization. Excessive concentrations of tannin
and caffeine pose safety concerns and limit the use of animal feed. These challenges
underscore the necessity for precise control of metabolite profiles through integrated
design and strategies. Fourth, CCP-derived products and their infusions are classified as
novel foods and must comply with strict European Union regulations [90]. In addition,
bioprocess-derived products require separate regulatory approval before commercialization.
Safety assessments are necessary for customer acceptance, especially when products are
derived from genetically modified organisms (GMOs) or engineered microbes [9]. Finally,
comprehensive techno-economic analysis (TEA) and life cycle assessment (LCA), along with
longer-term clinical trials to assess the effectiveness of CCP’s fermented products for human
health, remain insufficient to support safe and evidence-based commercialization [91].

5.2. Future Perspectives

Further research is warranted in establishing standardized characterization proto-
cols and quality specifications for CCP intended for bioprocess applications. Advanced
integrated bioprocessing, particularly in sustainable pretreatment methods, the strategic
application of microbial systems, and the development of novel Generally Recognized as
Safe (GRAS) strains capable of producing multiple bioactive compounds with tolerance to
fermentation inhibitors, are also recommended. Such advancements should also aim to
improve yields of bioactive compounds and enhance sensory quality, safety, and consumer
acceptance [92]. Strain development is an essential part of fermentation technology. Recent
advances in omics technologies, including genomics, transcriptomics, proteomics, and
metabolomics, together with synthetic biology, have markedly advanced the understanding
of metabolic pathways. These developments facilitate the identification of metabolic bottle-
necks in wild strains and support rational strain modification, such as targeted mutagenesis,
to generate microbes that can resist fermentation inhibitors and synthesize specific precur-
sors or bioactive compounds [93]. Future research should focus on multi-product produc-
tion pathways that extract bioactive compounds for food and pharmaceutical applications
and then use the remaining biomass to produce controlled-fermentation biopolymers,
animal feed, or other products. This integrated approach maximizes the recovery of value-
added products from CCP, supporting economic and environmental sustainability [94].
Fermentation design and process optimization are also crucial for exerting the production
performance of engineered strains. The use of artificial intelligence (AI) presents new
opportunities to develop novel functional ingredients with high product yield. Machine
learning algorithms and fermentation technology enable more efficient, predictable control
of bioprocess parameters, reducing experimental time and potentially lowering costs [92].
Future research should use multi-factor datasets starting from systematic screening of
diverse microbial strains, including Saccharomyces cerevisiae, non-Saccharomyces wild
yeasts, lactic acid bacteria, acetic acid bacteria, and other microbial consortia across multiple
fermentation parameters for chlorogenic acid biotransformation, phenolic profile modu-
lation, total polyphenol content, and production of desirable aroma-active compounds.
Advanced algorithms such as random forests, artificial neural networks, or reinforcement
learning can then identify precise combinations for targeted sensory compounds. These can
facilitate the transition of targeted biochemicals from laboratory-scale studies to scalable
valorization of coffee cherry cascara into functional products [95–97]. Despite the promising
valorization of coffee cascara, integrated Technoeconomic Analysis (TEA) and Life Cycle
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Assessment (LCA) in future studies are necessary to ensure the economic feasibility and
environmental sustainability of the proposed bioprocess development and to support the
large-scale industrial implementation of CCP-based bioprocesses [98]. Specifically, future
LCA studies should focus on scaling up advanced bioreactors and synthetic biology inter-
ventions, ensuring that the high energy input required for integrated biorefinery, controlled
fermentation, and downstream purification does not negate the carbon mitigation benefits
of upcycling cascara. Parallel TEA frameworks must quantify the capital and operational
expenditures of these advanced systems.

6. Conclusions
While coffee cherry pulp (CCP) is an underutilized by-product of coffee production, its

high concentrations of phenolics and alkaloids position it as a promising feedstock for the
production of bioactive compounds. This review highlights that CCP is not merely a waste
to be managed but a valuable resource for producing high-value functional ingredients
in food, nutraceuticals, animal feed, and biopolymers. Microbial fermentation has been
shown to improve both the nutritional composition and sensory properties of cascara and to
increase antioxidant activity and phenolic content, thereby contributing to potential health
benefits, such as anti-inflammatory, anti-aging, and antimicrobial effects. Microbial fer-
mentation further transforms this biomass into high-fiber, protein-rich feed that improves
animal gastrointestinal health. The production of biopolymers and biomaterials further
highlights its role in sustainable bioprocessing within the coffee industry. However, future
research should focus on optimizing controlled fermentation to enable targeted product
formation and on developing integrated biorefinery strategies. These efforts will enable the
co-production of multiple high-value products and ensure economic feasibility and scalabil-
ity. Strengthening the mechanistic understanding of bioactive compound transformations
and validating health effects in vivo and in human studies remains essential. Overall, the
development of integrated CCP biorefineries represents an essential step toward a circular
bioeconomy, transforming CCP waste into highly valuable bioactive resources.
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