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(I) Introduction: Background on caffeine

Caffeine (1,3,7-trimethylxanthine), a purine alkaloid, is a white crystalline powder with a 

molar mass of 194.19 g/mol and a log P of about −0.07. It is moderately soluble in 

H₂O and classified as hydrophilic. It occurs naturally in coffee beans (Coffea arabica) 

and tea leaves (Camellia sinensis).

Mechanism of action (Figure 1):

• Non-selective adenosine receptor antagonist (A1, A2A, A2B).

• It boosts the secretion of dopamine and norepinephrine, amplifying the 

stimulation of the CNS.

• It acts as a phosphodiesterase (PDE) inhibitor, elevating intracellular cAMP and 

promoting lipolysis and thermogenesis.

• It modulates intracellular Ca²⁺ via the inositol triphosphate receptor (IP₃R), thereby 

influencing neurotransmission.

• Biological activity:

→ Stimulatory and cognitive-enhancing effects

→ Metabolic support

→ Antioxidant effects

→ Neuroprotective effects via metabolites

Limitations of conventional caffeine delivery

• Pharmacokinetics: rapid gastrointestinal absorption, metabolized in

• the liver via the isoenzyme CYP1A2, half-life ≈ 3–7 h.

• Bioavailability: short-lived plasma levels, rapid peaks and declines → 

inconsistent energy effects.

• Adverse effects: tachycardia, insomnia, anxiety, gastrointestinal discomfort.

• Variability: age, genetics, sex, body mass, habitual intake influence tolerance.

Materials science

Increase bioavailability, stability, and controlled release through encapsulation with 

nano-/microcarriers.

Nanomaterial-Based encapsulation

It preserves caffeine from acidic gastric breakdown, allows for targeted intestinal 

release, stabilizes plasma concentrations, prolongs the stimulatory effects, and 

mitigates acute pharmacological spikes and systemic side effects.

Influence of the liquid matrix

• Macro-/micronutrients in functional drinks influence:

→ Nanocarrier physicochemical stability

→ Release kinetics (diffusion, dissolution, degradation)

→ Caffeine bioaccessibility (interaction with proteins, polysaccharides, lipids)

• Matrix–nanocarrier interactions are critical for predictive formulation design

Benefits and consumer implications

• Pharmacological: sustained release, improved safety, minimized side effects.

• Sensory: reduced bitterness and astringency via taste receptor modulation.

• I+D+i: promotes the next generation of functional drinks with optimized. 

bioefficacy, sensory profile, and consumer appeal.

Figure 1 | Major mechanisms of caffeine within the central nervous system (CNS): adenosine receptor 

antagonism (mainly A1R and A2aR), phosphodiesterase inhibition, and intracellular calcium mobilization. 

Through these actions, caffeine influences neuronal activity, oligodendrocyte maturation, microglial activation, and 

neurotransmitter release. Abbreviations: A1R, A2aR, A2bR, A3R – adenosine receptors, AC – adenylate 

cyclase; AMP – adenosine monophosphate; cAMP – cyclic adenosine monophosphate; Ca²⁺ – calcium ion; 

GABA – γ-aminobutyric acid; GTP – guanosine triphosphate; PDE – phosphodiesterase. (Yang et al., 2021).

(II) Different carriers for the delivery of caffeine

(III) Techniques for encapsulation caffeine for 

delivery in functional drinks
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