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Abstract

Age-related macular degeneration (AMD) is a leading cause of irreversible vision loss
worldwide and is driven by complex pathophysiological processes, including oxidative
stress, chronic inflammation, complement dysregulation, and vascular endothelial growth
factor (VEGF)-mediated neovascularization. Nutritional interventions — particularly sup-
plementation with carotenoids, omega-3 fatty acids, polyphenols, and essential micronutri-
ents — have demonstrated clinical benefits in slowing disease progression, as evidenced
by landmark trials such as AREDS and AREDS2. However, many AMD-relevant bioac-
tives exhibit poor aqueous solubility, low chemical stability, and limited gastrointestinal
bioavailability, which significantly constrain their therapeutic efficacy. Food-grade micro-
gels have emerged as versatile colloidal delivery platforms capable of addressing these
limitations through rational structural and physicochemical design. This review provides a
systematic roadmap for developing food-grade microgels, organized into: (1) the molecular
design of protein- and polysaccharide-based networks; (2) advanced fabrication strategies
such as microfluidics and atomization; (3) spatiotemporal release programming within the
gastrointestinal tract; and (4) multi-nutrient synergy for retinal protection. This approach
highlights how controlled crosslinking, interfacial assembly, and tunable network archi-
tectures enhance nutrient stabilization. Particular emphasis is placed on spatiotemporal
release programming within the gastrointestinal tract, including diffusion-limited gastric
retention, pH- and bile-responsive swelling in the small intestine, and microbiota-triggered
degradation in the colon. These mechanisms collectively enable region-specific release,
improved micellar incorporation, enhanced systemic absorption, and more consistent
retinal delivery. Furthermore, we discuss co-encapsulation strategies that accommodate
both hydrophilic and lipophilic bioactives, thereby minimizing antagonistic interactions
and enabling synergistic nutritional modulation of oxidative and inflammatory pathways
implicated in AMD. A central novelty of this review is the integration of the gut–eye axis,
framing microgel-based oral delivery as a systemic pathway to modulate retinal health via
the intestinal environment. By bridging retinal disease biology with food colloid science,
this review proposes food-grade microgels as a translational platform for next-generation
nutraceutical interventions. The integration of programmable release behavior with clini-
cally validated nutrient regimens offers a promising pathway toward more effective and
mechanistically informed dietary management of AMD.
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1. Introduction
Age-related macular degeneration (AMD) is the leading cause of irreversible blind-

ness in individuals over 65 years old and remains a major contributor to global visual
impairment [1]. The disease arises from a multifactorial etiology in which aging, cigarette
smoking [2], alcohol consumption [3], hypertension [4], diabetes, cardiovascular dysfunc-
tion, and chronic oxidative stress [5] interact to accelerate retinal degeneration. These
systemic risk factors converge on key pathological events, including progressive dysfunc-
tion of the retinal pigment epithelium (RPE), structural alterations in Bruch’s membrane,
accumulation of drusen deposits [6], and dysregulation of complement activation [7]. The
pathogenesis of AMD is a multifactorial process primarily initiated by chronic oxidative
stress, which stems from the retina’s exceptionally high oxygen consumption and continu-
ous exposure to photo-oxidative insults [8]. This persistent stress leads to the progressive
dysfunction of the RPE and the subsequent accumulation of lipofuscin, a result of im-
paired phagocytosis of photoreceptor outer segments [6]. These metabolic by-products
contribute to the formation of drusen — extracellular deposits situated between the RPE
and Bruch’s membrane — that act as a physical barrier hindering essential nutrient trans-
port and metabolic waste removal. Such structural and biochemical alterations foster a
state of chronic para-inflammation and significant dysregulation of the complement system,
specifically involving the overactivation of C3 and C5 pathways [7,9]. Eventually, chronic
oxidative mitochondrial damage and local hypoxia trigger the pathological upregulation of
VEGF, driving the aberrant choroidal neovascularization (CNV) and vascular leakage char-
acteristic of advanced exudative disease [10]. Clinically, AMD encompasses a continuum
from early stages to advanced forms, which the Beckman Initiative for Macular Research
outlines through a five-stage classification system [11]. In its late stages, AMD manifests as
either atrophic (dry) or neovascular (wet) disease, with the neovascular subtype character-
ized by CNV, hemorrhage, and RPE detachment — events that account for severe vision
loss in nearly 80% of affected patients [9,12]. As of current 2026 estimates based on recent
epidemiological data, approximately 200 million individuals worldwide are living with
some form of AMD [13]. While the global burden is projected to reach nearly 288 million
by 2040, this escalation is most pronounced in Asia [14,15]. By 2040, Asia is expected to
account for approximately 113 million cases, representing the largest regional share of the
global prevalence [14]. In the Republic of Korea, a 2024 nationwide population-based study
by the SNUBH research team revealed that the prevalence of exudative AMD has increased
substantially over the last decade, with projections indicating a continued sharp rise as the
nation becomes a super-aging society [16]. Similarly, East Asian populations exhibit a dis-
tinct clinical profile; the Asia-Pacific PCV (polypoidal choroidal vasculopathy) Consensus
Group has reported that PCV accounts for 22.3% to 54.7% of neovascular AMD cases in
Asians, which is significantly higher than the 8% to 13% prevalence observed in Western
cohorts [17]. Critically, this escalating global burden highlights a significant nutritional
gap, as current standard-of-care pharmacotherapies primarily target late-stage neovascular
complications while leaving the underlying oxidative stress in early-to-intermediate AMD
largely unaddressed. This underscores the urgent need for innovative dietary and delivery
strategies — such as food-grade microgels — capable of mitigating retinal oxidative stress
and inflammatory damage [18,19].
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A central biological framework supporting the oral delivery of these bioactives is the
gut–eye axis, a complex communication network that links intestinal homeostasis to retinal
health [20]. Emerging evidence suggests that gut dysbiosis and increased intestinal perme-
ability can exacerbate retinal inflammation and CNV through the systemic translocation
of pro-inflammatory cytokines and microbial metabolites [21]. As illustrated in Figure 1,
the gut–eye axis functions as a systemic pathway where the modulation of the intestinal
environment directly influences the blood–retinal barrier’s integrity and oxidative stress
levels in the macula [22]. By leveraging food-grade microgels to protect and target the
delivery of nutrients within the gastrointestinal tract, it is possible to harness this axis
to mitigate chronic retinal damage. Positioning the gut as a strategic gateway for retinal
therapy provides a novel paradigm for AMD management, shifting the focus from local
ocular treatments to systemic, diet-based interventions.

Figure 1. VEGF-driven angiogenesis and vascular leakage in AMD. (A) Structure of normal retinal
microvessels. Retinal capillaries consist of endothelial cells surrounded by pericytes, forming a stable
and selectively permeable vascular unit that maintains blood–retinal barrier integrity. (B) Pathological
angiogenesis in AMD. Excessive VEGF signaling activates endothelial cells, promoting proliferation,
migration, and sprouting, which leads to the formation of immature and leaky neovessels. (C) Anti-
VEGF therapy. Anti-VEGF antibodies inhibit VEGF binding to its receptors on endothelial cells,
suppressing abnormal neovascularization and reducing vascular leakage. Illustrations created
with BioRender.com.

Current clinical management of AMD primarily relies on photodynamic therapy
(PDT), laser photocoagulation, and anti-VEGF–based pharmacotherapy [19]. PDT employs
intravenous administration of the photosensitizer verteporfin, which preferentially accu-
mulates in abnormal sub-foveal vasculature. Upon irradiation at a specific wavelength,
verteporfin generates reactive oxygen species that selectively damage pathological vessels
and suppress VEGF-mediated angiogenesis. Laser photocoagulation similarly targets CNV
through thermal ablation of aberrant vessels to reduce leakage and scar formation. Despite
these mechanistic advantages, both PDT and laser photocoagulation exhibit significant
limitations — most notably high recurrence rates of CNV and the risk of collateral injury
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to adjacent retinal tissue [23,24]. Anti-VEGF therapy has become the cornerstone for neo-
vascular AMD (nAMD), targeting VEGF-A via intravitreal injection. Clinically established
agents include bevacizumab, which inhibits all VEGF-A isoforms; ranibizumab, an anti-
body fragment approved for CNV prevention; aflibercept, a recombinant fusion protein
with high binding affinity; and brolucizumab, a single-chain fragment with efficient retinal
penetration. To further enhance clarity, we have revised the description of these agents to
explicitly distinguish their molecular mechanisms. For instance, the recent clinical introduc-
tion of faricimab (Vabysmo) represents a shift toward dual-pathway inhibition, neutralizing
both VEGF-A and Angiopoietin-2 (Ang-2) to improve vascular stability and extend dosing
intervals [25]. Additionally, aflibercept 8 mg (Eylea HD) has been implemented to provide
more sustained VEGF suppression in refractory cases [26]. Furthermore, pharmacolog-
ical management extends to geographic atrophy through newly approved complement
inhibitors. Pegcetacoplan (Syfovre) [27] and avacincaptad pegol (Izervay) [28] target C3
and C5 pathways, respectively, to slow the progression of retinal cell loss. Although these
pharmaceutical agents substantially reduce clinical complications, they primarily target
downstream angiogenic or degradative signaling and do not directly correct upstream
drivers such as oxidative mitochondrial damage or chronic inflammatory stress within the
RPE. This mechanistic gap underscores the need for complementary strategies capable of
modulating the broader oxidative-inflammatory microenvironment.

Anti-VEGF therapy has become the cornerstone treatment for neovascular AMD
(nAMD), targeting VEGF-A — the principal mediator of pathological angiogenesis — via
intravitreal injection [29]. Clinically used agents include bevacizumab, ranibizumab, afliber-
cept, and brolucizumab [30]. Bevacizumab, a humanized monoclonal antibody originally
developed for oncology, inhibits all VEGF-A isoforms by blocking their interaction with
VEGFR-1 and VEGFR-2, and is widely employed off-label in ophthalmology due to its
cost-effectiveness [31]. Ranibizumab, an antibody fragment approved in 2006, similarly neu-
tralizes active VEGF-A isoforms, preventing CNV [32]. Aflibercept, approved in 2011, is a
recombinant fusion protein comprising VEGFR-1/2 extracellular domains linked to an IgG1
Fc domain, offering higher VEGF-binding affinity and the added capability of neutralizing
VEGF-B and placental growth factor (PlGF) [33]. More recently, brolucizumab — a 26 kDa
single-chain antibody fragment lacking an Fc domain — has been shown to penetrate
retinal tissues more efficiently and achieve higher intraretinal drug concentrations [34].

Although anti-VEGF agents substantially reduce the risk of severe vision loss, they
present notable limitations. These therapies do not address upstream processes such as
chronic inflammation, oxidative stress, or intracellular VEGF production, leaving critical
elements of AMD pathophysiology untreated. Furthermore, over half of patients exhibit
suboptimal or incomplete responses. Quantitatively, clinical evidence indicates that ap-
proximately 10% to 15% of patients are non-responders who show minimal anatomical
improvement despite intensive anti-VEGF therapy [35]. Furthermore, the need for frequent
intravitreal injections — typically every 4 to 8 weeks — coupled with high annual costs that
often exceed $10,000 per patient, imposes a substantial clinical and economic burden [36].
Poor adherence to this demanding regimen frequently contributes to recurrent CNV and
diminished therapeutic outcomes [37].

Figure 1 schematically summarizes the structural organization of the retinal microvas-
culature and the VEGF-driven pathological cascade underlying neovascular AMD. Under
physiological conditions, retinal capillaries are composed of a continuous endothelial mono-
layer ensheathed by pericytes and supported by a specialized basement membrane, collec-
tively forming the inner blood–retinal barrier (BRB), which tightly regulates vascular per-
meability and maintains retinal immune privilege [6,38] (Figure 1A). Pericyte–endothelial
cell crosstalk via PDGF-B/PDGFR-β and angiopoietin–Tie2 signaling is essential for vascu-
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lar stabilization and barrier integrity [39]. In nAMD, pathological upregulation of VEGF-A,
largely driven by oxidative stress, hypoxia-inducible factor-1α (HIF-1α) activation, com-
plement dysregulation, and chronic para-inflammation, results in persistent activation
of VEGFR-2 on endothelial cells [7,8,10] (Figure 1B). This signaling cascade promotes
endothelial proliferation, migration, cytoskeletal reorganization, and tip-cell formation,
ultimately leading to aberrant CNV [12,40]. The newly formed vessels are structurally
immature, poorly covered by pericytes, and exhibit disrupted tight junctions, rendering
them hyperpermeable and prone to exudation. The consequent vascular leakage, subreti-
nal fluid accumulation, and inflammatory amplification drive progressive photoreceptor
degeneration and visual decline.

Although intravitreal anti-VEGF therapies effectively neutralize extracellular VEGF-A
and suppress active neovascularization [29–34,37] (Figure 1C), they primarily target down-
stream angiogenic signaling. These agents do not directly correct upstream drivers such
as oxidative mitochondrial damage, complement overactivation, metabolic dysregulation,
or chronic inflammatory stress within the RPE, which are increasingly recognized as cen-
tral determinants of AMD progression [7,8]. This mechanistic gap underscores the need
for complementary strategies capable of modulating the broader oxidative–inflammatory
microenvironment.

2. Nutrients for Alleviation of AMD
Nutritional intervention has gained growing scientific attention as a complemen-

tary strategy for delaying the onset and progression of AMD, primarily because it ad-
dresses upstream biological mechanisms that precede irreversible photoreceptor loss.
Oxidative stress, chronic para-inflammation, impaired mitochondrial turnover, and
RPE dysfunction are now recognized as central nodes in AMD pathogenesis [41].
Antioxidant vitamins — including vitamins C, E, and A derivatives — support retinal
protection by neutralizing reactive oxygen species and maintaining photoreceptor vi-
ability, effects that were firmly established in the AREDS trial [42]. However, subse-
quent analyses have shown that the efficacy of antioxidant therapy depends strongly on
nutrient bioavailability and baseline dietary intake, with AREDS2 demonstrating that
carotenoid-based formulations (lutein/zeaxanthin) outperform β-carotene in safety and
biological relevance [43].

Carotenoids such as lutein, zeaxanthin, and meso-zeaxanthin accumulate selectively
in the macula through interactions with specific transport proteins, including scavenger
receptor class B type 1 (SCARB1) and the lipid-transfer protein StARD3. Their functions
extend beyond blue-light filtering to include quenching of singlet oxygen, stabilization
of membrane lipids, and attenuation of photooxidative damage — mechanisms central
to maintaining macular pigment optical density (MPOD), a strong biomarker of AMD
risk. Similarly, long-chain omega-3 polyunsaturated fatty acids (DHA/EPA) contribute to
retinal health through anti-inflammatory lipid mediator synthesis (resolvins, protectins),
enhancement of membrane fluidity, and support for photoreceptor outer segment re-
newal [44]. Additional bioactives such as resveratrol, anthocyanins, curcumin, and zinc
exhibit RPE-protective effects by modulating NF-κB signaling, complement activation, and
mitochondrial redox homeostasis [45].

Despite their mechanistic importance, many of these nutrients suffer from low wa-
ter solubility, extensive first-pass metabolism, and poor gastrointestinal (GI) stability.
Lipophilic nutrients like carotenoids and omega-3 fatty acids rely on bile-mediated emulsi-
fication and mixed micelle formation for absorption, processes that are highly inefficient
when nutrients are delivered in crystalline or aggregated forms [46]. Polyphenols undergo
rapid oxidation or conjugation in the GI tract, limiting their systemic availability. These bar-
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riers highlight the need for delivery systems that improve solubilization, reduce oxidative
degradation, and enhance trans-epithelial transport [47].

Food-grade microgels offer a compelling solution to these challenges by integrating
structural protection with physiologically compatible release mechanisms. The hydrated
polymer networks of alginate-, pectin-, or protein-based microgels physically isolate la-
bile nutrients from pro-oxidant environments, suppress isomerization of carotenoids, and
stabilize omega-3 fatty acids against lipid peroxidation. Microgels can also modulate gas-
trointestinal transit behavior: their tunable mesh size and interfacial architecture promote
improved lipid-phase dispersion, enhance bile salt accessibility, and facilitate uniform
mixed micelle formation — key determinants of intestinal absorption [48]. Importantly,
the controlled swelling and enzymatic responsiveness of microgels allow nutrient release
to align with peak absorption in the duodenum and jejunum, providing a level of spa-
tiotemporal control not achievable through conventional supplementation. The coupling
of established nutrient-based interventions with microgel-enabled delivery systems may
substantially enhance their biological efficacy, offering a next-generation approach for nutri-
tional modulation of AMD progression. The key nutrients implicated in AMD prevention,
their biological roles, and major delivery limitations are summarized in Table 1.

Table 1. Key nutrients for AMD management: Mechanisms, limitations and the role of microgel
delivery systems.

Category Nutrients Therapeutic Mechanisms in
AMD

Physicochemical and
Bioavailability Challenges

Advantages of Microgel
Encapsulation

Antioxidant
Vitamins

Vitamin C, Vitamin
E, Vitamin A
derivatives

Scavenging reactive oxygen
species; Supporting

photoreceptor maintenance

Chemical instability;
Degradation under

environmental stress
(light/heat)

Protection against degradation;
Enhanced stability during

storage

Carotenoids Lutein, Zeaxanthin,
Meso-zeaxanthin

Blue-light filtering; Potent
antioxidant activity

concentrated in the macula

Low water solubility; Poor
intestinal absorption;

Susceptibility to oxidation and
light

Enhanced water dispersibility;
Improved bioavailability;

Protection from light-induced
degradation

Omega-3 Fatty
Acids DHA, EPA

Anti-inflammatory actions;
Maintaining photoreceptor

structural integrity and retinal
homeostasis

High susceptibility to
oxidation (rancidity); Very low

water solubility; Limited
uptake

Prevention of oxidation;
Controlled release kinetics;

Masking of off-flavors
(implied)

Polyphenols and
Minerals

Resveratrol,
Anthocyanins,

Curcumin, Zinc

Modulating oxidative and
inflammatory pathways;

Complementary RPE
protection

Rapid metabolism; Poor
systemic bioavailability;
Chemical instability in

physiological fluids

Targeted delivery to retinal
tissues; Modulation of release
profile to match physiological

demands

The AREDS2 study has undeniably defined the current clinical paradigm for AMD
nutritional intervention. However, since 2024, a new wave of clinical data and formulation
technologies has begun to transcend these established boundaries. To distinguish these
emerging innovations from historical standards, we have summarized the most signif-
icant advancements from 2024 to 2026 in Table 2. These recent clinical insights [49,50]
emphasize that the efficacy of xanthophylls is no longer limited to age-related degeneration
but extends to modern visual stressors such as digital blue light exposure. Crucially, the
persistent challenge of low bioavailability — a major bottleneck for both carotenoids and
polyphenols — is being systematically addressed through nanotechnology [51]. Innova-
tions such as Chitosan Nanoparticles and Self-Nanoemulsifying Drug Delivery Systems
(SNEDDS) have demonstrated the ability to increase the systemic and local bioavailability
of these compounds by over 200% [52,53]. By integrating these high-efficiency delivery
mechanisms, the next generation of ocular nutraceuticals can ensure that therapeutic con-
centrations are maintained within the retinal tissues, bridging the gap between dietary
intake and clinical neuroprotection.
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Table 2. Recent clinical breakthroughs and bioavailability enhancement technologies (2024–2026).

Intervention Target Population Key Clinical Findings Bioavailability Technology Ref.

AREDS2 (L/Z 10:2 mg) Geographic Atrophy
patients

55% reduction in GA
progression toward fovea

(Foveal Sparing).

Micellar Solubilization:
Optimizes pigment density in

the macula.
[49]

Lutein/Zeaxanthin High digital screen users
Significant improvement in
digital eye strain and sleep

quality.

Oil-based Nanoemulsion:
Increases rapid absorption for

immediate relief.
[50]

Polyphenols
(Nano-form) Oxidative Stress Models

10-fold increase in ROS
scavenging efficacy in retinal

models.

Chitosan Nanoparticles:
Enhances ocular surface

retention and bioavailability.
[51]

L/Z + Anthocyanins Retinal Degeneration
Synergistic RPE protection and

prevention of light-induced
apoptosis.

SNEDDS: Oral bioavailability
increased by over 200%. [52]

Carotenoids and
Flavonoids Healthy Adults

Established the role of
lipid-phase interactions in

maximizing pigment uptake.

Self-assembling Micelles:
Facilitates intestinal lymphatic

transport.
[53]

Precision Nutrition: MPOD as a Clinical Compass for Personalized Delivery

The clinical landscape of 2026 has shifted toward a precision nutrition model, prioritiz-
ing interventions tailored to individual physiological biomarkers rather than standardized
supplementation. Central to this approach is the assessment of MPOD, a non-invasive
indicator that quantifies the concentration of lutein and zeaxanthin within the macula [41].
MPOD serves as a vital prognostic tool, as higher pigment levels are fundamentally linked
to the neutralization of reactive oxygen species and the filtering of blue light, which are
critical for preserving retinal integrity. The necessity for personalized delivery arises from
the significant inter-individual variability in response to oral intake. Therapeutic effi-
cacy is often hindered by complex transport mechanisms and the metabolic challenges
of delivering carotenoids to the RPE [54]. Recent clinical data from 2025 indicates that
low-responders — individuals with depleted MPOD — require highly efficient delivery
platforms to achieve therapeutic thresholds and effectively slow the progression of ge-
ographic atrophy [49]. Food-grade microgels offer the structural versatility required to
bridge this nutritional gap by providing a protective, tunable environment for lipophilic
bioactives [55]. By modulating the biopolymer network and interfacial properties, micro-
gels can be engineered to synchronize nutrient release with optimal intestinal absorption
windows. This allows for a “closed-loop” delivery strategy where measured clinical data
(MPOD) directly informs the design of the microgel carrier, ensuring that neuroprotec-
tive concentrations are maintained in the retinal tissues of even the most physiologically
challenged patients.

3. Materials and Composition of Food-Grade Microgels for Targeted
Delivery in AMD

Food-grade microgels are increasingly recognized as versatile carriers capable of
protecting, stabilizing, and delivering bioactive nutrients relevant to AMD [56]. Their
functionality is determined primarily by the intrinsic physicochemical characteristics of the
biopolymers that form their three-dimensional network [57]. In particular, proteins and
polysaccharides — due to their natural abundance, food safety, and tunable molecular inter-
actions — serve as the primary structural units in microgel fabrication [58]. Their molecular
architecture dictates the microgel’s gelation behavior, swelling properties, structural rigid-
ity, loading capacity, and release mechanisms, all of which are crucial for ensuring targeted
and sustained delivery of lipophilic antioxidants, carotenoids, polyphenols, and other
AMD-related therapeutic nutrients [59–62]. This section provides an integrated overview of
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the properties of protein-based, polysaccharide-based, and hybrid microgels, and discusses
how these materials support advanced delivery functions required for ocular health [63].

Figure 2 illustrates the integrated structural framework of food-grade microgels
engineered for AMD-targeted nutraceutical delivery. These systems are constructed
from protein-based matrices (e.g., heat-induced or cold-set gelled globular proteins),
polysaccharide-based networks (e.g., ionotropically crosslinked alginate or pectin), or
hybrid protein–polysaccharide complexes formed via electrostatic interactions [55,64–67].
The resulting hydrated three-dimensional (3D) microgel architecture is characterized by
tunable mesh size, adjustable crosslinking density, and a semi-permeable barrier layer that
governs mass transport kinetics. Within this network, lipophilic carotenoids such as lutein
and zeaxanthin, polyphenolic antioxidants, lipid droplets, and mineral cofactors (e.g., Zn2+,
Ca2+) can be efficiently encapsulated through a combination of hydrophobic interactions,
hydrogen bonding, and interfacial stabilization mechanisms [55,68–71]. The polymeric
matrix provides protection against oxidative degradation, enzymatic destabilization, and
premature release during gastrointestinal transit.

Figure 2. Integrated structural design of food-grade microgels for AMD-targeted nutrient delivery.
Protein-, polysaccharide-, and hybrid-based microgels form hydrated 3D networks with tunable
porosity and barrier properties. These architectures encapsulate carotenoids, polyphenols, lipid
droplets, and mineral cofactors, providing oxidative protection and controlled release. By modulating
swelling and permeability, microgels enhance bioavailability and enable AMD-focused delivery via
oral (gut–retina axis) or ocular routes.

By modulating network porosity, swelling behavior, and interfacial permeability,
these microgels enable diffusion-controlled release and improved bio-accessibility of en-
capsulated bio-actives [55,66]. Following oral administration, enhanced micellar incor-
poration and intestinal uptake may support systemic transport via the gut–retina axis,
whereas localized ocular formulations may facilitate direct surface delivery. Collectively,
the structure–function relationships of these microgel systems underpin their potential to
improve the bioavailability and therapeutic efficacy of AMD-relevant nutrients.
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3.1. Protein-Based Microgel Matrices

Proteins possess a rich diversity of conformations — globular, fibrous, and random-coil
structures — and respond sensitively to environmental conditions including temperature,
pH, and ionic strength [72,73]. These features allow them to form microgels through
pathways such as thermal denaturation, cold-set gelation, self-assembly, and ionic com-
plexation [74–76]. Globular proteins such as whey protein isolate, β-lactoglobulin, and
ovalbumin unfold when heated above their denaturation temperature, exposing hydropho-
bic residues and reactive thiol groups that subsequently drive aggregation into gelled
micro-particles [77,78]. The resulting microgels often exhibit narrow size distributions,
high water content, and soft elastic properties that can be tuned by adjusting processing
variables such as heating temperature, pH relative to the isoelectric point, and the ionic
strength of the solution [64,79].

These thermally induced protein microgels offer multiple advantages for encapsulating
AMD-related hydrophobic compounds such as lutein, zeaxanthin, and astaxanthin [65–67].
Because they contain hydrophobic pockets and amphiphilic interfaces, proteins bind
carotenoids and polyphenols through hydrophobic interactions, hydrogen bonding, and π-π
stacking, thereby stabilizing them against photo-oxidation and enzymatic degradation during
storage and digestion [68]. Cold-set gelation further expands their applicability: pre-heated
proteins can be ionically crosslinked with calcium to form softer, more deformable microgels
under mild conditions, which is especially advantageous for heat-sensitive antioxidants and
for maintaining the integrity of nutrients during encapsulation [69].

Protein-based microgels also hold promise for ocular delivery due to their intrinsic
transparency, biodegradability, and ease of surface functionalization. Their amino and
carboxyl groups can be modified with targeting peptides or mucoadhesive moieties to
enhance retention on ocular tissues or to enable selective binding to retinal cells [34,70].
In addition, their ability to modulate swelling in response to pH or ionic composition
supports sustained release functions that are desirable for long-acting nutraceutical therapy
in AMD [66,71].

Figure 3 illustrates two representative mechanisms underlying the formation of
protein–polysaccharide microgels and ionically crosslinked polysaccharide hydrogels.
In protein-based systems (Figure 3A), whey protein concentrate (WPC) undergoes heat-
induced denaturation, during which globular proteins partially unfold and expose hy-
drophobic domains and reactive sulfhydryl groups. Subsequent high-shear processing
facilitates controlled aggregation, yielding whey protein microgel particles (WPMs) with
defined size distribution and internal network structure. Electrostatic complexation be-
tween negatively charged xanthan gum (XG) and surface-charged WPMs leads to the
formation of WPM–XG complexes, enhancing colloidal stability and interfacial viscoelastic-
ity. These hybrid assemblies can adsorb at oil–water interfaces, stabilize emulsion droplets,
and generate structured emulsion systems with tunable interfacial architectures and im-
proved oxidative protection [67]. In contrast, polysaccharide-based microgels such as
alginate hydrogels are formed through ionotropic gelation (Figure 3B). Specifically, gu-
luronic acid (G-block) regions within alginate chains coordinate with divalent calcium ions
(Ca2+), producing cooperative ionic junction zones described by the classical “egg-box”
model. This crosslinking mechanism induces the formation of a three-dimensional hy-
drogel network with enhanced mechanical rigidity, reduced permeability, and improved
barrier properties, thereby protecting encapsulated bioactive compounds from premature
diffusion and degradation [80].
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(A)

(B)

Whey proten concenatration
(WPC) Heat−set WPC gel

Heat at 85℃ for 16min at pH 3.5–8.5

Then, held at 4 ℃ for 10 h

Controlled high−speed 
shear treatment

WPC micro−gel particles
(WPMPs)

Xanthan gum (XG)

WPMP(5.5)−XG emulsionWPMP(4.5)−XG emulsionWPMP(3.5)−XG emulsion

WPMP(6.5)−XG emulsion WPMP(7.5)−XG emulsion WPMP(8.5)−XG emulsion

Soybean oil

WPMPs−XG complexes

−OOC

−OOC

−OOC

−OOC

Figure 3. Schematic representation of protein–polysaccharide microgel formation and alginate
“egg-box” crosslinking mechanism. (A) Whey protein concentrate (WPC) undergoes heat-induced
denaturation and controlled high-shear treatment to generate whey protein microgel particles
(WPMs). Subsequent electrostatic interaction with xanthan gum (XG) leads to the formation of
WPM–XG complexes, which stabilize oil droplets and produce structured emulsion systems with tun-
able interfacial architectures. (Adapted from Ref. [67] Copyright © 2021, MDPI) (B) In polysaccharide-
based microgels, alginate chains containing guluronic acid (GG) blocks coordinate with divalent
Ca2+ ions to form “egg-box” junction zones. This ionic crosslinking mechanism generates a sta-
ble three-dimensional hydrogel network with enhanced mechanical integrity and barrier prop-
erties, contributing to improved protection of encapsulated bioactives. (Adapted from Ref. [80]
Copyright © 2022, MDPI).

These protein-driven aggregation and polysaccharide ionotropic crosslinking strate-
gies exemplify complementary routes for constructing structurally robust and functionally
tunable microgel delivery systems.
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3.2. Polysaccharide-Based Microgel Matrices

Polysaccharides represent another major class of biopolymers suitable for food-grade
microgels. Their diverse structural motifs — linear or branched chains, variable degrees
of esterification, and multiple ionizable groups — enable them to form networks through
ionic, thermal, or physical interactions [48,58,60,62]. Polysaccharides vary widely in charge:
alginate, pectin, carrageenan, and xanthan are typically anionic; chitosan carries a positive
charge under mildly acidic conditions; starch and cellulose are largely neutral. As the selec-
tion of an optimal carrier is crucial for maximizing the therapeutic efficacy of AMD-relevant
bioactives, a comparison of the most widely used polysaccharides is presented in Table 3.
Alginate is highly valued for its ability to form stable hydrogels under mild conditions
via Ca2+ mediated crosslinking, which is essential for preserving the bioactivity of heat-
sensitive carotenoids and vitamins [81,82]. Chitosan, through its unique cationic properties,
provides superior mucoadhesion and pH-responsive release, significantly enhancing nutri-
ent retention at ocular and intestinal interfaces [60]. For applications requiring targeted
delivery to the distal gut, pectin remains the preferred choice due to its specific degradation
by colonic microbiota [63,83], while carrageenan offers the high mechanical integrity and
thermal stability necessary for integration into diverse functional food systems [84]. These
distinct physicochemical attributes allow for the rational design of microgels tailored to the
specific absorption profiles and stability requirements of AMD-targeted nutrients.

Table 3. Comparison of commonly used polysaccharide carriers for microgel-based nutraceutical
delivery systems.

Polysaccharide Gelation
Mechanism

Advantages (Specific to AMD
Delivery) Limitations Typical Applications

Alginate Ionic crosslinking
with Ca2+

Mild gelation; High
encapsulation efficiency;
Superior protection for

heat-sensitive carotenoids
(Lutein/Zeaxanthin)

Poor stability in high ionic
strength environments; Potential

for premature burst release

Encapsulation of vitamins,
carotenoids, and

probiotics

Chitosan
Ionic crosslink-

ing/Polyelectrolyte
complexation

Strong mucoadhesion;
pH-responsive release; Enhances
retention on ocular surface and

intestinal mucosa

Limited solubility at neutral pH;
Requires acidic conditions for

initial processing

Controlled intestinal
delivery; Ocular surface

nutrient delivery

Pectin Calcium-mediated
gelation

Biodegradable;
Microbiota-triggered
degradation; Ideal for

colon-targeted gut-eye axis
modulation

Relatively weak mechanical
strength compared to alginate

Colon-specific delivery of
polyphenols and

antioxidants

Carrageenan
Thermoreversible

gelation with
cations

Strong gel structure; Excellent
mechanical stability; High water
retention for shelf-life extension

Sensitivity to specific ionic
conditions (e.g., K+); Potential
regulatory constraints in some

regions

Stabilization of
multi-nutrient systems;
Texture modification in

functional foods

One of the most widely used polysaccharide gelation mechanisms is calcium-mediated
crosslinking, particularly in alginate and low-methoxy pectin. The so-called “egg-box”
coordination between Ca2+ and carboxylate groups forms a strong yet biocompatible gel
network with excellent stability under physiological conditions [82]. These microgels are
highly effective at protecting labile carotenoids such as β-carotene, lutein, and astaxanthin
from light-induced degradation and oxidative reactions — factors known to critically
reduce the bioefficacy of AMD-related nutrients [56]. In addition, polysaccharide shells
can form thick interfacial layers in emulsion-based microgels, enhancing physical barriers
against oxygen, metal ions, and free radicals, thereby improving antioxidant preservation
during food processing and storage [85].
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Cationic chitosan offers unique advantages for ocular applications because of its ability
to adhere strongly to negatively charged mucin layers on the corneal surface. This property
supports prolonged retention of microgels at ocular interfaces, enabling more efficient
nutrient absorption [86,87]. Moreover, chitosan can interact electrostatically with anionic
polysaccharides such as alginate or pectin to create hybrid networks with customized
permeability and mechanical stability [88,89]. These complexed gels remain stable in acidic
environments but gradually swell under neutral conditions, allowing controlled release of
bioactives in biological fluids. Overall, polysaccharide microgels provide robust structural
protection, excellent biocompatibility, and tunable responsiveness, making them suitable
for the safe delivery of hydrophobic lutein, polyphenols, minerals, and vitamins essential
for AMD prevention.

3.3. Hybrid Protein–Polysaccharide Microgel Networks

Combining proteins and polysaccharides offers an expanded design space that leverages
the complementary strengths of both material classes. For example, protein–polysaccharide
complexes formed through electrostatic interactions (such as β-lactoglobulin–pectin or whey
protein–chitosan) create thicker interfacial layers that improve emulsion stability and enhance
encapsulation efficiency for lipophilic compounds [90]. These hybrid systems often display
improved mechanical rigidity and reduced aggregation during processing compared with
single-component gels [58].

Hybrid microgels can be engineered to possess dual responsiveness — for instance,
swelling might be triggered by pH while permeability is influenced by ionic strength or
enzymatic activity. This multiplicity of control mechanisms becomes particularly valuable
for AMD-related delivery, where nutrients must survive gastrointestinal passage (in the case
of oral supplements) or persist in tear fluid (in topical administration) [91]. Hybrid networks
also mitigate issues such as phase separation, premature release, or structural collapse,
making them promising vehicles for multi-nutrient formulations, including combinations
of lutein, omega-3 fatty acids, zinc, or polyphenols [85].

In addition, hybrid matrices can incorporate lipid droplets, probiotics, or mineral
ions to further expand their therapeutic functions. For instance, co-encapsulation of probi-
otics or polyphenols may modulate the gut–retina axis — a pathway increasingly recog-
nized in AMD pathology [92–94] — while lipid cores help solubilize poorly water-soluble
carotenoids and sustain their release [56,95].

3.4. Additional Functional Components Within Microgels

Food-grade microgels often integrate additional components that strengthen their
delivery functions. Lipids or emulsified oil droplets embedded within biopolymer net-
works offer a favorable microenvironment for highly lipophilic nutrients, significantly
improving their solubility and light stability. Solid lipid particles, nanostructured lipid
cores, and Pickering-type interfaces can act as reservoirs that release carotenoids or vitamin
E gradually while preventing oxidative degradation [96–98].

Minerals such as Ca2+, Zn2+, or Mg2+ may act not only as crosslinkers but also as func-
tional co-factors for ocular health. Zn2+, for example, is involved in retinal enzyme function
and may synergize with antioxidant nutrients delivered through microgels [99,100]. Finally,
recent studies suggest that microgels containing probiotics can support anti-inflammatory
pathways associated with retinal health. Such systems may complement the direct delivery
of antioxidants by modulating gut microbiota profiles relevant to chronic inflammation
and oxidative stress in AMD [101,102].

The choice of microgel materials profoundly influences their suitability for AMD
prevention and therapy. Protein microgels offer superior transparency and favorable bind-
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ing interactions with hydrophobic antioxidants. Polysaccharide microgels provide robust
protection against environmental stressors and enable mucoadhesive ocular applications.
Hybrid protein–polysaccharide networks integrate the strengths of both material classes
and support multi-functional, multi-nutrient delivery strategies. Together, these materials
form a versatile platform that can be optimized to enhance stability, bioavailability, targeted
release, and therapeutic outcomes for AMD-related nutrients.

3.5. Molecular Interaction Mechanisms Between Microgels and AMD-Related Nutrients

Food-grade microgels often integrate additional components that strengthen their
delivery functions. Lipids or emulsified oil droplets embedded within biopolymer networks
offer a favorable microenvironment.

The functional efficiency of food-grade microgels in managing AMD is fundamentally
governed by multi-level molecular interactions between the biopolymer matrix and the
encapsulated bioactive compounds. These interactions extend significantly beyond simple
physical entrapment, involving specific physicochemical forces that dictate loading capacity,
chemical stability, and subsequent release kinetics [103,104]. For lipophilic nutrients such
as lutein, zeaxanthin, and omega-3 fatty acids, the hydrophobic effect serves as the primary
driving force for matrix association. During the fabrication of protein-based microgels, the
thermal unfolding of globular proteins exposes internal non-polar amino acid residues,
creating high-affinity hydrophobic pockets. These domains effectively shield sensitive
carotenoids from the aqueous environment and reactive oxygen species, thereby suppress-
ing oxidative and thermal degradation during storage and gastrointestinal transit [103,104].
In the case of essential minerals such as Zn2+, which acts as a critical cofactor for retinal
enzymes, electrostatic coordination is the dominant interaction mechanism. Within anionic
polysaccharide networks like alginate, Zn2+ or Ca2+ ions stabilize the “egg-box” junction
zones of guluronic acid (GG) blocks [82]. This ionic crosslinking effectively “cages” the
ions within a hydrated polymer microenvironment, which buffers the reactivity of the
minerals and reduces potential gastric irritation during residence in the stomach [63,105].
Furthermore, the encapsulation of polyphenolic antioxidants such as curcumin and resver-
atrol involves a combination of hydrogen bonding and π–π stacking between the aromatic
rings of the nutrients and the functional groups of the biopolymer chains. These interac-
tions are highly sensitive to the local pH and ionic strength, allowing for the design of
stimuli-responsive release profiles [106,107]. Specifically, the ionization state of the polymer
network dictates whether these nutrient-matrix complexes remain stable under acidic gas-
tric conditions or undergo triggered dissociation in the small intestine. By leveraging these
diverse molecular forces, food-grade microgels can be engineered to prevent antagonistic
interactions in multi-nutrient formulations, ensuring that each bioactive agent retains its
functional potency along the gut-eye axis [108,109].

4. Fabrication Methods of Food-Grade Microgels for Targeted Delivery
The fabrication method plays a decisive role in determining the internal architecture,

encapsulation efficiency, physicochemical stability, and release behavior of food-grade
microgels [59,110]. For targeted nutritional intervention — particularly for the delivery of
hydrophobic carotenoids, polyphenols, omega-3 fatty acids, and antioxidant micronutrients
relevant to AMD — the microgel production technique must ensure (i) structural fidelity
under physiological conditions, (ii) minimal degradation of bioactives, and (iii) tunable
microstructure suitable for controlled release [93,94,111–113].

Figure 4 summarizes the principal fabrication strategies employed for constructing
food-grade microgels with controlled size distribution, internal architecture, and functional
performance. Contemporary approaches can be broadly categorized into microfluidic tem-
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plating, spray-based atomization processes, and high-energy homogenization techniques.
Microfluidic platforms enable the generation of monodisperse droplets with precisely tun-
able geometries through controlled laminar flow and shear modulation (Figure 4i), allowing
for uniform crosslinking and highly reproducible microgel formation [110,114,115]. These
systems facilitate fine control over particle diameter, internal compartmentalization, and
encapsulation efficiency, making them particularly suitable for precision nutrient delivery.
Spray-drying and microfluidic-jet spray drying methods provide scalable routes for trans-
forming emulsified or hydrogel precursors into dry microgel particles while preserving
encapsulated bio-actives [116,117] (Figure 4ii). Process parameters such as inlet tempera-
ture, atomization pressure, and feed composition critically influence particle morphology,
porosity, and oxidative stability. Additionally, advances in microgel engineering at the
molecular and colloidal scales have expanded the functional versatility of these systems,
enabling programmable responsiveness and structural tunability [118] (Figure 4iii). These
fabrication platforms offer complementary advantages in terms of scalability, structural
precision, and bioactive protection, thereby supporting the rational design of nutraceutical
delivery systems.

(i) (ii) (iii)

Design Criteria for Microgel-Based Controlled Nutraceutical Delivery

Figure 4. Schematic illustration of the key performance requirements for microgel fabrication in
controlled nutraceutical delivery systems. (i) Microgels must maintain structural fidelity under
physiological conditions (e.g., gastrointestinal pH, enzymes, and mechanical stress) to preserve their
integrity during transit. (ii) The encapsulated bioactive compounds should exhibit minimal degra-
dation, protected from oxygen, light, and reactive species to ensure high stability and functionality.
(iii) The microgel microstructure must be tunable — such as pore size, crosslinking density, and
network architecture — to enable precise, controlled release profiles in response to environmental
triggers within the gastrointestinal tract.

Current manufacturing routes can be broadly categorized into physicochemical as-
sembly methods, which rely on intrinsic biopolymer interactions, and mechanically driven
structuring techniques, which utilize external forces or templating systems to define droplet
size and morphology [73,110,114,118]. Each method confers unique advantages, and under-
standing these distinctions is essential for designing microgels optimized for AMD-focused
nutraceutical delivery [61].
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The fabrication method plays a decisive role in determining the internal architecture,
encapsulation efficiency, physicochemical stability, and release behavior of food-grade
microgels [55]. For targeted nutritional intervention, the production technique must ensure
structural fidelity under physiological conditions, minimal degradation of bioactives, and
tunable microstructure suitable for controlled release. Each method confers unique advan-
tages, and understanding these distinctions is essential for designing microgels optimized
for AMD-focused nutraceutical delivery [64]. To provide a practical roadmap for industrial
selection, Table 4 compares physicochemical and mechanical fabrication strategies across
key performance indicators. While mechanical methods offer superior scalability and
particle size control, physicochemical routes are often preferred for highly sensitive antiox-
idants due to their mild processing conditions. Specifically, for heat-sensitive bioactives
such as lutein, “cold-processing” mechanical alternatives — including spray chilling or
electrospraying — should be prioritized over conventional spray drying to prevent thermal
degradation and preserve functional potency [88,89,117,119].

Table 4. Comparative analysis of physicochemical and mechanical fabrication methods for food-grade
microgels.

Method Category Primary Examples Industrial Advantages Technical Limitations Suitability for AMD Bioactives

Physicochemical Complex coacervation,
Ionic gelation

Mild conditions;
Preserves heat-sensitive

bioactives

Limited control over
monodispersity; Batch

variability

Highest; Ideal for heat-sensitive
Lutein, Zeaxanthin, and Probiotics

Mechanical
Spray drying,
Microfluidics,

Homogenization

High scalability; Precise
size control (1–100 µm)

Potential shear/thermal
stress; Oxidative risk for

DHA/EPA

High; Best for large-scale
production of fortified powders

4.1. Physicochemical Approaches

Physicochemical methods generate microgels by inducing molecular association, con-
formational transitions, or electrostatic interactions within or between biopolymers. These
methods often operate under mild processing conditions, which is advantageous for protect-
ing antioxidants and carotenoids vulnerable to thermal or oxidative degradation [59,118].
Although each physicochemical route differs in its underlying mechanism, all share the
capacity to produce microgels with tunable porosity, hydration, and barrier properties. Self-
association is one of the most versatile routes for microgel formation because it leverages
the natural responsiveness of biopolymers. For globular proteins such as whey protein
isolate (WPI), β-lactoglobulin, or ovalbumin, heating above their denaturation temper-
atures unfolds tertiary structures and exposes hydrophobic residues and thiol groups.
These domains aggregate through hydrophobic interactions and disulfide bonding to
form colloidal protein microgels with particle sizes ranging from tens of nanometers to
several micrometers, depending on pH, protein concentration, and ionic strength [72,73].
Importantly, these hydrophobic pockets and amphiphilic surfaces provide a favorable
microenvironment for entrapping highly lipophilic AMD-related compounds such as lutein
and zeaxanthin, thereby preventing oxidative degradation during storage and digestion.
Cold-set gelation provides a complementary alternative for heat-sensitive bioactives. In
this process, proteins are first thermally denatured under controlled conditions and then
rapidly cooled. Subsequent crosslinking — often induced by Ca2+ — results in microgels
with softer textures and narrower size distributions [120,121]. These cold-set microgels
maintain high encapsulation efficiencies while avoiding additional thermal stress, making
them particularly suitable for carotenoids and antioxidant polyphenols. Polysaccharides,
including alginate, pectin, and gellan gum, undergo self-assembly primarily through ionic
crosslinking. For instance, alginate forms “egg-box” junction zones with Ca2+, producing
hydrogel networks with excellent biocompatibility and structural stability [82]. These
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networks exhibit strong barrier properties against oxygen and light exposure — both ma-
jor causes of carotenoid degradation — highlighting their suitability for encapsulating
sensitive AMD-related bioactives.

Associative complexation, frequently manifested as complex coacervation, results
from electrostatic attraction between oppositely charged polymers. Examples include
systems such as whey protein–pectin, gelatin–gum arabic, or casein–alginate. When charge
densities and environmental conditions are appropriately tuned, phase separation pro-
duces dense polymer-rich droplets that solidify into microcapsules with a characteristic
core–shell architecture [122]. Because coacervation typically occurs at room temperature
or mildly acidic pH, it is exceptionally well suited for encapsulating fragile antioxidants
and probiotics. The shell layer formed by complex coacervation often exhibits superior
oxygen barrier properties, which is crucial for enhancing the photostability and oxidation
resistance of carotenoids. Furthermore, the permeability of the coacervate membrane can
be tailored by adjusting polymer ratios, ionic strength, or pH, enabling controlled release
in physiological environments relevant to oral delivery or intestinal absorption [123].

Figure 5 illustrates the sequential physicochemical transitions occurring during com-
plex coacervation-based microencapsulation of peppermint essential oil. At alkaline con-
ditions (pH > 5), an oil-in-water (O/W) emulsion is initially formed, where dispersed oil
droplets are stabilized by adsorbed biopolymers at the oil–water interface (Figure 5A).
Upon gradual acidification to pH 4.2, electrostatic attraction between oppositely charged
biopolymers induces phase separation, leading to the formation of a polymer-rich coacer-
vate phase that preferentially deposits around the oil droplets (Figure 5B). This coacervate
layer progressively thickens, forming a viscoelastic interfacial film that encapsulates the
hydrophobic core. Subsequent adjustment to alkaline conditions (pH 9) facilitates chemical
crosslinking of the coacervate matrix, thereby reinforcing the capsule shell structure and
enhancing mechanical stability (Figure 5C). The final crosslinked microcapsules exhibit
well-defined spherical morphology and improved barrier properties against diffusion
and oxidative degradation [124] (Figure 5D). This stepwise pH-triggered coacervation
and crosslinking process exemplifies a versatile encapsulation strategy for volatile and
oxidation-sensitive bioactives in food-grade delivery systems.

In mixtures of incompatible biopolymers — such as gelatin/gellan, starch/pectin,
or whey protein/polysaccharide blends — thermodynamic phase separation provides
another effective microgel fabrication route. Under defined temperature or compositional
conditions, the system segregates into polymer-rich and polymer-poor phases. The polymer-
rich droplets subsequently undergo gelation through cooling or ionic crosslinking, forming
uniform microgels with controlled internal morphology [64,115]. Because this process
accommodates both hydrophilic and hydrophobic compounds, it supports the co-delivery
of complex nutrient combinations relevant to AMD prevention, such as lutein, zinc, and
omega-3 fatty acids.
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Figure 5. Optical microscopy images of process steps during complex coacervation of peppermint
essential oil: oil-in-water emulsion at pH > 5 (A), coacervation at pH = 4.2 (B), crosslinking at pH 9
(C) and crosslinked capsules (D). The scale bar corresponds to 50 µm. (Adapted from Ref. [124]
Copyright © 2021, MDPI).

4.2. Mechanical Approaches

Mechanical fabrication techniques manipulate biopolymer solutions using extrusion,
atomization, emulsification, or microfluidic structuring to produce microgels with specific
sizes and shapes. These techniques are especially valuable for industrial scalability and
achieving monodisperse particle populations.

As illustrated in Figure 6, mechanically assisted fabrication strategies constitute a
major class of techniques for producing food-grade microgels with controlled particle size,
morphology, and internal architecture.

In Figure 6A, extrusion-based gelation is depicted, where a biopolymer precursor
solution is forced through a nozzle into a crosslinking bath — commonly containing multi-
valent cations such as Ca2+ — to induce rapid ionotropic gelation and generate hydrogel
beads. The final particle diameter and structural uniformity are governed by processing
parameters including nozzle diameter, extrusion rate, and crosslinker concentration [125].
Extrusion involves dispensing biopolymer solutions through a nozzle into a crosslinking
bath, usually containing CaCl2. Upon contact, droplets instantly undergo ionic gelation,
forming hydrogel beads with well-defined morphology. Conventional extrusion produces
beads on the millimeter scale; however, micro-extrusion and vibrating-nozzle technologies
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now allow the formation of microgels in the 50–200 µm range [126]. Although larger than
typical ocular carriers, these microgels play a significant role in oral delivery systems
targeting systemic absorption routes, including the gut–retina axis, which is increasingly
implicated in AMD pathology.

Figure 6. Representative mechanical fabrication strategies for food-grade microgels. These ap-
proaches utilize externally applied mechanical forces and droplet structuring techniques to regulate
particle size, morphology, and internal architecture. (A) Extrusion-based gelation, where polymer
solutions are forced through a nozzle into a crosslinking bath to form hydrogel beads. (Adapted from
Ref. [13] Copyright © 2018, MDPI) (B) Emulsion-templated gelation, in which dispersed droplets
serve as templates for microgel formation through interfacial polymer stabilization and subsequent
solidification. (Adapted from Ref. [125] Copyright © 2024, MDPI) (C) Spray drying, a scalable
atomization-based technique that converts liquid emulsions or hydrogel precursors into dry microgel
particles via rapid solvent evaporation. (Adapted from Ref. [117] Copyright © 2021, MDPI).

Figure 6B illustrates emulsion-templated gelation, in which dispersed droplets act as
confined reaction microenvironments. Biopolymers adsorb at the oil–water interface and
subsequently undergo ionic, thermal, or chemical crosslinking, yielding microgel particles
with tunable interfacial architecture and enhanced encapsulation efficiency for lipophilic
bioactives [117]. Emulsion-templated gelation is one of the most versatile and widely stud-
ied microgel fabrication methods. In these systems, dispersed droplets in an emulsion serve
as precursors for microgels, which solidify through ionic crosslinking, enzymatic reactions,
pH shifts, or heating. O/W, W/O, and W/O/W emulsions allow simultaneous encapsula-
tion of hydrophilic and hydrophobic compounds. Pickering emulsions, stabilized by solid
particles such as cellulose nanocrystals, provide remarkable resistance to coalescence and
oxidation, making them highly effective for carotenoid encapsulation [127,128]. Double
emulsions further allow encapsulation of multiple therapeutic agents requiring distinct
release kinetics — a valuable property for AMD, which involves both oxidative stress
and inflammation [129,130]. High-shear homogenization of protein solutions can generate
microparticulated protein assemblies with internal hydrophobic cavities [131,132]. These
particles mimic fat-like textures but also function as carriers for lipophilic compounds.
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Although their internal structure is less uniform compared with microfluidic microgels,
their scalability and compatibility with dairy- or protein-based formulations make them
attractive for functional foods enriched with retinal-protective antioxidants.

Atomization — including spray drying, spray chilling, and spinning-disk
atomization — enables rapid conversion of emulsions or biopolymer solutions into dry
microgels [116]. Spray drying produces particles ranging from 1 to 20 µm and is widely
used in the food industry due to its scalability and cost-efficiency. As shown in Figure 6C,
spray drying represents a scalable atomization-based strategy that transforms liquid emul-
sions or hydrogel precursors into dry microgel particles via rapid solvent evaporation
under controlled thermal conditions. Critical parameters such as inlet temperature, feed
composition, and atomization pressure influence particle porosity, surface morphology, and
oxidative stability of encapsulated compounds [121]. Spray drying is widely recognized
as one of the most scalable techniques for producing dried microgel powders suitable
for industrial nutraceutical formulations [81,133]. However, the process exposes encap-
sulated compounds to elevated temperatures that may induce thermal degradation of
heat-sensitive bioactives. Typical spray-drying operations involve inlet air temperatures of
approximately 140–200 ◦C, while outlet temperatures are generally maintained between
60 and 90 ◦C depending on feed composition and moisture removal requirements [134,135].
Although the residence time of droplets in the drying chamber is relatively short (typically
1–10 s), heat-sensitive nutraceuticals such as carotenoids, polyphenols, and certain vitamins
may still undergo oxidative or thermal degradation during atomization and drying [81].
For example, carotenoid losses during spray drying have been reported to range from
approximately 10–40%, depending on formulation composition and processing [38,136].
To mitigate these risks, the use of wall materials with high glass transition temperatures
(Tg) and the incorporation of antioxidant-rich protein-polysaccharide blends are essen-
tial to shield the core bioactives from direct thermal exposure and rapid oxidation at the
air-water interface [81]. Spray chilling, in contrast, solidifies droplets through cooling
rather than heat, reducing thermal stress and improving the retention of heat-sensitive
antioxidants like lutein. Similarly, spinning-disk atomizers generate droplets with narrow
size distributions, offering precise control over microgel morphology. Overall, atomiza-
tion methods are ideal for generating storage-stable powdered microgels for nutritional
formulations targeting AMD.

Microfluidic devices generate highly monodisperse droplets that can be crosslinked in
situ to form microgels with precisely defined sizes (10–500 µm), morphologies, and internal
architectures. The laminar flow environment ensures low shear stresses, preserving bioac-
tive integrity. Microfluidic routes enable advanced designs such as core–shell microgels,
Janus particles, and stimuli-responsive carriers tailored to pH, ionic strength, or enzymatic
activity [110,114]. Although throughput remains a limitation, parallelized microfluidic ar-
rays and droplet generators are rapidly improving scalability. The ability to co-encapsulate
multiple AMD-related nutrients — such as lutein and omega-3 fatty acids — makes mi-
crofluidic microgels a promising technology for precision retinal nutrition.

Micromolding and lithography, including PRINT (Particle Replication In Non-wetting
Templates) and soft lithography, allow fabrication of microgels with highly defined ge-
ometries and programmable degradation profiles. While traditionally used in biomedical
engineering, applying food-safe biopolymers such as alginate, gelatin, or modified starch
enables the creation of structured microgels with enhanced mucoadhesion or directional
release characteristics [137,138]. Such geometric control may further improve retention or
targeting efficiency in ocular and gastrointestinal pathways.
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4.3. Comparative Evaluation and Selection Criteria for AMD-Targeted Delivery

The selection of an optimal microgel fabrication method involves a strategic balance
between structural precision, nutrient stability, and industrial feasibility. Although various
strategies exist, their suitability is dictated by the physicochemical sensitivities of the
encapsulated bioactives (Table 4).

• Ionic Gelation: This is widely regarded as one of the most appropriate strate-
gies for AMD-related carotenoids like lutein and zeaxanthin. Its primary advan-
tage lies in mild processing conditions (ambient temperature and aqueous media),
which effectively prevent the thermal isomerization and oxidative degradation of
sensitive xanthophylls [81,103]

• Spray Drying: Despite the risk of thermal stress, this remains the most commercially
viable method for large-scale production. It is particularly suitable for generating
storage-stable, fortified powders for multi-nutrient formulations, provided that appro-
priate wall materials are used to shield the core [134].

• Complex Coacervation: This method provides exceptional oxidative protection
through a dense biopolymer shell, making it ideal for highly sensitive polyphenols.
However, its sensitivity to pH and ionic strength can limit its application in complex
food matrices [122].

• Emulsion Templating and Microfluidics: These strategies offer the highest level of
structural control and monodispersity, which is essential for precision nutrition and
studying the gut-eye axis. However, low throughput remains a primary bottleneck for
mass-market interventions [97,110,114].

For food-grade AMD nutraceuticals, ionic gelation and spray drying are highlighted
as the most practical and effective methods due to their balance of high encapsulation
efficiency, process simplicity, and scalability.

5. Encapsulation Strategies
Encapsulation is the central design function of food-grade microgels [72,139]. In the

context of precision nutrition and functional foods, microgels must (i) physically isolate
sensitive bioactive agents from harsh gastric and early intestinal conditions, (ii) modulate
spatiotemporal release so that payloads are delivered to defined regions of the gastroin-
testinal (GI) tract, and (iii) improve uptake and bioavailability without compromising food
safety or sensory quality [61,102]. Microgels, broadly defined as crosslinked, water-swollen
polymer networks in the roughly 10 nm to 100 µm size regime, can be chemically or bi-
ologically modified to improve biocompatibility, tune mechanical resilience, and control
diffusion and degradation behavior [118].

Figure 7 schematically depicts representative microgel encapsulation strategies tailored
for distinct classes of bioactive payloads and their gastrointestinal (GI) transit behavior.
As illustrated in Figure 7A, multilayered microgel architectures are designed to protect
probiotic microorganisms from the highly acidic gastric environment. In these systems,
probiotic cells are encapsulated within ionically crosslinked alginate cores and further
reinforced by chitosan or polyelectrolyte coatings, forming a diffusion-limiting barrier
against gastric acid penetration. Upon transition to the higher pH conditions of the small
intestine, partial deprotonation and matrix swelling facilitate pH-triggered release, thereby
improving cell viability and colonization potential [140]. In contrast, Figure 7B demon-
strates hydrogel-based encapsulation of lipophilic micronutrients or oil droplets within
biopolymeric matrices. During simulated gastrointestinal digestion, the hydrogel network
stabilizes dispersed lipid phases and modulates lipase accessibility, thereby enhancing lipid
digestion kinetics and promoting the formation of mixed micelles necessary for intesti-
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nal absorption. This strategy improves physicochemical stability and bioaccessibility of
carotenoids and other hydrophobic nutraceuticals [141].

In food systems, these microgels are commonly constructed from biopolymers such
as alginate, pectin, gelatin, whey proteins, or mixed polysaccharide–protein networks.
They are fabricated by emulsification, spray-drying, ionotropic gelation, or increasingly
by microfluidic droplet generation, which enables highly monodisperse, core–shell archi-
tectures. The hydrogel-like internal network provides high water content, mechanical
compliance, and a controllable mesh size while still functioning as a selective diffusion
barrier, allowing the encapsulated cargo to survive gastric transit and instead be released
under pH, enzymatic, or microbial triggers in the small intestine or colon.

(A)

(B)

Figure 7. Schematic representation of microgel encapsulation strategies for different classes of
payloads and their gastrointestinal transit behavior. (A) Multilayer microgel system designed to
protect probiotic cells from gastric acid exposure and enable pH-triggered release in the intestine
(adapted from Ref. [140] Copyright © 2019, Frontiers Media SA). (B) Hydrogel-entrapped lipophilic
droplets exhibiting enhanced physicochemical stability and improved mixed-micelle formation
during small intestinal digestion. (Adapted from Ref. [141] Copyright © 2021, MDPI).

5.1. Encapsulation of Probiotics

Probiotic microorganisms are among the most demanding cargos for any ingestible
delivery system: they must remain viable during processing and storage, resist acid and bile
exposure in the stomach and duodenum, and then colonize the distal gut to exert metabolic,
immunomodulatory, or barrier-repair functions [61,102]. Food-grade microgel systems for
probiotics respond to these constraints using polysaccharide- and protein-based matrices
that act as physical shelters (“silkworm cocoons”), typically surrounding the bacterial cells
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with one or more protective layers, or as networked gel environments (“spider webs”), in
which the bacteria are embedded in a hydrated 3D mesh that limits diffusive access of acid,
oxidants, and bile salts.

A common strategy is the formation of ionically crosslinked alginate microgels, often
further coated with secondary biopolymers such as chitosan or pectin to build multilayer
shells with pH-responsive behavior [142]. Recent in vitro studies (2024–2025) have quanti-
fied the efficacy of these architectures, demonstrating that multilayered beads can maintain
probiotic viability above 85% after 2 h of exposure to simulated gastric fluid (pH 2.0),
whereas non-encapsulated cells show near-total depletion [142,143]. These multilayered
coatings reduce proton and bile penetration in simulated gastric fluid, thereby preserving
cell viability, and subsequently swell or partially disassemble at near-neutral intestinal
pH to permit controlled release and colonization in the lower gut. Inclusion of buffering
microdomains (for example, carbonate phases) or lipid droplets within the same microgel
can further suppress local acidification and slow the ingress of harmful species, which im-
proves survival through the stomach while deferring release until later intestinal segments
where colonization is beneficial. In addition to pH protection, surface charge engineering of
the outer shell can be exploited to enhance mucosal adhesion. For example, cationic or thi-
olated polysaccharide coatings can interact electrostatically or via disulfide exchange with
negatively charged colonic mucins, which prolongs residence time in inflamed or dysbiotic
regions and supports more localized therapeutic action [143]. Taken together, these encap-
sulation strategies translate pharmaceutical principles of protection, site-specific delivery,
and mucosal localization into fully food-grade probiotic formats, potentially modulating
the gut–retina axis for AMD management.

5.2. Encapsulation of Lipophilic Vitamins and Other Hydrophobic Micronutrients

Fat-soluble vitamins (A, D, E, K), carotenoids, polyphenols, and other lipophilic nu-
traceuticals present two fundamental challenges: they are chemically labile (susceptible
to oxidation, isomerization, and thermal degradation), and they display intrinsically poor
aqueous solubility, which limits absorption in the small intestine. Microgel encapsulation
directly addresses both issues [142,144,145]. Current experimental data for AMD-relevant
lipophiles like lutein and zeaxanthin indicate that microgel-templated systems preserve
over 80% of the initial bioactive content after accelerated oxidative stress tests and simu-
lated digestion [60,141]. When these microgel capsules erode or swell in the small intestine,
bile salts and lipases can more efficiently emulsify and solubilize the encapsulated hy-
drophobes into mixed micelles, leading to bioaccessibility rates exceeding 75%, a significant
improvement over the <20% observed in native forms. In one widely used approach,
hydrophobic actives are incorporated into submicrometer or micron-scale oil droplets
and then immobilized within a protein–polysaccharide gel network — for example, whey
protein or gelatin complexes crosslinked within an alginate or pectin matrix — forming a
core–shell or filled-gel morphology [97].

The interfacial layer surrounding each droplet and the surrounding gel matrix act
as coupled diffusion and steric barriers that limit oxygen and pro-oxidant access, thereby
suppressing oxidative and thermal degradation during processing and storage [130,142].
At the same time, dispersing lipophilic bioactives within monodisperse droplets trapped in
a hydrogel dramatically increases their effective interfacial area during digestion. When
these microgel capsules erode or swell in the small intestine, bile salts and lipases can
more efficiently emulsify and solubilize the encapsulated hydrophobes into mixed micelles,
which improves bioaccessibility and ultimately increases systemic bioavailability.

By tuning shell thickness, internal oil fraction, and the degree of ionic or thermal
crosslinking, release of these lipophilic actives can be delayed until the duodenum or
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jejunum — where lipid uptake is physiologically optimized — rather than occurring pre-
maturely in the stomach where acid-catalyzed degradation and gastric emptying dynamics
would otherwise reduce efficacy [105,146]. This coupling of interfacial stabilization and
programmed GI release is particularly attractive for precision nutrition, where lipid-soluble
micronutrients must be delivered at effective local doses while minimizing off-target irrita-
tion or loss of activity.

5.3. Encapsulation of Minerals and Metabolic Cofactors

Essential minerals (e.g., Ca2+, Fe, Zn2+) and low-molecular-weight cofactors can be
irritants in free form, especially in the stomach, and can also exhibit low uptake efficiency
when delivered as unprotected salts [100]. Food-grade microgels provide an effective
route to coordinate or chelate these ions within a hydrated polymer network, such as an
alginate-block matrix crosslinked by divalent cations or a protein-based network with
defined binding sites [105]. In this design, the mineral is effectively “caged” in a soft,
water-rich microenvironment, which buffers direct exposure to the gastric mucosa and
reduces acute irritation during gastric residence [147].

Specifically, in alginate-based systems, Ca2+ or Zn2+ ions stabilize the “egg-box” junc-
tion zones of guluronic acid (GG) blocks, significantly enhancing the mechanical integrity
and barrier properties of the particle [82]. As the microgel swells, erodes, or is enzymatically
loosened under the near-neutral pH and enzyme-rich conditions of the proximal small
intestine, the coordinated ions are gradually released in a more bioavailable and more
physiologically tolerable form [61]. Functionally, this is analogous to controlled-release
pharmaceutical depots, but implemented entirely with Generally Recognized As Safe
(GRAS) food biopolymers and food-compatible gelation chemistries [70]. This regulatory
alignment ensures that mineral-fortified microgels can be rapidly integrated into dietary
regimens without the protracted approval cycles typical of synthetic carriers.

5.4. Structure–Function Design Principles

Although the specific payloads differ — live probiotics, hydrophobic vitamins and
polyphenols, or ionic cofactors — the structural logic of food-grade microgel encapsulation
is consistent. Microgels behave as soft, crosslinked reservoirs whose mesh size, surface
chemistry, interfacial architecture, and overall size distribution can be engineered to control
(i) loading efficiency, (ii) retention under gastric and duodenal stress, and (iii) spatially
programmed release at target GI sites [61]. Microfluidic production is especially power-
ful because it can generate highly monodisperse droplets or core–shell capsules in the
10–100 µm range with tightly controlled shell thickness, internal oil fraction, and biopoly-
mer composition [114]. These parameters directly dictate how rapidly acid, bile salts, and
reactive oxygen species penetrate the capsule; how strongly the particle resists deforma-
tion, erosion, or fracture under peristaltic shear; and how precisely the capsule ruptures,
swells, or releases cargo in response to local pH, enzymatic digestion, or bile-driven lipid
solubilization [100]. In parallel, surface functionalization — for example, imparting posi-
tive charge or thiol-containing moieties to promote mucoadhesion — can be leveraged to
extend residence time at specific mucosal sites (e.g., inflamed colon) while maintaining
food-grade status [86]. Viewed from a translational perspective, these encapsulation strate-
gies position food-grade microgels as programmable, ingestible depots. They physically
isolate sensitive actives, escort them through gastric and proximal intestinal stress, and
then deploy them with spatial and temporal precision at sites where they can modulate
appetite signaling, restore micronutrient balance, or act on disease-relevant tissues [70].
This convergence of materials engineering, digestive physiology, and nutritional function
is a defining feature of next-generation “precise nutrition” platforms, highlighting the po-
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tential for translating microgel systems toward clinically meaningful dietary interventions
for AMD management [94].

6. Release Mechanisms
Release from food-grade microgels is not a passive diffusion event but the result of

deliberate structural and chemical programming. These ingestible carriers are rationally
engineered to respond to the evolving physicochemical conditions of the gastrointestinal
(GI) tract, thereby enabling sequential protection and region-specific liberation of sensitive
cargos — including probiotics, lipophilic vitamins, polyphenols, and essential mineral
ions. Ideally, such systems are designed so that encapsulated bioactives (i) remain pro-
tected during gastric transit, (ii) avoid premature leakage in the upper small intestine, and
(iii) are released only when and where they can exert maximal biological efficacy [61]. In
this context, microgels function as programmable depots that dynamically negotiate the het-
erogeneous GI microenvironment — ranging from the acidic gastric lumen to the enzyme-
and bile-rich small intestine and the microbially active colon — exhibiting region-specific
release behavior (Figure 8) [100]. This spatiotemporal control arises from three interrelated
mechanisms: (i) diffusion-limited retention under gastric conditions, (ii) swelling- and
erosion-mediated matrix relaxation in the small intestine, and (iii) microbiota-triggered
degradation coupled with mucoadhesive localization in the colon.

(A) (B)

(C)

Lipid−rich
domains

Lipid−rich
shell or domain

Microbiota−Derived
Enzymes

Figure 8. Spatiotemporal controlled release behavior of food-grade microgels along the gastroin-
testinal (GI) tract. (A) Gastric protection via diffusion-limited retention within tightly crosslinked
networks. (B) Small intestinal release driven by pH-induced swelling, bile salt interaction, and
matrix erosion, facilitating mixed micelle formation and enhanced lipophilic nutrient bioaccessibility.
(C) Colonic targeting via mucoadhesion and microbiota-triggered enzymatic degradation enabling
localized and site-specific delivery.

The first layer of control is diffusion-mediated retention within the microgel matrix
(Figure 9i,vi). Within tightly crosslinked networks, attractive interactions — such as electro-
static binding, ionic coordination, or hydrophobic association — between the encapsulated
cargo and the polymer scaffold markedly suppress molecular mobility and outward trans-
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port [105]. This diffusion-limited confinement is particularly critical for gastric protection of
probiotics, where live bacteria embedded within dense Ca2+–alginate matrices are shielded
from acid penetration during gastric residence [148–150]. Similarly, mineral ions (e.g.,
Fe2+/Fe3+) can be transiently coordinated within hydrated polymer cages, minimizing
gastric irritation while enabling gradual intestinal liberation. In this context, release from
the matrix represents the initial step governing the subsequent bioaccessibility cascade.

Mechanistic Pathways Governing the Liberation, Absorption, and 
Bioavailability of Lipophilic Bioactives

(i) (ii) (iii)

(iv) (v) (vi)

(vii) (viii) (ix)

Figure 9. Mechanistic pathways governing the liberation, absorption, and bioavailability of lipophilic
bioactives during gastrointestinal digestion. The schematic integrates nine interconnected processes
that collectively determine the fate of lipophilic nutraceuticals: (i) release from the food matrix,
(ii) particle size reduction and interfacial restructuring, (iii) epithelial transport across the intesti-
nal barrier, (iv) protection against chemical degradation, (v) micelle formation and solubilization,
(vi) diffusion within biopolymeric networks, (vii) enzymatic digestion and matrix disintegration,
(viii) molecular interactions with surrounding macromolecules, and (ix) cellular uptake and systemic
distribution. Together, these sequential and overlapping events define bioaccessibility, absorption
efficiency, and ultimate bioavailability.

The second regulatory layer involves swelling- and erosion-driven structural transi-
tions that occur upon exposure to intestinal conditions (Figure 9ii,v,vii). When a microgel
swells in response to pH elevation or ionic shifts, increased hydration enlarges the network
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mesh size and accelerates outward flux [151]. Concurrently, bile salts and pancreatic lipases
emulsify and digest internal lipid domains, leading to micelle formation and solubilization
of lipophilic micronutrients such as carotenoids [147]. The interplay between matrix erosion,
particle size reduction, and interfacial restructuring critically determines the efficiency of
mixed micelle formation, which in turn governs epithelial uptake and systemic availability.
Monodisperse microgels may additionally be engineered for temporally controlled disas-
sembly to engage intestinal feedback pathways, including the “intestinal brake,” thereby
influencing satiety and metabolic regulation [152].

The third layer consists of stimulus-responsive and mucoadhesive mechanisms that
modulate site-specific release and epithelial interaction (Figure 9iii,viii,ix). pH-responsive
shells (e.g., alginate–chitosan complexes) remain compact under gastric acidity but un-
dergo swelling or delamination at near-neutral intestinal pH, enabling targeted deliv-
ery [70]. Functionalization with thiolated or cationic polysaccharides enhances mucoadhe-
sion through electrostatic interactions and chain interpenetration with mucins, effectively
anchoring the carrier to target tissues such as the inflamed colon and prolonging local
residence time [86,153]. These interactions not only influence diffusion but also affect
epithelial transport pathways and cellular uptake kinetics.

In practice, these mechanistic layers operate sequentially and synergistically, as il-
lustrated in Figure 9. Release from the food matrix, micellar solubilization, diffusion
through biopolymeric networks, enzymatic degradation, epithelial absorption, and sys-
temic distribution are interconnected processes that collectively determine bioaccessibility
and ultimate bioavailability. This integrated spatiotemporal programming underpins
the emerging paradigm of “precision nutrition,” wherein bioactives are delivered with
pharmaceutical-style targeting to modulate chronic disorders — including age-related
macular degeneration — via mechanisms such as the gut–eye axis [94].

7. Applications of Food-Grade Microgel for AMD
As illustrated in Figure 10, food-grade microgels can be engineered to protect sensitive

bioactives, enhance gastrointestinal stability and absorption, and enable multi-nutrient
delivery strategies relevant to AMD.

Figure 10. Food-grade microgel platforms for stabilization, co-encapsulation, and gastrointestinal-
responsive delivery of AMD-related bioactives. (A) Alginate-based encapsulation strategy in which
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bioactives are incorporated into hydrated polymer networks through ionotropic gelation, forming
microgels that physically entrap and protect sensitive compounds from oxidative and environmental
degradation. (Adapted from Ref. [154] Copyright © 2021 MDPI) (B) Representative co-encapsulation
architectures (O/W, W/O, W/O/W, O/W/O) enabling the simultaneous incorporation of hydrophilic
and lipophilic bioactives within structured microgel systems to minimize antagonistic interactions
and coordinate release profiles. (Adapted from Ref. [155] Copyright © 2024 MDPI) (C) Microgel-
mediated gastrointestinal protection and region-specific release behavior, illustrating stability under
acidic gastric conditions and swelling- or degradation-triggered release in the intestine to enhance
systemic bioavailability. (Adapted from Ref. [156]. Copyright © 2010 Taylor & Francis).

7.1. Enhancement of Nutrient Stability for Retinal Protection

Many bioactive compounds utilized to mitigate AMD, including carotenoids, polyphe-
nols, and omega-3 fatty acids, exhibit significant instability during processing, storage, and
gastrointestinal transit [41,157]. These compounds are highly susceptible to oxidation, heat,
and photodegradation, compromising their effective delivery to retinal tissues and limiting
their biological activity [158]. Food-grade microgels provide a protective matrix that isolates
these nutrients from deleterious environmental conditions, thereby preserving their struc-
tural integrity and bioactivity [159]. As illustrated in Figure 10A, alginate-based microgels
are commonly fabricated via ionotropic gelation, in which bioactives are dispersed within
an alginate precursor solution and subsequently crosslinked by divalent cations (e.g., Ca2+)
to form a three-dimensional hydrogel network. The resulting Ca2+–alginate matrix cre-
ates a diffusion-limited polymer cage that physically entraps sensitive compounds within
a hydrated, biopolymer-rich environment. This network architecture restricts oxygen
permeation, reduces radical propagation, and enhances resistance to oxidative, thermal,
and photochemical degradation [154]. Beyond alginate systems, other polysaccharide-
and protein-based microgels — including those derived from pectin, gelatin, or whey
protein — exhibit similar protective mechanisms by forming crosslinked matrices that
buffer environmental fluctuations and stabilize encapsulated bioactives [105,160].

The stability enhancement conferred by microgel encapsulation is particularly crit-
ical for AMD-related nutrients such as lutein, zeaxanthin, resveratrol, curcumin, and
DHA, which are inherently prone to degradation under physiological conditions [145,161].
By maintaining these compounds within a stabilized microenvironment and limiting
pre-absorptive loss, microgels preserve functional potency. Moreover, the hydrated net-
work structure enables subsequent controlled release in the intestinal environment and
can be further engineered for mucoadhesive retention, supporting sustained systemic
delivery of antioxidant and neuroprotective agents to the retina [55]. Such preserva-
tion of bioactivity is essential for attenuating oxidative stress, a principal driver RPE
degeneration and AMD progression [8].

7.2. Improving Bioavailability and Targeted Uptake of Bioactives

Many AMD-related nutrients exhibit inherently low oral bioavailability due to poor
aqueous solubility, limited dispersibility in the gastrointestinal (GI) tract, and rapid
metabolic transformation. Carotenoids (e.g., lutein and zeaxanthin) and long-chain omega-
3 fatty acids (e.g., DHA) are highly lipophilic and therefore inefficiently absorbed when
administered in native crystalline or bulk oil forms [157].

Microgel-based co-encapsulation strategies address these limitations by organizing
bioactives within compartmentalized colloidal architectures that enhance dispersion and
controlled solubilization. As illustrated in Figure 10B, structured systems — including
oil-in-water (O/W), water-in-oil (W/O), and multiple emulsion-derived configurations
(W/O/W, O/W/O) — spatially segregate hydrophilic and lipophilic compounds into
distinct internal domains [108,155]. This internal phase organization prevents direct antag-
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onistic interactions between incompatible nutrients while maintaining structural integrity
during GI transit. Within the intestinal lumen, the lipid-containing domains undergo
enzymatic digestion by pancreatic lipases in the presence of bile salts, generating monoa-
cylglycerols and free fatty acids that assemble into mixed micelles [162]. The microgel-
templated dispersion state enhances interfacial accessibility, accelerates lipid hydrolysis,
and promotes efficient micellar incorporation of lipophilic micronutrients. This process
facilitates epithelial uptake and subsequent chylomicron-mediated systemic transport,
thereby significantly improving apparent bioavailability and supporting effective retinal
delivery of AMD-relevant compounds.

Furthermore, co-encapsulation architectures can be integrated with pH-sensitive or
enzyme-responsive microgel matrices to synchronize release kinetics with optimal intesti-
nal absorption windows [156]. By coupling spatial compartmentalization with stimuli-
responsive matrix relaxation, these systems reduce premature degradation, maintain nutri-
ent stability during gastric transit, and enable coordinated bioactive liberation in the small
intestine. This precision-delivery strategy is conceptually aligned with landmark clinical
interventions such as AREDS and AREDS2, which emphasize the necessity of maintaining
adequate systemic concentrations of carotenoids, antioxidants, and essential fatty acids for
effective AMD management [43,163].

7.3. Microgel-Based Encapsulation for Targeted Delivery

Beyond enhancing stability and systemic absorption, microgel systems can be ratio-
nally engineered to achieve region-specific gastrointestinal (GI) release of AMD-relevant
nutrients. The physicochemical properties of microgels — including particle size, surface
charge, hydrophobicity, and cross-link density — can be precisely tuned to modulate matrix
permeability and environmentally responsive disassembly behavior [55]. As illustrated in
Figure 10C [156], structured microgel platforms remain compact and diffusion-restricted
under acidic gastric conditions (pH 1–3), thereby limiting premature cargo leakage and
protecting labile bioactives from acid-induced degradation. Upon transition to the small
intestine (pH ~6–7.5), changes in ionic strength, pH, and exposure to bile salts and di-
gestive enzymes induce network swelling, partial erosion, or matrix relaxation. This
environmentally triggered transformation enables spatially regulated payload liberation
at physiologically optimal absorption sites. For instance, pH-responsive microgels shield
nutrients during gastric transit and initiate release only after exposure to neutral or mildly
alkaline intestinal environments [156]. Similarly, enzyme-degradable systems fabricated
from natural biopolymers such as gelatin or starch derivatives undergo controlled ma-
trix disintegration in concert with digestive activity, synchronizing nutrient release with
lipid digestion and micelle formation processes [105]. In the context of Figure 10C, this
staged GI-responsive behavior enhances bioaccessibility while minimizing luminal loss
and oxidative degradation of sensitive compounds [55,156].

Although nutrient delivery for AMD primarily depends on systemic absorption follow-
ing oral intake, the conceptual framework depicted in Figure 10C highlights how controlled
gastrointestinal release contributes to sustained systemic exposure. Stable micellar in-
corporation and efficient epithelial transport ultimately support chylomicron-mediated
distribution of carotenoids, polyphenols, and omega-3 fatty acids, facilitating their accumu-
lation in retinal tissues [54]. By maintaining consistent circulating levels of antioxidant and
anti-inflammatory nutrients, microgel-enabled delivery platforms may indirectly modulate
key pathogenic mechanisms underlying AMD, including oxidative stress, chronic inflam-
mation, and mitochondrial dysfunction within the RPE. The protective and GI-responsive
functionalities shown in Figure 10C position food-grade microgels as a strategic platform
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for next-generation nutritional or medical food interventions aimed at improving the
precision, reliability, and therapeutic relevance of AMD-targeted nutrient delivery.

7.4. Microgel-Based Multi-Nutrient Synergy Platforms

AMD management increasingly emphasizes the use of multi-nutrient formulations, as
robustly demonstrated by clinical trials like AREDS2, which combine carotenoids, antioxi-
dant vitamins, zinc, and omega-3 fatty acids to achieve synergistic protective effects [43].
However, the co-formulation of these diverse compounds presents significant chemical and
technical challenges: nutrient-nutrient interactions often lead to chemical incompatibility,
reduced stability (e.g., between Ascorbic acid and metallic ions), or diminished overall
bioavailability [158,164].

Microgels offer a highly structured environment that can effectively minimize antago-
nistic interactions. They can either segregate individual components within a single matrix
or co-encapsulate them in a spatially organized manner, thereby preserving the intrinsic
bioactivity of each nutrient [55]. Furthermore, these designs enable coordinated release
profiles that are optimized for combined efficacy in the gastrointestinal tract.

The ability of microgels to incorporate both hydrophilic (e.g., vitamins and polyphe-
nols) and lipophilic (e.g., carotenoids and omega-3 fatty acids) compounds further supports
the development of sophisticated multi-nutrient synergy platforms tailored for AMD
prevention [108]. For instance, lipophilic components may be co-delivered within lipid-
enriched domains, while hydrophilic molecules can be embedded within the surrounding
hydrophilic polymer network. This structural compartmentalization enhances antioxidant
capacity and stability [146]. This precision engineering approach aligns with the broader
trend toward precision nutrition and functional food innovation, providing a scientifi-
cally grounded pathway to maximize the clinical relevance of nutrient-based strategies for
long-term retinal health.

8. Conclusions and Future Directions
We have comprehensively evaluated the emergence of food-grade microgel sys-

tems as a sophisticated and clinically relevant platform for the targeted delivery of
nutrients essential to managing AMD. Our analysis confirms that while nutritional
interventions — specifically those involving carotenoids, omega-3 fatty acids, and antiox-
idant vitamins — are critical for delaying disease progression, their biological efficacy is
fundamentally constrained by poor gastrointestinal stability and low aqueous solubility.
We have detailed how microgels, engineered from biocompatible biopolymer networks,
resolve these limitations by functioning as programmable reservoirs that shield sensitive
bioactives from oxidative, thermal, and photochemical degradation. By modulating the
physicochemical properties of these carriers, it is possible to achieve precise spatiotemporal
release at optimized absorption sites, thereby maximizing systemic bioavailability and
supporting the critical gut-retina axis.

Despite the significant achievements in laboratory-scale innovation, several technical
and regulatory hurdles must be addressed to fully realize the potential of microgel-based
precision nutrition. The following sections outline the key emerging issues and future
research directions required to bridge the gap between material design and clinical ap-
plication. The integration of food-grade microgels into the clinical management of AMD
represents a paradigm shift in precision nutrition. However, bridging the gap between in-
novative laboratory prototypes and consumer-ready functional foods requires overcoming
significant hurdles in safety, engineering, and functional intelligence.
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8.1. Fabrication Scalability, Regulatory Pathways, and Commercial Translation

The transition from high-precision laboratory prototypes to industrial-scale functional
foods requires a dual focus on engineering and safety. While microfluidic techniques offer
unparalleled control over monodispersity, their current throughput remains a bottleneck
for mass-market AMD interventions. For the large-scale delivery of minerals and cofactors,
mechanical atomization processes such as spray drying and centrifugal extrusion offer the
necessary scalability to produce tons of fortified powders annually.

However, the scalability of probiotics presents unique challenges, as thermal exposure
during conventional spray drying can lead to significant loss of viability. To address this,
the industry is shifting toward ‘cold-processing’ mechanical alternatives — including
electrospraying and spray chilling — which preserve the metabolic activity of live cells
at scale. Regardless of the fabrication route, the use of GRAS-certified biopolymers (e.g.,
alginate, pectin, and globular proteins) is paramount. Explicitly utilizing these ingredients
ensures that the resulting microgels meet the stringent safety standards of the gut-eye axis
therapeutic framework, facilitating consumer trust and regulatory clearance for clinical use.

Beyond material safety, the transition from laboratory prototypes to market-ready
products is governed by complex international regulatory frameworks. Despite the promis-
ing potential of food-grade microgels as delivery platforms for nutraceuticals targeting
AMD, their large-scale commercialization requires careful consideration of regulatory
approval pathways and industrial feasibility [165]. In the United States, ingredients incor-
porated into food products must generally comply with the GRAS framework administered
by the U.S. Food and Drug Administration (FDA) [166]. Many biopolymers commonly
used in microgel systems — including proteins (e.g., whey protein, casein, and gelatin)
and polysaccharides (e.g., alginate, pectin, and chitosan) — already possess GRAS sta-
tus or are widely accepted as food additives [123]. However, regulatory evaluation may
still be required when these materials are used in novel structural formats or delivery
systems, particularly when particle size, physicochemical properties, or intended func-
tionality differ substantially from traditional food applications [167]. In the European
Union, regulatory oversight is primarily governed by the European Food Safety Authority
(EFSA) under the Novel Food Regulation (EU) 2015/2283. Materials that have not been
consumed to a significant degree prior to May 1997 may require formal safety assessments
before commercialization. Although many food-grade polymers used in microgels are
individually approved food ingredients, the introduction of engineered colloidal structures
or nano/micro-scale delivery systems may trigger additional safety evaluations regarding
digestion behavior, bioavailability, and long-term exposure [167,168]. From a commercial
perspective, several practical challenges also influence industrial translation. These in-
clude scalability of production technologies, cost of encapsulation materials, regulatory
documentation requirements, and the need for standardized characterization methods to
ensure batch-to-batch consistency. In addition, consumer perception of engineered food
delivery systems may influence market adoption, particularly when products involve
engineered colloidal structures, which require transparent labeling and clear communi-
cation of safety benefits to ensure public acceptance. Addressing these regulatory and
commercial considerations will therefore be essential for translating microgel-based nu-
traceutical delivery systems from laboratory-scale research to clinically relevant dietary
interventions for AMD [169].

8.2. Advanced Architectures for Multi-Nutrient Synergy

Future research should explore more complex, heterogeneous interface designs that
leverage tailored biopolymer interactions. By constructing multilayered or hybrid net-
works, researchers can effectively segregate individual components to prevent antagonistic
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interactions while promoting coordinated release. For example, co-encapsulating lipophilic
carotenoids within lipid-rich domains and hydrophilic vitamins within the surrounding
hydrogel matrix allows for the development of sophisticated synergy platforms. Such ar-
chitectures can be optimized to deliver pharmaceutical-style precision in a fully food-grade
format, ensuring that multi-nutrient payloads are released in a sequence that maximizes
their collective bioactivity.

8.3. Computational Modeling of Digestive Dynamics

To unravel the complex interfacial phenomena occurring within the gastrointestinal
tract, the integration of advanced computational modeling is essential. Electrodynamic
and fluid-dynamic simulations can predict local pH-responsive swelling, matrix erosion,
and nutrient diffusion under varying physiological conditions. Mathematical models
that incorporate digestive kinetics and intestinal transit factors will provide quantitative
parameters for optimizing microgel design. Future work should aim to integrate real-time
feedback models and time-domain simulations to achieve a predictive, rather than reactive,
approach to delivery system engineering.

8.4. AI-Driven Material Exploration and Precision Nutrition

The integration of novel biopolymers with artificial intelligence (AI) represents a
transformative strategy for accelerating the discovery of optimal microgel formulations.
AI-driven technologies can efficiently explore vast material design spaces to identify
biopolymer combinations with superior encapsulation efficiency and environmental stabil-
ity. Machine learning models trained on digestive data sets can predict release characteris-
tics and bioaccessibility, significantly shortening the development cycle for personalized
nutrition. However, the current effectiveness of these models is constrained by the absence
of high-quality, standardized in vivo data sets. To achieve true predictive intelligence,
future research must prioritize the collection of real-world biological performance metrics
to bridge the gap between in vitro simulations and actual metabolic outcomes.

8.5. Adaptive and “Smart” Delivery Platforms

Incorporating adaptive functionalities into microgel interfaces is a defining frontier
for next-generation nutraceuticals. We envision the development of stimuli-responsive
carriers that can autonomously adjust their delivery rates in response to external cues
or internal physiological shifts. This includes the integration of multi-trigger release
mechanisms — where release is synergistically activated by pH transitions and microbial
enzymatic activity — as well as the potential for real-time monitoring tags. These “smart”
platforms will enable real-time performance modulation, ensuring that nutrient delivery is
precisely tuned to the body’s dynamic needs, thereby offering a robust and proactive route
to preserving long-term visual health.

8.6. Bridging the Gap: In Vivo Limitations and Proposed Validation

Despite the significant achievements in laboratory-scale innovation, a critical bottle-
neck in the clinical translation of food-grade microgels is the scarcity of in vivo data. Most
existing studies are performed within in vitro simulated gastrointestinal environments,
which cannot fully replicate the complex physiological variables of the human body, such as
peristaltic shear, gastric emptying dynamics, and the significant inter-individual variability
of the gut microbiota. These factors are essential for determining the actual efficacy of the
gut-eye axis pathway. To overcome these limitations, we propose a systematic validation
framework consisting of three primary stages:
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• Spatiotemporal Tracking: Utilizing near-infrared (NIR) or fluorescence imaging in
rodent models to track the movement and integrity of microgels through the GI tract,
ensuring they resist gastric acid and release cargo specifically in the absorption-rich
small intestine.

• Retinal Efficacy Profiling: Measuring the accumulation of delivered xanthophylls
(lutein/zeaxanthin) and the preservation of RPE health in established AMD animal
models, such as light-damage or aging-accelerated mice.

• Clinical Bioavailability Trials: Conducting human pilot studies to compare the systemic
bioavailability and safety of microgel-based delivery versus standard crystalline or
oil-based supplements used in the AREDS2 regimens.

By implementing these validation strategies, researchers can confirm that the structural
protections provided by food-grade microgels translate into measurable neuroprotective
benefits for the retina.

8.7. Clinical Translation and AMD Patient Trials

Future research should further explore the clinical translation of microgel-based nu-
traceutical delivery systems for AMD through well-designed human intervention studies.
In particular, randomized, double-blind, placebo-controlled trials evaluating microgel-
encapsulated carotenoids, polyphenols, or other retinal-protective bioactives could provide
valuable evidence regarding improvements in systemic absorption and retinal bioavailabil-
ity compared with conventional nutraceutical formulations [43,170,171]. In such studies,
macular pigment optical density (MPOD) may serve as a clinically relevant biomarker
reflecting retinal carotenoid accumulation and macular nutritional status, which can be
assessed using techniques such as heterochromatic flicker photometry or fundus aut-
ofluorescence imaging [172]. Longitudinal monitoring over approximately 6–12 months
could further enable evaluation of MPOD changes, circulating carotenoid concentrations,
and visual function outcomes in AMD patients receiving microgel-enhanced nutraceu-
tical interventions [43,172]. Such translational studies would help bridge the gap be-
tween food colloid engineering and clinical nutrition, providing critical evidence support-
ing microgel delivery systems as promising next-generation dietary strategies for AMD
prevention and management.
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