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Abstract

Effective wound management demands novel therapeutic strategies that overcome the
limitations of medication by reducing inflammation, preventing infection, and acceler-
ating tissue regeneration. The present review provides an extensive examination of nat-
ural therapeutic agents incorporated into polymeric hydrogels for wound healing pur-
poses. Significant focus has been paid towards extraction techniques that validate the
standardization, purity, and biological efficacy of natural compounds, alongside several
principal incorporation strategies: direct mixing, in situ incorporation, post-loading, and
nano/microencapsulation, aimed at optimizing the stability of bioactive molecules within
hydrogel matrices. Representative in vitro and in vivo studies are summarized to highlight
the bioactive and therapeutic effects of hybrid systems based on polymeric hydrogels.
Collectively, reported evidence indicates that natural-extract-loaded hydrogels accelerate
wound healing through multiple complementary mechanisms, including inflammation
modulation, antimicrobial protection, moisture balance, and enhanced tissue regeneration.
Furthermore, synergistic mixtures of bioactive compounds have demonstrated enhanced
antimicrobial and regenerative efficacy compared to single-component formulations. Over-
all, bioactive hydrogels incorporating standardized or nano-encapsulated natural extracts
represent a new generation of multifunctional, non-pharmaceutic wound dressings that
provide excellent biocompatibility and enhanced tissue regeneration in both acute and
chronic wound healing.

Keywords: natural therapeutic extracts; hydrogel; wound healing; synergistic; biocompatibility

1. Introduction
The skin, as the body’s primary barrier, protects internal organs from mechanical,

chemical, thermal, and most importantly pathogenic insults. When this integrity is compro-
mised, a complex and highly coordinated biological process of wound healing is triggered
to restore tissue structure and function. However, conventional wound-care therapies,
which often rely on topical antibiotics, face significant limitations. Their extensive and
uncontrolled use has accelerated the emergence of antibiotic-resistant strains, transforming
otherwise treatable infections into chronic, non-healing wounds. Moreover, traditional
dressings may cause discomfort and disrupt newly formed tissue upon replacement, while
frequently failing to provide an optimal healing microenvironment [1].

Consequently, there is a pressing need to develop alternative therapeutic strategies
that exert multi-targeted actions, simultaneously reducing inflammation and infection,
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protecting cells from oxidative stress, and accelerating tissue regeneration without exac-
erbating antibiotic resistance. Medicinal plants represent a valuable source of bioactive
compounds capable of modulating multiple biological processes involved in wound heal-
ing. Phytochemicals such as flavonoids, alkaloids, terpenoids, and phenolic acids have been
shown to attenuate inflammation, combat microbial invasion, scavenge reactive oxygen
species, and stimulate collagen synthesis and fibroblast proliferation [2].

Since ancient times, natural therapeutic agents with pharmacological properties have
been applied for wound treatment and infection prevention, offering a safe and sustain-
able alternative to antibiotic-based interventions. Numerous plant-derived extracts, Aloe
vera, Curcuma longa (Turmeric), Azadirachta indica (Neem), Camellia sinensis (Green tea),
Centella asiatica, Calendula officinalis (Marigold), Matricaria chamomilla L. (Chamomile), and
Hypericum perforatum (St. John’s Wort), along with bee-derived products such as honey
and propolis, have demonstrated advanced healing potential. An emerging and highly
promising direction involves the incorporation of standardized and non-standardized
natural extracts into medical devices, such as hydrogels [3], dressings, or sprayable systems,
designed for topical wound applications [4]. The selection between standardized and
crude extracts must be guided by the phytochemical composition, mechanism of action,
and—critically—the scientific evidence, ensuring both efficacy and safety. Among the
various carriers explored, hydrogels have gained considerable attention due to their unique
physicochemical properties and high biocompatibility [5]. Their porous, three-dimensional
structure mimics the extracellular matrix of natural tissues [6], providing an ideal scaffold
for cell proliferation, migration, and nutrient exchange. Composed of 80–90% water, hy-
drogels maintain a moist wound environment, allow oxygen and vapor permeability, and
promote angiogenesis, key events in tissue repair [7]. Furthermore, they are non-adherent,
minimizing pain and secondary damage during dressing changes [8].

The use of hydrogels as delivery matrices for plant-based therapeutic agents represents
a major advance in wound-care technology. By integrating the controlled-release capacity
of polymeric hydrogels with the multifunctional biological activity of natural extracts,
these hybrid systems provide a non-antibiotic approach to accelerate wound healing. This
synergistic combination creates an optimal environment for tissue regeneration by effec-
tively reducing inflammation and infection, mitigating oxidative stress, and stimulating
angiogenesis and collagen deposition [9].

In recent years, the number of studies investigating hydrogel systems incorporating
natural extracts has increased significantly, reflecting growing scientific interest in sus-
tainable and bioactive wound dressings. Aloe vera, Curcuma longa, and Centella asiatica
remain among the most frequently investigated extracts due to their high reproducibility
and well-characterized pharmacological profiles. Despite these promising findings, chal-
lenges persist regarding the standardization of extraction procedures, the reproducibility
of bioactivity, and the stability of hydrogel extract systems under physiological conditions,
parameters that directly influence the biological performance and clinical applicability of
these materials. The central research question of this review concerns how extraction, pu-
rification, and incorporation strategies shape the stability, bioactivity, and wound-healing
performance of natural therapeutic agents embedded in hydrogel matrices. In particular, it
examines how these processing steps influence physicochemical properties, release pro-
files, and biocompatibility, thereby outlining key design principles for advanced bioactive
wound dressings.

This review aims to provide a comprehensive analysis of the methodologies and effec-
tiveness of incorporating natural therapeutic extracts into polymeric hydrogel matrices for
wound-healing applications. In addition to synthesizing current evidence, the review intro-
duces a distinctive perspective by comparing standardized and non-standardized extracts
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and by outlining emerging incorporation and encapsulation technologies that enhance
the stability and functional performance of natural therapeutic agents within hydrogel
systems. Emphasis is placed on the critical role of extraction methods, which determine the
standardization and purity of natural compounds, as well as on the incorporation strategies
employed during hydrogel formulation and their subsequent biological, therapeutic, and
bioactive effects, as demonstrated by in vitro and in vivo studies. By addressing existing
knowledge gaps and drawing attention to several natural therapeutic agents that remain
underrepresented in previous hydrogel-focused literature, this review highlights the poten-
tial of these hybrid hydrogel systems as promising, sustainable and non-pharmaceutical
alternatives capable of promoting angiogenesis, collagen formation, cell proliferation, and
modulation of the inflammatory response throughout the wound-healing process.

2. Natural Therapeutic Agents in Hydrogel Dressings for Wound Healing
2.1. Plant-Derived Natural Extracts

Therapeutic compounds derived from medicinal plants have been extensively used in
the treatment of cutaneous injuries due to their diverse biological properties (Figure 1).

 

Figure 1. Mechanistic diagram illustrating how natural therapeutic agents are incorporated into
hydrogel matrices and contribute to key pathways in the wound-healing network, including anti-
inflammatory and antimicrobial activity, fibroblast proliferation, collagen synthesis, angiogenesis,
and wound closure.

Aloe vera leaves consist of three distinct layers (green epidermis, bitter latex outer pulp,
and gel-containing inner pulp), each characterized by specific phytochemical compositions.
The epidermis and latex are rich in anthraquinones and phenolics, while the inner pulp
contains high levels of polysaccharides such as acemannan, which collectively contribute
to the plant’s therapeutic versatility [10,11]. The wound-healing potential of Aloe vera is
primarily associated with its anti-inflammatory and enzymatic components, including
C-glycosyl chromone [12], carboxypeptidase, bradykinase [13] and the polysaccharide
acemannan [14]. In addition, Aloe vera exhibits antibacterial, antifungal, antioxidant, and
immunomodulatory effects by downregulating immunosuppressive cytokines such as
interleukin-10 secreted by epidermal keratinocytes. Furthermore, Aloe vera modulates
oxidative stress through activation of the Nrf2 pathway and exerts anti-inflammatory
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effects via inhibition of COX-2 [15]. Preclinical studies confirm that ethanolic extracts
of Aloe vera, rich in phytosterols and fatty acids, enhance wound closure and collagen
synthesis more effectively than crude gel, particularly in thermal or traumatic injuries [16].
Commercial hydrogels incorporating Aloe vera (e.g., Restauder®) demonstrated complete
wound healing within 21 days in rats, comparable to standard care, confirming the extract’s
compatibility with hydrogel matrices [17]. Similarly, CS (chitosan)/Aloe vera composite
hydrogels (50:50 ratio) significantly reduced inflammation after three days and accelerated
healing within 14 days by promoting epidermal thickening and wound contraction [18].

Curcumin, demethoxycurcumin, and bisdemethoxycurcumin are bioactive curcumi-
noids found in Curcuma longa L. that have been demonstrated to have anti-inflammatory,
anti-cancer, and anti-aging activities. Their anti-inflammatory effects are primarily medi-
ated by suppression of the NF-κB signaling pathway, which leads to a reduction in the
expression of pro-inflammatory cytokines [19]. Curcumin facilitates angiogenesis via the
upregulation of transforming growth factor (TGF-β) and vascular endothelial growth factor
(VEGF) during the wound-healing process [20]. When incorporated into 20% Pluronic
F127 hydrogels, curcumin reduced the healing period to 12 days in in vivo mouse models,
surpassing the performance of blank hydrogels by stimulating collagen synthesis in gran-
ulation tissue [21]. In Sprague–Dawley rats, lyophilized CS/alginate/curcumin sponges
accelerated healing within 12 days and promoted ordered collagen fiber deposition [22].

Bioactive constituents of Azadirachta indica (Neem), including sodium nimbidate,
nimbidin, terpenoids, and flavonoids, display large antiviral, antibacterial, antifungal, and
anti-inflammatory activities essential for collagen deposition and neovascularization. The
anti-inflammatory effects are partly mediated through suppression of TNF-α production
and reduction of prostaglandin E2 levels [23]. In rat wound models, topical application
of ethanolic neem extract ointment achieved complete healing within 12 days, while oral
administration of neem leaf powder required 14 days, demonstrating the superior efficacy
of topical delivery [24]. Similarly, guar-gum (GG)-based hydrogels loaded with neem
extract enhanced tissue regeneration and achieved full wound closure within 21 days
compared with untreated controls [25].

Green tea (Camellia sinensis) is rich in polyphenolic compounds, particularly cate-
chins such as epigallocatechin-3-gallate (EGCG), which exhibit strong antioxidant [26],
anti-inflammatory, antimicrobial [27], and angiogenic activities. These biological effects
are primarily mediated by EGCG through inhibition of the NF-κB signaling pathway
and activation of the Nrf2 antioxidant pathway [28]. Mice treated with EGCG-loaded
PLGA membranes displayed increased vascularization and accelerated re-epithelialization
compared with control membranes, confirming the compound’s pro-regenerative effects.
Nevertheless, maintaining optimal EGCG concentration in hydrogel formulations is crucial,
as excessive doses may exert cytotoxic effects [29].

Centella asiatica (CA) contains triterpene sapogenins and glycosides such as asiati-
coside, madecassoside, and terminolic acid, which enhance fibroblast proliferation and
stimulate type I collagen synthesis [30,31]. The plant also exhibits antibacterial, antioxidant,
and anti-inflammatory properties that vary according to the extraction solvent. These
biological activities are mechanistically linked to activation of the TGF-β/Smad pathway
and upregulation of VEGF, collectively promoting fibroblast proliferation and angiogene-
sis [31,32]. Clinical trials have shown that CA-based formulations significantly accelerate
healing of chronic diabetic ulcers and reduce scar formation compared with conventional
treatments. Topical Centiderm® (derived from CA) produced faster burn healing than 1%
silver sulfadiazine due to its high antioxidant and antibacterial activity [33]. Polymeric
hydrogels incorporating CA extracts demonstrated strong in vitro anti-inflammatory and
regenerative performance, achieving complete scratch closure with high fibroblast com-
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patibility. Further in vivo validation remains essential to confirm their full therapeutic
efficacy [34,35].

Calendula officinalis (Marigold) extracts contain terpenoids, flavonoids, phenolic acids,
carotenoids, and coumarins, which contribute to its anti-inflammatory, antioxidant, and im-
munostimulant activities. Their anti-inflammatory effects are mediated by downregulation
of IL-6 and TNF-α, while triterpenoids play a key role in enhancing fibroblast migration
during the early stages of tissue repair [36]. When incorporated into poly(vinyl alcohol)-
based hydrogels as hydroglycolic extracts, calendula promoted early re-epithelialization and
increased collagen content after 21 days in rat models compared with unloaded hydrogels.
Gamma-irradiated crosslinked formulations retained both biocompatibility and enhanced
healing effects [37].

Several kinds of active compounds, such as chamazulene, alpha bisabolol, bisabolol
oxides, spiroethers, and flavonoids, are responsible for the therapeutic benefits of Matricaria
chamomilla L. (chamomile). In comparison to corticosteroids, aqueous and topical extracts
of chamomile accelerate wound healing in rats, exhibiting an enhanced rate of wound
contraction, increasing tissue strength, and a quicker recovery. Furthermore, chamomile
extracts exhibit anti-inflammatory, immunosuppressive, and immunomodulatory proper-
ties. The anti-inflammatory effects are mediated through COX-2 inhibition and reduction
of nitric oxide production via downregulation of iNOS [38]. Starch/zeolite/chamomile hy-
drogels demonstrated complete wound closure in 21 days in animal studies, characterized
by enhanced epithelialization, collagen formation, and reduced inflammation relative to
controls. In clinical applications involving patients with traumatic wounds treated with
2 wt% chamomile hydrogel, the average healing time was approximately 31 days with
no reported infections or adverse reactions, underscoring the safety and efficacy of the
formulation [39].

The bioactive components of Hypericum perforatum L. (HP) extract such as naphtho-
dianthrones, phloroglucinols, flavonoids, bioflavonoids, and phenylpropanoids, exhibit
antifungal, anti-inflammatory, antimycobacterial, and antiviral properties, and stimulate
collagen synthesis, fibroblast proliferation, and revascularization, which facilitate wound
healing. These effects are partly mediated through modulation of inflammatory cytokines
and the partial inhibition of protein kinase C (PKC) signaling pathways [40]. When in-
corporated into Ultrez-based hydrogels (Ultrez 21/30), nanoemulsions containing HP
significantly enhanced wound closure in rabbits compared with both macerated extracts
and commercial control gels. Complete healing occurred within 12 days, supported by
dense collagen formation and re-epithelialization, confirming its strong regenerative poten-
tial [41].

2.2. Bee-Derived Products

Honey and propolis are highly effective bioactive ingredients for hydrogel dress-
ings due to their multifactorial mechanisms of action. Honey exhibits strong antioxidant
activity mediated by enzymes such as catalase, superoxide dismutase, and glutathione
peroxidase [42], antimicrobial effects driven by flavonoids and phenolic acids [43], and
pronounced anti-inflammatory and moisturizing properties that enhance granulation tissue
formation and angiogenesis [44]. Incorporation of honey into polymeric hydrogels has
yielded accelerated healing in in vivo models: sodium-alginate (SA)/honey hydrogels
containing 4% Dabur honey achieved complete closure of 1 cm wounds within 12 days [45],
while chitosan-based hydrogels with 75% Manuka honey healed 10 mm wounds in 9
days [46].

A comprehensive overview of the main natural and bee-derived extracts incorporated
into hydrogel-based wound dressings, along with their bioactive compounds and corre-
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sponding therapeutic effects, is provided in Table 1, which consolidates the experimental
evidence presented above.

Table 1. Natural extracts and bee-derived products used in hydrogel-based wound dressings.

Natural
Extracts

Plant
Source

Bioactive
Compounds

Wound–Healing
Properties

Wound-Healing
Applications

Aloe vera
[47] Aloe vera

Mannose-rich
polysaccharide
(glucomannan),
anthraquinones,

vitamins B1/B6/ B12,
gibberellin, growth

hormones

Anti-inflammatory,
antimicrobial, antioxidant,

stimulates fibroblast
proliferation, collagen

synthesis, and
angiogenesis

Enhances wound
closure, hydration,

and collagen
deposition when
incorporated into
hydrogel matrices

Curcumin [48] Curcuma longa
(Turmeric)

Curcumin
(polyphenolic

compound)

Anti-inflammatory,
antioxidant; promotes
collagen deposition,

wound contraction, and
angiogenesis

Controlled release
from hydrogels

enhances healing
efficacy

Neem
[49] Azadirachta indica

Nimbidin, terpenoids,
flavonoids,

azadirachtin

Antibacterial, antifungal,
antiviral,

anti-inflammatory;
supports tissue

regeneration

Promotes
fibrocollagenic tissue

formation and
accelerates wound

repair

Green tea
[50]

Camellia
sinensis

Epigallocatechin
gallate (EGCG),

catechins, polyphenols

Antimicrobial, antioxidant,
anti-inflammatory;

stimulates keratinocyte
proliferation and skin

regeneration

Provides
antimicrobial and
pro-regenerative

effects in hydrogel
formulations

Centella
[51]

Centella
Asiatica

Asiatic acid,
madecassoside,
triterpenoids

Anti-inflammatory,
antimicrobial; promotes
fibroblast proliferation,

ECM and collagen
synthesis, tissue

regeneration

Facilitates dermal
repair and skin
regeneration in

hydrogel systems

Calendula
[52]

Calendula
officinalis

(marigold)

Flavonoids, saponins,
triterpenes (faradiol

monoesters),
carotenoids, tannins

Anti-inflammatory,
antioxidant, antimicrobial;

enhances fibroblast
proliferation and

re-epithelialization

Exhibits
anti-inflammatory
and pro-healing
effects in wound

dressings

Chamomile [53] Matricaria
chamomilla

Bisabolol,
chamazulene,

apigenin, luteolin

Anti-inflammatory,
antioxidant,

antispasmodic; accelerates
burn and wound healing

Provides
anti-inflammatory

and
healing-enhancing

activity in hydrogels

St. John’s
Wort [50]

Hypericum
perforatum

Hypericin, hyperforin,
flavonoids

Antimicrobial,
anti-inflammatory,

antioxidant; supports
tissue repair

Enhances
antimicrobial

protection and
promotes tissue

regeneration

Honey/
Propolis

[54]

Honey,
bee-derived

products

Flavonoids, phenolic
acids, organic acids,
enzymes (glucose
oxidase), vitamins

Broad-spectrum
antimicrobial (bacterio-

static/bactericidal),
anti-inflammatory,

antioxidant; stimulates
VEGF expression and
fibroblast proliferation

Promotes wound
closure and tissue

repair through
occlusive and

bioactive effects
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Comparatively, curcumin, green tea, and Centella asiatica exhibit the most potent
pro-angiogenic effects through upregulation of VEGF, whereas Aloe vera, calendula, and
chamomile provide broader anti-inflammatory coverage. Azadirachta indica (Neem) and
Hypericum perforatum demonstrate the most extensive antimicrobial spectra, particularly
against Gram-positive bacteria. Meanwhile, bee-derived products such as honey and
propolis offer a well-balanced combination of antimicrobial, antioxidant, and regenerative
properties. These distinctions underscore the unique contributions of each extract to
wound healing and highlight the importance of selecting specific agents based on the
desired therapeutic mechanism.

3. Formulation and Synthesis Strategies of Hydrogels Incorporating
Natural Therapeutic Agents
3.1. Extraction and Purification of Natural Therapeutic Agents

The preliminary stage of Aloe vera extraction involves washing, drying, peeling, and
grinding the leaves, sometimes followed by disinfection with 1–2% sodium hypochlorite
for 30 min and thorough rinsing to remove residual disinfectant [55]. The basal portions of
Aloe vera leaf should be avoided, as they contain anthraquinones and glycosides, bioactive
compounds that may cause allergic reactions when applied directly to the skin [56]. Leaves
are typically cut to 0.5 mm, frozen at −18 ◦C for 24 h, and freeze-dried at −55 ◦C for 72 h,
after which the product is ground and stored in amber vials under refrigeration. Various
extraction methods are then applied:

(1) Stirring and maceration uses 1 g of Aloe vera with 25% ethanol at 60 ◦C and 180 rpm
for 1 h, followed by centrifugation (4 ◦C, 9000 rpm, 10 min), washing of the residue, rotary
evaporation (60 ◦C, 370 mbar, 50 rpm) to remove ethanol, and freeze-drying for 70 h to
obtain the extract [57];

(2) Precipitation methods include (NH4)2SO4 addition to crude gel to remove proteins,
followed by dialysis and lyophilization [58], or mixing Aloe vera aqueous extract with
ethanol (5:1, v/v) to flocculate high-molecular-weight, alcohol-insoluble polysaccharides,
which are then separated, washed, resuspended, frozen, and lyophilized [59];

(3) Soxhlet extraction employs 5–10 g of lyophilized Aloe vera with solvents such as
ethanol, petroleum ether, or 98% n-hexane/2% ethanol [60] at reflux for 6–8 h, with no
yield improvement beyond 8 h, and the extract is concentrated at 60–80 ◦C under reduced
pressure [61,62];

(4) Ultrasound-assisted extraction can use either a bath or probe system; the bath
extraction is faster, requires <5 g of powder, and less solvent, while the probe extraction
requires more material, operates at 500 W and 20 kHz with 30% amplitude (Figure 2A) [61];

(5) Supercritical CO2 extraction is a clean, safe, and non-toxic method requiring
>45–50 g of lyophilized powder, achieving higher yields than ultrasound-assisted extrac-
tion [63]. It can be performed under mild conditions (10 MPa, 313 K, CO2 flow 0.15 kg/h)
or under higher pressures (30 MPa, 373 K) to obtain antioxidant-rich extracts [64]. Its
non-toxicity and non-mutagenic effect on the Aloe vera gel have been demonstrated by
Tanaka et al. [65];

(6) Microwave-assisted using very small amounts of Aloe vera (~50 mg), usually
from fresh smashed leaves mixed with double-distilled water. The mixture is heated in a
domestic-type microwave oven (2.45 GHz, 80 W) equipped with a water-cooled condenser
to prevent solvent loss. Extraction proceeds in cycles of 1 min “on” and 30 s “off” [66].

The Calendula officinalis flower (air-dried and ground) was macerated with 50–70%
v/v ethanol for 5–10 days at room temperature [67], and another method using a plant-to-
solvent ratio of 1:10 (g/mL) [68]. Using percolation extraction, ~1 kg of plant is macerated
in 70% hydroethanolic solution for 72 h, followed by percolation for 5 days [69]. By glycolic
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extraction, ~10 g of flowers is macerated in polyethylene glycol–water solution (9:1) in an
amber glass flask at room temperature for 14 days with intermittent stirring [70]. Soxhlet
extraction of C. officinalis uses ~500 g of air-dried and powdered flower, temperature of
70–80 ◦C for 8 h, employing n-hexane and ethanol as solvents [71].

Matricaria chamomilla, commonly known as chamomile, is typically incorporated
into hydrogels through infusion extracts prepared at 80 ◦C [72] or at 60 ◦C, as shown in
Figure 2B, hydroalcoholic extracts obtained via sonication at 400 W and 20–24 kHz in
on/off cycles [73], or Soxhlet extraction [74]. Additionally, maceration is performed using
70% v/v ethanol for 48 h at 25 ◦C (Figure 2C) [75].

Centella asiatica can be extracted using several methods. One approach involves
maceration with 95% ethanol (1:3 w/v ratio) for three days [76,77]. Alternatively, fresh
leaves and rhizomes may be juiced and centrifuged at 4000 rpm [78]. Another method
employs ultrasound-assisted extraction with 70% methanol as the solvent at 70 ◦C for three
cycles of 60 min [35].

Curcumin is extracted from the rhizomes of Curcuma longa and is commercially avail-
able as a reagent with a purity ranging from 95% to 98%, supplied by various specialized
chemical reagent companies. In addition, synthetic curcumin, with the molecular formula
C21H20O6 and a purity greater than 97%, is also available on the market.

Grape seeds are extracted from the grape skins by filtering the mixture through a mesh
sieve. The process of preparing grape seed powder involves a series of steps: washing,
drying, sterilization, freezing, and superfine grinding [79]. An alternative of grape seeds
extraction procedure includes using 33% (v/v) acetone in water for 15 h at room temperature
and in darkness to prevent oxidation [80].

The extraction of green tea is performed using dried leaves in water or boiling water
(80–95 ◦C, 10–60 min), followed by filtration and centrifugation (5000–8000 rpm, 10 min),
and subsequently drying in a hot air oven at 60 ◦C or through lyophilization at −60 ◦C,
resulting in a dark brown aqueous extract of green tea [81–83].

Neem leaf extract is obtained from the leaves of Azadirachta indica. Approximately
20 g of chopped leaves, finely powdered, are suspended in 100 mL of double-distilled
water (DDW). The mixture is subjected to heating (70–80 ◦C, 30 min) or boiling at 100 ◦C
(2 min). The resulting solution is filtered using a 0.45 µm PVDF Millex filter [84,85].
Another method involves using 100 g of finely ground dried leaves in distilled water with
continuous shaking for 5–7 h at 120 rpm. The extract is filtered with Whatman No. 1 paper
and subsequently lyophilized. The extract is reconstituted in purified water at different
concentrations [25,86]. To prepare a macerate of neem leaves, a crude powder of mashed
leaves is treated with 70% ethanol for 7 days. The filtrate is then concentrated using a rotary
evaporator at 50 ◦C to yield a viscous extract [87].

The formulation of the hydrogels incorporated various types of honey, including
manuka, monofloral honey, clove, cotton, fennel flower, lemon, orange, rapeseed, buck-
wheat, linden and vegetable honeys [44,88]. The concentrations of honey used were 0%, 5%,
10%, 15%, and 20%, or even 400% (w/w) [89]. The raw propolis material is obtained from
local beekeepers, with concentrations varying from 1% to 5% (w/v). Alcoholic propolis
is obtained by extracting with 50–80% ethanol at room temperature for 24 h, followed by
centrifugation to eliminate the wax present in the propolis [90]. Other studies used a 30%
(w/v) propolis extract in water, diluted to a concentration of 2% (w/v), which is considered
optimal for cosmetic applications aimed at anti-inflammatory effects [91]. Additionally, the
propolis tincture can be obtained through maceration, using 200 g of raw propolis and 2 L
of 70% ethanol, stored in amber bottles at room temperature for 7 days [92].

Bioactive extracts of St. John’s wort (Hypericum perforatum L.) are obtained through
hot water extraction at 85 ◦C for 5 h with stirring at 800 rpm. The resulting extract is then
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concentrated using a vacuum rotary evaporator at 60 ◦C for 1 h, followed by drying in a
vacuum concentrator at 45 ◦C for 24 h [93]. Hypericum perforatum L. seeds are sterilized and
germinated on a medium containing 2% sucrose and 0.75% agar (pH 5.6–5.8) at 25 ± 2 ◦C
under a 16 h light/8 h dark cycle. Seedlings (3–5 mm) are introduced to callus-inducing
medium with 2,4-D, BAP, 2% sucrose, and 0.75% agar. The dried callus is extracted with
100 mL of 80% ethanol for 72 h, centrifuged (14,000 rpm, 4 ◦C, 15 min), filtered, and
concentrated under vacuum, freeze-dried for 48 h, and stored at −20 ◦C [94,95].

Figure 2. (A) Extraction processes of Aloe vera leaves; (B) Preparation of extracts of Matricaria
chamomilla and Aloe vera powder; (C) Extraction of Chamomile. Adapted with permission from
refs. [61,75,96].

3.2. Incorporation Strategies for Natural Therapeutic Agents
3.2.1. Direct Mixing (Before Crosslinking)

Direct incorporation of natural therapeutic agents into polymer precursor solutions
prior to the crosslinking stage is one of the most straightforward and efficient strategies
for hydrogel formulation [97]. Such loading approaches are widely applied across diverse
polymeric and composite hydrogel systems, which possess hydrated networks and tun-
able crosslinking that enable efficient encapsulation and controlled release of bioactive
molecules. In this context, recent literature also highlights hydrogels as a representative
class of biomimetic matrices, whose viscoelastic structure and adjustable chemistry sup-
port cell adhesion, modulate inflammation, and promote wound healing [98,99]. This
approach allows a homogeneous dispersion of bioactive compounds throughout the poly-
meric matrix, ensuring controlled distribution and enhanced therapeutic performance after
gel formation.

Hanif et al. prepared composite hydrogels by dissolving polyvinyl alcohol (PVA),
graphene oxide (GO), and Aloe vera extract in demineralized water, followed by ultrasonic
homogenization and repeated freeze–thaw cycles to achieve uniform distribution of the
extract throughout the hydrogel network [100]. Another study mixed Aloe vera extract
with a 10% (w/v) PVA solution maintained at 50 ◦C, together with caffeine, vitamin C, and
gentamicin prior to crosslinking; insolubility was induced by soaking the membranes in
propyl alcohol, allowing simultaneous incorporation of multiple bioactives at the precursor
stage [101]. In another study, silk fibroin (SF) hydrogels were produced by combining
dialyzed fibroin solution with Aloe vera extract (3:1 v/v), followed by freezing and thawing
cycles to induce gelation, resulting in hydrogels with a uniform microstructure [61]. Simi-
larly, CS/PVA hydrogels were fabricated by blending polymer solutions and adding Aloe
vera extract (5–15 wt%) and ZnO nanoparticles under continuous stirring before alkaline
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crosslinking [96]. Further, porous CS/SF/AV scaffolds were obtained by combining Aloe
vera powder with chitosan and silk fibroin in specific ratios, followed by freezing and
lyophilization [58].

Calendula officinalis extract, stabilized with glycerol and TWEEN-80, has been incor-
porated into polymeric matrices by direct blending at concentrations up to 5% relative
to a carboxymethylcellulose (CMC)-PVA mixture, with one formulation containing the
extract/glycerol (Gly)/TWEEN-80 in a 95:1:4 (v/v) ratio [102]. Other approaches include
mixing of glycolic Calendula extract (10% v/v) with a 1.5% alginate–1% CMC precursor
solution [70] and preparing PVA/carrageenan (κ-CAR) hydrogels with hydro-glycolic
Calendula extract at moderate temperatures prior to gamma irradiation [37].

Centella asiatica has been directly incorporated into various polymeric matrices using
several formulation strategies. For instance, the asiaticoside-rich fraction (24 mg) was
dissolved into autoclaved PVA/PEG precursor solutions prior to the freeze–thaw process-
ing step [103]. In another study, CA extract was uniformly mixed into carbomer-based
hydrogels below 40 ◦C under moderate stirring to preserve the bioactive components [77].
Furthermore, gelatin-based systems were formulated by adding CA extract to aqueous
gelatin, followed by the addition of CS and pH adjustment to ensure a homogeneous pre-
cursor solution [35]. Similarly, gelatin/SA compositions were prepared using gelatin and
SA combined with CA extract, resulting in a uniform biopolymer network (Figure 3A) [78].

In addition, chamomile extract (10% w/w) was dispersed directly uniformly into
sodium alginate/gelatin mixtures prior to genipin and CaCl2 crosslinking [75]. Likewise,
neem-mediated ZnO nanoparticles were added under stirring to a CS solution crosslinked
with triethyl orthoformate, allowing 16 h dispersion at room temperature [104].

Moreover, honey-based hydrogels have been developed using different combinations
of natural polymers and additives. Manuka honey was blended with CS and gelatin in
equal proportions to obtain bioactive wound dressings [44], whereas in another formu-
lation, honey (20% v/v) and Aloe vera (2.5% v/v) into alginate–CS solutions before ionic
crosslinking with CaCl2 [105]. Additionally, formulations combining Aloe vera (1%) and
honey (0–20%) with PVA were crosslinked with borax, leading to flexible and transparent
hydrogel films [89]. Propolis has also been introduced into mung bean protein/κ-CAR
matrices by dissolution in ethanol, followed by mild heating to gelation [106]. Similarly,
honey-enriched hydroxyethyl cellulose hydrogels were obtained through sequential mixing
of honey, glycerine, and polymer under gentle heating conditions [88]. Further, natural
polysaccharides such as agar, SA, and apple pectin were directly dissolved in plant ex-
tracts under heating or autoclaving conditions, followed by ionic crosslinking with CaCl2
to produce biopolymeric networks [93]. Finally, Hypericum perforatum callus extract was
incorporated into CS–alginate mixtures at varying concentrations (0–2000 µg/mL) prior to
CaCl2 crosslinking and lyophilization, yielding porous and biocompatible hydrogels with
tunable phytochemical loading [95].

3.2.2. In Situ Incorporation (During Gelation)

In situ incorporation of natural therapeutic agents involves the introduction of bioac-
tive compounds directly into the polymerization or gelation stage, enabling their entrap-
ment or chemical integration within the developing hydrogel network. This approach
ensures a uniform distribution of the natural extract during network formation and reduces
phase separation or losses during post-processing [107].

Shanmugha Mary et al. synthesized a series of hybrid hydrogels based on gelatin
(1–5% w/v, crosslinked with 25% glutaraldehyde), alginate (2% w/v, crosslinked with
1 M CaCl2), starch (10:1 ratio with urea), and PVA (12% w/v), in which Aloe vera extract
(5 g dried powder in 100 mL water) replaced conventional Milli-Q water during polymer



Polymers 2025, 17, 3105 11 of 36

dissolution [108]. In another study, composite gelatin methacryloyl (GelMA)-based hydro-
gels were obtained by mixing GelMA (40% w/v), DMA (5%), Irgacure 2959 (5%), NaOH
(0.5% w/v), and 100% Aloe vera extract in equal proportions, followed by UV photocuring
(100 mW/cm2, 5 min), ensuring uniform incorporation during photopolymerization [109].
Moreover, concentrated Aloe vera extract, pasteurized and filtered, was incorporated into
poly(NVP-co-acrylamide) matrices (molar ratio 2:3). After partial copolymerization via
Fenton’s reagent, Aloe vera (0–12% relative to polymer weight) was added prior to MBA
crosslinking, leading to homogeneous hybrid networks [110].

Similarly, CA extract was introduced into precursor solutions containing CS, poly(β-
amino ester) (PβAE), and the photoinitiator 2,2-dimethoxy-2-phenyl-acetophenone (DMPA)
prior to UV exposure, ensuring even dispersion within the polymer matrix [111]. In a
comparable approach, chamomile extract was integrated into polymerization mixtures
containing neutralized acrylic acid (40% KOH), starch (cold or hot), PEG diacrylate, and a
photoinitiator system, facilitating uniform network formation after photo-crosslinking [72].

Curcumin has also been extensively employed through in situ methods across multiple
hydrogel systems. For example, curcumin, nanocellulose, and Tween 20 were dispersed
directly into a CS solution (5% acetic acid) under stirring, followed by glutaraldehyde
crosslinking to yield uniform CS/nanocellulose composites [112]. In another case, cur-
cumin (1.2–7.2 mg/mL in DMF) was introduced into a Z-Tyr-Phe-OH dipeptide precursor
solution before gelation, producing stable hybrid gels with evenly distributed bioactive
molecules [113]. Furthermore, modified quaternized chitosan hydrogels were prepared
by adding curcumin (2 wt%) to the pre-gel solution prior to pH-induced self-gelation
(pH 7.5), resulting in stable hydrogels with encapsulated antioxidant activity [114]. In
protein-based systems, curcumin was blended with protein–sorbitol solutions during the
heating process, followed by ultrasound treatment to enhance molecular dispersion before
gel formation [115].

Plant extracts have also been successfully incorporated during polymerization in
polyacrylamide (PAAM)-based networks. For instance, hydrogels were synthesized by
dissolving acrylamide and green tea extract (0.0025–0.01 g) in water, followed by the
addition of MBA crosslinker and a KPS/TMEDA initiator system (Figure 3B) [116]. Simi-
larly, N-isopropylacrylamide (NIPAM) was copolymerized in green tea aqueous solution
(0.0054 mM) using the same initiator system, forming P(NIPAM–GT) hydrogels enriched
with catechin components [117]. Another formulation combined green tea extract and
gelatin in alkaline medium (pH 11), followed by crosslinking with sodium periodate,
triggering sol–gel transition and generating antioxidant hybrid networks [81].

In situ strategies were further extended to the preparation of neem- and propolis-
based hydrogels. Neem gum was dissolved in water under stirring, followed by the
sequential addition of ammonium persulfate initiator, acrylamide monomer (AAm), and
MBA crosslinker [118]. Similarly, propolis extract (1.0–2.5%) was incorporated into a
poly(acrylamide)–methylcellulose precursor solution prior to the addition of sodium per-
sulfate and TEMED, resulting in transparent hydrogels containing the natural antimicrobial
agent [92].

3.2.3. Post-Loading (After Gel Formation)

Post-loading involves the incorporation of natural therapeutic agents into preformed
hydrogel matrices after network formation. In this approach, bioactive compounds diffuse
into the dried or swollen hydrogel structure via immersion or soaking, allowing adsorption,
physical entrapment, or ionic interaction without disrupting the crosslinked polymer
framework. This approach is especially suitable for thermosensitive or photosensitive
compounds prone to degradation during synthesis [119].
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Figure 3. (A) Preparation of Centella asiatica@3D scaffold in wound healing; (B) Preparation of Green
tea hydrogels. Adapted with permission from refs. [78,116].

Ghasemi et al. reported the loading of Calendula officinalis flower extract into pre-
formed CS/sodium alginate/PVA hydrogels by immersion for 2 h, enabling diffusion
of the active components into the crosslinked network [120]. Similarly, Calendula offici-
nalis hydroalcoholic extracts (5–20% w/v, ethanol/water 50:50 v/v) were introduced into
polypropylene/PVA hydrogels through soaking, followed by air-drying and lyophilization
to ensure stable entrapment of the extract and preservation of antioxidant capacity [121]. In
another study, Calendula extract (1 mg/mL) was diffused into okra mucilage/2-acrylamido-
2-methylpropane sulfonic acid hydrogels for 24 h, followed by vacuum drying, achieving
homogeneous loading within the polymeric matrix [122].

Post-loading has also been applied to the CA extract in various hydrogel systems.
Hybrid hyaluronic acid (HA)–dextran patches were impregnated with CA extract at weight
ratios ranging from 9.8:0.2 to 9:1, then washed and lyophilized to ensure uniform incor-
poration [123]. In another formulation, CA extract was loaded into gelatin/Fe-MOF and
methacrylated gelatin/Fe-MOF hydrogels by immersing dried samples (0.15 g) in 50 mL
of extract solution (250 ppm) for 24 h [124]. Likewise, dried hydrogels were soaked in
CA extract solutions for 24 h and dried at 40 ◦C, facilitating efficient phytoconstituent
diffusion [125].

Furthermore, curcumin has been post-loaded into gelatin-based hydrogel films via
immersion in a 5 mg/mL DMSO curcumin solution at room temperature, enabling effective
drug diffusion and entrapment within the gelatin network [126]. A similar strategy was
adopted for PVA–grape seed extract–ammonium sulfate hydrogels, in which the crosslinked
network was first formed via freeze–thaw cycles, followed by immersion in 40 wt% ammo-
nium sulfate solution to post-load the salt [127]. Moreover, green-tea-enriched hydrogels
were obtained by loading a green tea extract/β-cyclodextrin inclusion complex (10–50 wt%)
into CS/PVA hydrogels after gelation, achieving uniform antioxidant dispersion within
the hybrid matrix [128]. In another study, Azadirachta indica (neem) extract (2 g) was dis-
solved in 0.1 M HCl and combined with preformed CS hydrogel, followed by nanoparticle
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addition and 24 h stirring, resulting in efficient post-loading and crosslinking within the
structure [129].

Sharaf et al. introduced honey bee propolis extract (4%) into κ-CAR/β-cyclodextrin
hydrogels applied onto textiles, ensuring homogeneous distribution by mild heating at
60 ◦C [130]. Finally, gelatin/xanthan gum (XG) hydrogels, thermally crosslinked at 130 ◦C
for 30 min, were soaked in 50% w/w honey solution for 1 h, yielding honey-loaded patches
with uniform absorption throughout the matrix [131].

3.2.4. Nano/Microencapsulation

Nano- and microencapsulation represent advanced strategies for incorporating natural
therapeutic agents into polymeric hydrogels, providing enhanced stability and protection
against degradation of bioactive compounds. In these approaches, plant extracts or active
phytoconstituents are first encapsulated within nano- or microcarriers, such as liposomes,
polymeric nanoparticles, or ionically crosslinked beads, before being integrated into the
hydrogel matrix [132].

Julie et al. developed a composite hydrogel system by encapsulating Aloe vera and
Curcuma longa extracts via ionic gelation using 0.6% SA and 1% CaCl2, followed by freeze-
drying at −40 ◦C and 0.5 bar. The resulting microcapsules were subsequently embedded
within gelatin (1%), polyethylene glycol (PEG) (3%), and CS (1%) hydrogels crosslinked
with 0.5 M NaOH, yielding a system capable of enhanced stabilization of the encapsulated
bioactives [133]. Likewise, Aloe vera extract was encapsulated within calcium alginate
or alginate–gelatin hydrogel beads by mixing the extract with alginate solutions and
crosslinking with CaCl2 or glutaraldehyde. This process produced stable microbeads
with well-dispersed bioactive content suitable for hydrogel incorporation [134]. In a
related contribution, chamomile extract was nanoencapsulated via the preparation of
a microemulsion composed of chamomile extract and almond oil (1:3 v/v) stabilized
with Triton X-100, which was then dispersion in a 1% tragacanth gum (TG) solution and
sonication [73].

Numerous studies have focused on curcumin encapsulation to overcome its hy-
drophobicity and poor solubility. One formulation strategy involved the creation of a
Curcumin/Pluronic® complex by dissolving curcumin in ethanol and blending it with an
aqueous Pluronic® solution, followed by the addition of PVA and mild heating at 50–70 ◦C.
The curcumin/Plu-loaded PVA mixture was subsequently combined with TEMPO-oxidized
cellulose nanofibers (TOCN), resulting in nanostructured hybrid hydrogels with improved
molecular dispersion and stability of curcumin [135]. Another investigation incorporated
liposomal curcumin dispersion into preformed Carbopol hydrogels containing lysine and
collagen, achieving nanoscale homogeneity and long-term stabilization of the active com-
pound within the crosslinked network [136]. Additionally, curcumin-loaded nanoemulsions
were combined with alginate-based polymer solutions (CS, gelatin, or polyethylene oxide
(PEO)) at a 1:3 ratio and subsequently dripped into 2% CaCl2 solution to generate ionically
crosslinked microbeads. These spherical beads exhibited highly uniform curcumin load-
ing [137]. Furthermore, nanoparticles were obtained by dissolving curcumin in aqueous 1%
sodium dodecyl sulfate and introducing this solution dropwise into CS solution (0.12% w/v
in 4% acetic acid). The subsequent pH adjustment to 4.76 using trisodium citrate induced
ionic complexation between curcumin and chitosan, leading to spontaneous nanoparticle
self-assembly with high encapsulation efficiency [138].

Collectively, the studies summarized in this section illustrate that the choice between
direct mixing, in situ incorporation, post-loading, and nano/microencapsulation is pri-
marily dictated by extract stability, processing temperature, and polymer crosslinking
requirements, rather than by differences in healing efficacy.
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4. Biological Evaluation of Hydrogels Containing Natural
Therapeutic Agents
4.1. Natural Therapeutic Extracts in Wound Repair: Experimental Insights from In Vitro and
In Vivo Models

This section summarizes the experimental findings compiled in Tables 2 and 3, which
detail hydrogel formulations incorporating natural extracts evaluated for wound-healing
applications. Both tables provide comprehensive data on the polymeric composition of the
hydrogels along their therapeutic or biological effects outcomes reported in the literature.
Table 2 contains standardized natural extracts with defined compositions, whereas Table 3
presents non-standardized or crude extracts obtained through diverse extraction methods.
The biocompatibility and wound-healing efficacy reported in these studies were evaluated
using well-established in vitro and in vivo methodologies, including assays for fibroblast
viability and migration, hemocompatibility analyses, wound closure measurements, histo-
logical examinations, as well as assessments of collagen deposition and neovascularization.

Table 2. Standardized natural and bee-derived extracts in hydrogel-based wound dressings.

Natural Agents Type of
Standardization

Polymeric
Composition

Therapeutic &
Biological Effects

Aloe vera

Powder extract
(200× concentrate) [100] 10% PVA–0.05% GO

Exhibits antibacterial activity (99.94%
inhibition S. aureus); Enhances fibroblast

viability (~295%), and demonstrates
excellent cytocompatibility.

Powder extract [139] 2% Alginate–0.01%
COL–0.1% Gly

Promotes Hs27 fibroblast proliferation (up
to 165%);

Antibacterial activity (75–90% reduction)
against S. aureus, E. coli, and P. aeruginosa;

Enhanced wound healing potential.

Powder extract [59] 1% Carbopol 940–2%
HEC

Demonstrates effective anti-inflammatory
and skin

regenerative properties.

Powder extract (purity of
99.01%) [140]

50% Gelatin–20%
Agar–10% Gly

Non-cytotoxic to HDF and HaCaT cells;
Promoted cell

adhesion, migration, and wound closure;
Exhibits

anti-inflammatory activity.

Powder extract [141] 0.1% CS–0.1%
dextran sulfate (DXS)

Exhibits antibacterial activity (≈50%
inhibition of S. aureus and S. mutans); Shows

antioxidant potential and improved
wound-healing efficacy.

Powder extract [108] 2% Alginate–5%
Gelatin

Demonstrates antibacterial activity against
P. aeruginosa (inhibition

zones ≈ 15.4 ± 3 mm for gelatin and
13.7 ± 2 mm for

alginate hydrogels).

Powder extract [109] 5% PDMA–8% GelMA

Provides superior wound-healing and
anti-inflammatory effects; Promotes tissue

regeneration and exhibits excellent
mechanical and adhesive properties.

Calendula
officinalis

Hydroalcoholic extract
[142] Carbomer 940–PG–TEA

Effectively manages 5-fluorouracil
(FU)-associated

hand–foot syndrome.
70% EtOH macerated

extract [68]
Carbopol

980NF–PEG400 Non-biological performance.
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Table 2. Cont.

Natural Agents Type of
Standardization

Polymeric
Composition

Therapeutic &
Biological Effects

Calendula
officinalis

70% EtOH macerated
extract [143] 2% CS–25% PEG400

Exhibits antibacterial activity against
P. aeruginosa;

Synergistic effects when combined with
other extracts.

3% Lyophilized
hydroalcoholic extract

[144]
CS–HPMC (2–3%)

Demonstrated antibacterial activity against
S. aureus,

P. acnes, E. coli.

10% Hydroglycolic
macerated extract [70] 1.5% SA–1% CMC

Non-cytotoxic effects to 3T3 cells, Promote
cell proliferation; Supports cellular
processes essential for skin repair.

50% EtOH macerated
extract [145] XG–PEG 8000

Increases fibroblast migration; Promotes
extensive

re-epithelialization within 9 d without
scarring or hair loss.

(2–4)% Hydro-glycolic
Extract [37]

(8–10)%
PVA–(0.75–1.25%

κ-CAR

No in vitro hemolysis; Swiss 3T3 albino
fibroblasts cells viability above 95%;
Increased wound closure after 48 h;

Improvement in wound re-epithelialization,
neovascularization and wound retraction.

EtOH extract [122] Okra mucilage–AMPS-
EGDMA

Exhibits antibacterial activity against
S. aureus and E. coli;

Increased blood clotting index; Improves
wound closure and overall healing.

Aqueous extract [146] (0.5–2.5)% CS–1%PVA

Strong antimicrobial activity against E. coli,
S. aureus, and C. albicans; >80% cell viability

in L929 fibroblasts;
Potential for biomedical and wound healing

applications.

Centella
asiatica

EtOH extract [123] 1% HA–9%
Dextran

Enhances fibroblast viability and migration
at optimal 0.4 wt% CA concentration;

Promoted wound closure without cytotoxic
effects.

90% MeOH extract [147] 0.5% CS–1.25%
Gelatin

Stimulates fibroblast proliferation (up to
142%); Antibacterial activity against P. acnes
(26 mm inhibition zone, MIC = 150 µg/mL)

and S. aureus; Non-cytotoxic and
non-irritant, suitable for anti-acne and

wound healing applications.

Aqueous extract [78] 2.5% SA–8% Gelatin

Accelerates wound healing and enhances
neovascularization at the wound site;
Increases epithelial thickness and hair

follicle density; Effective in diabetic
chronic-wound repair.

70% MeOH extract [34] 3% CS

Antibacterial activity against S. aureus;
Fibroblast migration and wound closure
(73.4% at 24 h; 99.0% at 48 h); Synergistic

wound-healing efficacy with good
biocompatibility.

70% EtOH extract [124] 3.6% Gelatin–3.6%
MAAn

Antibacterial activity (inhibition zones
19–28 mm; MIC = 3.125–6.25 mg/mL)

against Bacillus, E. coli, S. aureus, P.
aeruginosa, Klebsiella, Streptococcus, and C.

albicans; Non-toxic,
biocompatible and promoted cell growth.
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Table 2. Cont.

Natural Agents Type of
Standardization

Polymeric
Composition

Therapeutic &
Biological Effects

Centella
asiatica

96% EtOH extract [111] 30% CS–poly
(β amino ester)

Achieves 99.5% wound closure within 24 h;
Antibacterial activity against E. coli and

S. aureus;
Positive effect on L929 cell proliferation.

Ultrasound-assisted
extract (70% MeOH) [35] 3% CS–2% Gelatin

Promotes fibroblast migration and wound
closure (up to 99.9% after 36 h);

Biocompatible, stimulates collagen
synthesis and angiogenesis.

70% EtOH extract [125] Gelatin–AA–AAm HFF-2 cell viability; Significant antibacterial
efficacy against multiple bacterial strains.

Chamomile Aqueous extract [148] 0.5% TG–0.5% SA–0.5%
BC

Antibacterial activity against Gram-positive
and

Gram-negative bacteria; Enhanced
fibroblast cell viability and proliferation;

Non-cytotoxicity and excellent
biocompatibility.

Curcumin
(Curcuma longa)

Powder extract [126] 5% Gelatin–
(0.5-1%) BC

Antibacterial activity (E. coli: 15 ± 0.5 mm;
S. aureus: 19 ± 1 mm inhibition zones);
Induced bacterial cell wall damage and

death; Enhanced fibroblast proliferation and
migration, leading to complete wound

closure with 18 h; Antioxidant and
anti-inflammatory effects.

100% EtOH extract [135] 1% TOCN–(5–10)%
PVA

Promoted fibroblast proliferation and
collagen deposition; Enhances wound

contraction and tissue regeneration;
Accelerates re-epithelization (≈81% closure

after 2 weeks); Cell viability (~85%) and
strong biocompatibility.

Powder extract [149] 4% SA–20.4% NIPAM

Accelerated wound contraction (≈96.5%
closure at day 14) with complete

re-epithelialization; Enhanced fibroblast
proliferation, collagen deposition, and

angiogenesis; Significantly reduces
inflammation via NF-κB/TNF-α/IL-1

inhibition; Biocompatibility and
regenerative effect.

Powder extract [150] 0.5% GG

Fibroblast proliferation (+45%) and collagen
synthesis (+50% at 14 days); Enhanced cell

migration (up to 100% vs. control) and
re-epithelialization (73% closure at day 12);

Antibacterial activity and excellent
biocompatibility (≥80% cell viability).

MeOH extract [136] 2% Carbopol–0.25%
COL

Wound-healing efficacy with 79.25% wound
contraction by day 3 and complete closure

by day 7, without scarring;
Re-epithelialization (>70%) and collagen

deposition;
Anti-inflammatory effects via TLR4 and

NF-κB inhibition. Excellent
cytocompatibility and tissue regeneration.
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Table 2. Cont.

Natural Agents Type of
Standardization

Polymeric
Composition

Therapeutic &
Biological Effects

Curcumin
(Curcuma longa)

Powder extract [151] 0.2% CS–4% PVA
Antibacterial activity against Streptococcus

faecalis and E. coli (MIC = 2.60 ± 1.13 µg/mL
and 1.30 ± 0.56 µg/mL, respectively).

Powder extract [152] 3% SF–3% Pluronic
F127

Cytocompatibility with fibroblast cells (no
cytotoxicity after 1–7 days); Achieving up to

5-log reduction in bacterial growth;
Provides potent bactericidal and bioactive

properties.

Powder extract [153] 2% CS–2% Gelatin
Demonstrated >95% antibacterial efficiency

against E. coli and S. aureus; Strong
antioxidant performance.

Powder extract [154] 3.5% Ammonium
alginate–3.5% PVA

Antioxidant activity (DPPH = 72.6%;
ABTS = 98.50% after 6 h); Excellent

biocompatibility (L0-2 cell viability >120%
after 24 h) and hemocompatibility

(hemolysis <5%).

Powder extract [114] 2.5% QCS

Excellent cytocompatibility with L929
fibroblasts (cell viability >100% after 5 days;

Antioxidant capacity (DPPH scavenging
76.2%); Accelerated wound closure: 63.4%

at day 3; 86.6% at day 10); Reduces
inflammation and enhances granulation,
collagen deposition, and angiogenesis.

80% EtOH extract [155] 10% GelMA–5% SF

Provides 90.3% (S. aureus) and 87.9% (E. coli)
reduction in colonies; inhibition zones of

30.9 ± 0.55 mm and 32.9 ± 0.49 mm;
Maintains fibroblast viability >95% after

3 days; excellent hemocompatibility
(hemolysis 1.18 ± 0.34%).

75% EtOH extract [156] 5–10% GelMA

Excellent cytocompatibility with L929
fibroblasts; Strong antioxidant protection

under oxidative stress, restoring
H2O2-treated cell viability; Pronounced

anti-inflammatory activity.

Grape

70% EtOH extract of
white pomace [157]

0.5% CS–
1% Alginate

Moderate antioxidant activity
(1.016 ± 0.288 µmol/L);

Antibacterial efficacy against S. aureus
(~97% growth reduction) and non-toxic.

Draksha–Beeja
powdered extract [158]

5% Starch–5%
Gelatin

Excellent cytocompatibility with >99% L929
fibroblast viability and strong cell

proliferation; Highly hemocompatibility
(hemolysis ≈ 1.5%) and
regenerative potential.

Green Tea Powder extract [159] 1% PVA–1% SA

Antibacterial activity, stronger against S.
aureus than E. coli; Inhibition halos and

OD600 reduction confirm effective
suppression of bacterial proliferation;

Excessive extract loading reduced
antimicrobial efficiency.
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Table 2. Cont.

Natural Agents Type of
Standardization

Polymeric
Composition

Therapeutic &
Biological Effects

Neem
(Azadirachta

indica)

Aqueous extract [160]
0.25% N-succinyl

chitosan–20% Pluronic
F127

Demonstrates dose-dependent antioxidant
activity in DPPH assay (39% at 0.05 g/mL

to 75% at 0.30 g/mL);
Potential to reduce oxidative stress and
inflammation in wound environments.

Powder extract [129] 0.1% PCL–0.2%
Kolliphor P188

Pronounced antibacterial activity against S.
typhi, E. coli, and S. aureus.

St. John’s Wort

H. perforatum callus
powdered extract [95] 1% CS–1% SA

Demonstrates dose-dependent
enhancement of fibroblast proliferation;

Excellent cytocompatibility (≈96%
viability),

cell adhesion, spreading, and proliferation;
Antibacterial activity against E. coli and K.

pneumoniae.

80% EtOH extract of H.
perforatum callus [94]

2% PV–1% CS–
1% Alginate

Excellent cytocompatibility with fibroblast
viability around 99%; Enhances cell

proliferation up to 150%; Promotes strong
cell adhesion and accelerated wound

closure (>99% healing within 14 days).

Honey

Organic Manuka honey
extract [161] 4% CS–4% Gelatin

Exhibits strong antibacterial activity,
inhibiting bacterial growth for up to 12 h;

Accelerates wound healing via
antimicrobial and exudate absorptive

effects.

EtOH extract of
Propolis [162]

2% Carbopol 934–2%
PG

Antibacterial activity against S. aureus and S.
epidermidis; Excellent cytocompatibility with
NIH 3T3 fibroblasts and anti-inflammatory
effects; Promotes rapid wound contraction

(>90% by day 14) and near-complete
re-epithelialization (≈96% by day 28).

75% EtOH extract of
propolis [130] 4% κ-CAR

Antimicrobial activity against S. aureus, P.
aeruginosa, and C. albicans; No inhibitory

effect against A. niger.

70% EtOH macerated
extract of propolis [163] 10% PVA

Antimicrobial activity against S. mutans, E.
coli, and C. albicans (inhibition zones up to

19 mm; MIC = 0.025–0.05 mg/mL);
Excellent cytocompatibility (≥90% cell

viability up to 125 µg/mL) and enhanced
fibroblast adhesion.

70% EtOH macerated
extract of propolis [92] 7.2% AAm–0.5% MC

Strong antibacterial activity against S.
aureus and P. aeruginosa; Moderate

antifungal activity against C. albicans and C.
tropicalis; Antioxidant potential.

To gain a deeper insight into these results, representative studies were examined in
greater detail, emphasizing in vitro and in vivo investigations that elucidate the wound-
healing efficacy of hydrogels loaded with natural therapeutic agents. Among the most
extensively studied systems, DMA–GelMA hydrogels incorporating Aloe vera extract ex-
hibited remarkable regenerative performance. In vitro assays revealed strong stimulation
of fibroblast proliferation and migration, with 22.6-fold and 49.5-fold up-regulation of
collagen I and III expression, respectively. In vivo, PDMA–GelMA dressings accelerated
wound closure, enhanced granulation tissue formation, and increased collagen deposition
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compared with both the neat hydrogel and a commercial CS/HA biogel [109]. Consis-
tently, multilayer nanofibrous membranes composed of PVA, CS, κ-Car, and Aloe vera
demonstrated superior healing in burn-injured mice compared with the untreated control.
The composition achieved complete wound closure within 28 days, promoting rapid con-
traction and tissue regeneration without scar formation. Histological analysis revealed
reduced inflammation, enhanced fibroblast proliferation, and uniform collagen deposi-
tion, accompanied by increased angiogenesis and re-epithelialization produced complete
wound closure within 28 days in burn-injured mice. The treated tissue exhibited rapid
contraction and regeneration without scarring, accompanied by reduced inflammation,
abundant fibroblast infiltration, and uniform collagen deposition, together with intensified
angiogenesis and re-epithelialization [164].

The beneficial role of Calendula officinalis (marigold) has been confirmed in several
independent studies. An alginate-based hydrogel containing 10% (v/v) glycolic extract
of C. officinalis promoted 3T3 cell proliferation without cytotoxic effects and significantly
accelerated wound contraction in rats by day 14. Histological evaluation revealed dimin-
ished inflammatory cell infiltration and enhanced collagen organization, consistent with the
anti-inflammatory activity of the extract [70]. Similarly, compositions containing Calendula
officinalis demonstrated accelerated in vivo wound healing, achieving 96.1 ± 0.9% wound
retraction by day 16 for the encapsulated hydrogel, surpassing both the unencapsulated
and control groups. The elevated hydroxyproline content (255.7 ± 0.8 µg/mg) and re-
duced wound index confirmed enhanced collagen formation and rapid tissue regeneration.
Histological analysis revealed well-organized collagen fibers and minimal inflammation,
confirming the efficacy of the encapsulated Calendula-based hydrogel in promoting wound
repair and dermal remodeling [165].

A comprehensive investigation on the wound healing properties of calendula flower
extracts was conducted by applying them to artificially wounded cells (scratch test). Wells
treated with the formulation containing calendula flower extracts exhibited a greater quantity
of fibroblast cells in the scratched region compared to wells treated solely with medium
and the placebo hydrogel sheet (Figure 4). Owing to its anti-inflammatory properties,
C. officinalis enhances wound healing by promoting the proliferation and migration of
fibroblasts at the wound site. In vivo tests demonstrated as well the advanced efficacy
of alginate-based hydrogels containing calendula extracts. Following a 21-day treatment
period, the animals exhibited a significant reduction in the duration of epithelialization
and wound constriction. Enhanced epithelialization and neovascularization, comparable
to normal skin, were observed in the treated groups relative to the control group [37].

Curcumin-loaded nanoemulsion-based hydrogels demonstrated superior in vivo
wound-healing efficacy and enhanced suitability for transdermal delivery. Treatment with
the nanoemulsion hydrogel resulted in a greater reduction in wound diameter after 14 days
compared to curcumin gel and commercial formulations. Furthermore, accelerated re-
epithelialization was observed as early as day 5 of therapy [166]. In a related investigation,
Bhubhanil et al. demonstrated that GG/Curcumin-AgNPs hydrogels markedly improved
wound repair compared with a commercial antibacterial gel. By days 12–16, inflammatory
infiltration was drastically reduced and the extent of re-epithelialization and collagen depo-
sition increased substantially [150]. Likewise, in a full-thickness infected wound model,
a 2.5% Curcumin–CS–gelatin nanoparticle hydrogel achieved almost complete closure
(~93%) by day 11, while vaseline-treated controls remained largely unhealed. Immunofluo-
rescence analysis revealed a seven-fold rise in the M2/M1 macrophage polarization ratio
(7.17 ± 2.18) and significant enhancement of angiogenesis, reflected by elevated densities
of α-SMA-positive arterioles (~202 mm−2) and vWF-positive vessels (~261 mm−2) [167].
Additionally, curcumin loaded into PVA-CS-SA hydrogels exhibited superior efficacy in the
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treatment of diabetic chronic wounds. These hydrogels significantly enhanced human skin
fibroblast migration—approximately 13.5-fold within 24 h—indicating a strong stimulatory
effect on cellular migration (Figure 5). Similar patterns were observed in the case of Human
umbilical vein endothelial cells (HUVECs) [168].

Figure 4. Cell wall after wounding (a)—negative control, (b)—C. officinalis flower extract; (c)—Alginate
hydrogel; (d)—C. officinalis flower extract loaded in hydrogel. Adapted with permission from
ref. [37].

Extracts of CA have demonstrated pronounced regenerative capacity. In vitro experi-
ments revealed a marked rise in scratch-closure and cell-migration rates—from 73.75% to
99.56% within 24 h—and a 1.7-fold increase in type I collagen gene expression after 48 h,
attributed to the triterpenoid compounds characteristic of CA [111]. Consistent in vivo
results showed faster wound contraction within 10 days, together with enhanced neo-
vascularization, increased epithelial thickness, newly formed hair follicles, and improved
collagen deposition [78]. Collectively, these findings indicate that CA-enriched hydro-
gels effectively modulate inflammation and provide a microenvironment conducive to
tissue regeneration.

Hydrogels containing chamomile (Matricaria chamomilla L.) extract also yielded notable
outcomes, achieving approximately 85% wound closure after 14 days of treatment and
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promoting angiogenesis and collagen synthesis. These bioactive dressings supported
complete re-epithelialization and the regeneration of structurally intact skin [75].

 

Figure 5. Curcumin-loaded into PVA-CS-SA hydrogels—in vitro fibroblasts and HUVECs cell migra-
tion; (a–e) Control FBs and HUVECs. Scale bar: 150 µm; (f) Transwell migration of FBs quantified
in the histogram; (g–k) HUVECs treated with PCSA1, PCSA5, and PCSA7, respectively. Scale bar:
150 µm. (l) Transwell migration of HUVECs quantified in the histogram. Adapted with permission
from ref. [168].

In a different context, grape-seed extracts (4%) were used to produce a biocompatible
hydrogel composed of calcium silicate nanowires and SA for the treatment of melanoma
tumors developed in Balb/c mice. By day 15, the wound had nearly healed without any
signs of tumor recurrence. The grape extracts induced superior and regulated photothermal
properties under NIR irradiation, hence improving the destruction of melanoma cells [169].

Advanced wound-healing performance has also been reported for HP (St John’s wort)
extracts. When macerated extracts of HP were encapsulated within PLGA- and polylactic
acid (PLA)-based nanoparticle–hydrogel formulations to enhance wound healing efficacy.
In vivo studies using a full-thickness excisional wound model (male New Zealand rabbits)
revealed significantly accelerated wound contraction, re-epithelialization, and collagen
deposition in treated groups compared with controls. The formulation containing HP
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macerated in Nigella sativa oil showed the most pronounced healing effect. Histological
analyses confirmed improved tissue regeneration without signs of irritation, underscoring
the biocompatibility of the formulation. Overall, these findings demonstrate the strong ther-
apeutic potential of nanoparticle-loaded HP hydrogels for enhanced wound repair [170].
Similarly, liposomal HP macerate incorporated into a hydrogel matrix has been shown to
have superior wound healing scores on days 4, 8, and 12 of treatment. Histological analysis
revealed increased epithelialization, denser collagen deposition, and comparable angio-
genesis. Immunohistochemical examination indicated enhanced epithelial and vascular
regeneration [41]. Furthermore, a bioactive hydrogel for wound healing was created by
integrating HA callus extract into a PVA/CS/SA hydrogel. In vitro, the hydrogel exhib-
ited superior cytocompatibility with human fibroblasts, promoting cell attachment and
proliferation while suppressing microbial growth, including antibiotic-resistant strains.
In vivo, by using a full-thickness murine wound model, the HP-loaded hydrogels markedly
accelerated wound closure and re-epithelialization, facilitating angiogenesis and collagen
deposition. Histological and immunohistochemical evaluations demonstrated significant
decreases in inflammatory infiltration and fibrosis-associated markers, indicating that the
formulation not only accelerates healing but also reduces excessive scar formation. These
results highlight the therapeutic potential of HP-based hydrogels as advanced wound
dressings that provide antibacterial protection, facilitate tissue regeneration, and inhibit
fibrosis within a single biocompatible formulation [94].

Table 3. Non-standardized natural and bee-derived extracts in hydrogel-based wound dressings.

Natural Agents Type of
Extraction

Polymeric
Composition Therapeutic/Biological Effects

Aloe vera

Fresh leaves
(crude gel) [171] 0.7% PVA Enhances fibroblast proliferation; Exhibits

strong wound healing potential.

Fresh leaves [101] 3% PVA Accelerated wound closure; Improves
re-epithelialization and reduces inflammation.

Fresh leaves [172] 2% SF/2% PVP

Enhances cellular proliferation and migration;
Reduces inflammation; Promotes granulation

tissue formation and accelerated
re-epithelialization.

Fresh leaves [96] 8% PVA–2% CS
Non-cytotoxic; Exhibits antibacterial activity

and
excellent wound dressing potential.

Fresh leaves [173] 12% PAN–1% TG Significantly increases fibroblast viability;
Demonstrates excellent cytocompatibility

Calendula
officinalis
(Marigold)

Macerated
extract [69]

7.2% AAm–0.5%
MC

Promotes tissue regeneration and accelerates
the healing process.

Commercial
Extract [102] 2% CMC–5%PVA

Minimizes apoptosis in human dermal
fibroblasts;

Exhibits antimicrobial efficacy against S. aureus
and E. coli.

Centella
asiatica

Macerated extract 95%
EtOH [103] 8% PVA–5% PEG

Non-irritant and biocompatible; Accelerates
wound contraction and epithelialization;

Promotes complete wound closure with thin
epidermis formation by day 5.
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Table 3. Cont.

Natural Agents Type of
Extraction

Polymeric
Composition Therapeutic/Biological Effects

Chamomile

Ultrasonic extract
(water/ethanol 3:1) [73] 1% TG

Exhibits antimicrobial activity (80% of E. coli,
90% of S. aureus, and 92% of C. albicans);

Demonstrates
anti-inflammatory and skin-protective

potential.
Fresh leaves

[72]
15% AA–5% Cold/

Hot Starch
Non-cytotoxic (>70% cell viability); Promoted
fibroblast proliferation and cell regeneration.

Ethanolic extract (50%)
[174] 3% CS–2% Agarose

Antibacterial activity (inhibition zones: E. coli
7.5 mm, S. aureus 12.7 mm); Supports NIH 3T3

fibroblast adhesion, proliferation (~94%
viability at day 7); Bioactive flavonoids and

tannins contribute to antioxidant and
wound-healing activity.

Ethanolic extract (70%)
[75]

12% PAN–2% SA–
2% Gelatin

Antibacterial activity (23 ± 1 mm S. aureus,
12 ± 2 mm E. coli); Cytocompatible (>100%

L929 viability); Enhances angiogenesis,
collagen deposition, and wound closure (~85%

after 28 days); Reduces inflammation and
necrosis.

Curcumin
(Curcuma longa) Aqueous extract [175] (1–2.5)% CS–5%

PAAM

Enhances antibacterial efficiency and
biocompatibility; Curcuminoids contribute to

anti-inflammatory and wound-healing activity
via microbial inhibition and tissue

regeneration.

Green Tea

Fresh leaves
[128] 3% CS–10% PVA

Demonstrates concentration-dependent
antioxidant activity (DPPH scavenging 20–80%;

ABTS scavenging 2–50%).

Fresh leaves
[82] 2% CS–10% PVA

Antibacterial activity against E. coli and S.
aureus; Non-cytotoxicity (L929 viability >70%);
Promotes wound closure (~98–99% by day 12);

Reduces inflammation and
enhanced re-epithelialization.

Neem
(Azadirachta

indica)

Fresh leaves
[104] 2% CS

Exhibits antibacterial activity against S. aureus;
Enhances wound healing efficiency; Displays

anti-inflammatory
effects and promotes a moist wound

environment.

Fresh leaves
[25] 1.25% GG–0.75% SF

Demonstrates moderate antibacterial activity
(26.5 ± 0.9 mm inhibition zone); Free of

microbial contamination

4.2. Synergistic Effects of Natural Extracts in Hydrogel-Based Wound Dressings

Beyond the action of single bioactive components, numerous studies have explored the
incorporation of multiple natural extracts into hydrogel matrices to exploit their synergistic
therapeutic potential. Such combinations often result in amplified antibacterial, antioxidant,
and regenerative activities, reflecting a complementary or additive interaction among
phytochemical constituents and leading to improved wound-healing performance.

Hydrogels containing both Aloe vera and honey exhibited excellent in vitro biocompati-
bility, characterized by high fibroblast viability and minimal cytotoxicity in MTT assays. The
combined natural compounds effectively reduced haemolysis and markedly enhanced fi-
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broblast adhesion and proliferation after 5 days of incubation, indicating robust cell–matrix
interactions that support tissue regeneration [105]. Likewise, the integration of Aloe vera
and honey within a PVA hydrogel network produced complementary biological effects,
minimizing erythrocyte damage while promoting matrix formation and early tissue regen-
eration (Figure 6). The synergistic interplay between Aloe vera acemannan polysaccharides
and honey-derived anti-inflammatory and antibacterial compounds enhanced fibroblast
activity and collagen deposition, resulting in a dual therapeutic action that accelerates and
optimizes wound healing [89].

 

Figure 6. (A) Representative photographs illustrating the wound healing progression at selected time
intervals for the control (blank), honey, and PVA-Aloe vera-honey hydrogel; (B) Percentage of wound
closure evaluated over 19 days; (C) Histological micrographs of wound tissues collected on days 5,
12, and 19 and stained with H&E (EPI: epidermis; BV: blood vessels; FI: fibroblasts; IC: inflammatory
cells); (D) Histopathological sections of wounds stained with Masson’s trichrome on days 5, 12, and
19 (scale bar = 100 µm). Adapted with permission from ref. [89].

An Alginate-gelatin hydrogel co-loaded with nanosilver, Aloe vera, curcumin, and
Calendula officinalis extract demonstrated significant in vitro synergy, achieving approxi-
mately 98% artificial wound closure through enhanced migration and proliferation of V79
fibroblast cell [176]. Similarly, the combined incorporation of Aloe vera and Curcuma longa
extracts into a gelatin–PEG–CS matrix resulted in superior in vitro and in vivo healing
responses compared with single-extract or unloaded systems. The dual-extract hydrogel
promoted higher dermal cell proliferation and viability, while in rat wound models, nearly
complete wound closure was achieved within ten days, accompanied by rapid contraction
and re-epithelialization. The combined antioxidant and anti-inflammatory properties of
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acemannan and curcumin stimulated fibroblast proliferation and collagen synthesis, con-
firming the synergistic therapeutic efficacy of these dual-extract hydrogels in accelerating
tissue regeneration [133].

In a complementary study, the co-administration of Aloe vera extract with adipose-
derived stem cells within a hydrogel framework achieved outstanding results in a rat burn
model, attaining 99.4% wound closure by day 14 without visible inflammation or erythema.
The treatment significantly down-regulated IL-1β while up-regulating TGF-β1 expression
during the mid-healing phase, indicating balanced inflammatory modulation and tissue
remodelling. Histological observations revealed accelerated re-epithelialization, abundant
fibroblast proliferation, and extensive neovascularization, highlighting the synergistic
interaction between Aloe vera bioactives and stem-cell-derived factors in promoting well-
organized dermal regeneration [177]. Further evidence of synergistic enhancement was
provided by hydrogel patches composed of Pluronic micelles loaded with acemannan
and curcumin (2:1 ratio). The dual-loaded system exhibited improved in vivo wound
contraction, stimulated early hair growth (day 10 post-injury), reduced local inflammation
and granulation, and accelerated epidermal regeneration during the intermediate healing
phase (days 4–8) [178].

In another formulation, curcumin-loaded, heparin-grafted PLGA nanofiber mem-
branes (PCH NFMs) significantly increased α-SMA expression (17.4 ± 4.0%), as shown by
histological and immunohistochemical analyses, indicating enhanced myofibroblast differ-
entiation and early neovascularization. The improved healing response was attributed to
the synergistic effect of curcumin’s anti-inflammatory activity and the heparin-mediated sta-
bilization of growth factors (TGF-β1 and FGF-2), which collectively promoted angiogenesis,
fibroblast activation, and accelerated tissue remodelling [179].

Additional synergistic outcomes were observed in in vitro assays of Gantrez® S-
97/xyloglucan hydrogel patches co-loaded with Dioscorea bulbifera extract and honey. At
a concentration of 1 mg mL−1, the formulation exhibited high fibroblast viability and
pronounced migratory stimulation. Scratch tests showed that both honey-loaded and
unloaded hydrogels accelerated fibroblast migration within 24 h, whereas the dual-loaded
Gantrez® S-97/xyloglucan patches produced the most substantial enhancement after 48 h.
After 72 h, the percentage of scratch-area recovery confirmed the potentiating effects of
honey and D. bulbifera phytochemicals on fibroblast motility and proliferation [131].

Moreover, dual-loaded nanostructured lipid carrier hydrogels containing CA extract
and azelaic acid, developed by Lacatusu et al., exhibited faster and more potent anti-
inflammatory response than either single-component system or a commercial reference
formulation. The enhanced activity was ascribed to the synergistic interplay among calendula
flavonoids, azelaic acid, and ω-3/ω-6 fatty acids, which collectively suppressed proinflam-
matory cytokine release, modulated oxidative stress, and promoted tissue repair [180].

Overall, comparative evaluation of the studies summarized in this section indicates
that Aloe vera, Centella asiatica, Calendula officinalis, and Curcuma longa consistently achieve
the strongest regenerative responses, including faster re-epithelialization, enhanced colla-
gen deposition, and attenuated inflammation across multiple in vitro and in vivo models.
Other extracts, such as neem, chamomile, grape seed, green tea, and Hypericum perforatum,
exhibit pronounced antimicrobial, antioxidant, or anti-inflammatory actions, though their
performance is more sensitive to extraction method, standardization level, and formulation
stability. Across all systems, key translational barriers remain related to batch variability,
phytochemical instability, and the limited availability of robust clinical data, emphasizing
the need for improved extract standardization and scalable manufacturing pathways.
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5. Conclusions and Future Perspectives
Natural therapeutic extracts incorporated into hydrogel dressings demonstrate sig-

nificant potential for improving wound healing owing to their multifunctional biological
properties. Aloe vera, Calendula officinalis (Marigold), Curcuma longa (Turmeric), Centella
asiatica, Matricaria chamomilla L. (Chamomile), Azadirachta indica (Neem), Camellia sinensis
(Green tea), Hypericum perforatum (St. John’s Wort), honey, and bee-derived products repre-
sent the most widely studied natural ingredients capable of accelerating tissue regeneration,
collagen synthesis, and re-epithelialization.

The extraction and purification of natural therapeutic extracts are critical for preserv-
ing their stability and bioactivity when incorporated into hydrogel wound dressings. Each
extract has a unique chemical profile; thus, the selected extraction procedure must optimize
yield while preserving biological functionality. Likewise, selecting a suitable incorpora-
tion strategy, whether direct mixing, in situ gelation, post-loading, or nanoencapsulation
depends on the properties of both the bioactive compound and the hydrogel system. Stan-
dardizing these processes ensures reproducibility and consistent therapeutic performance
in natural-extract-loaded hydrogels for wound healing. Comprehensive, rational design
that combines optimum extraction–purification processes with appropriate incorporation
techniques guarantees superior biocompatibility and improved wound-healing efficacy of
natural-agent-loaded hydrogels.

The in vitro and in vivo results demonstrate that hydrogels loaded with natural thera-
peutic extracts markedly enhance wound healing through multifactorial pathways, sur-
passing the efficacy of unloaded or commercially available formulations. Among the most
prominent examples, Aloe vera, Centella asiatica, Calendula officinalis, and Curcuma longa
extracts significantly facilitate near-complete re-epithelialization within two to three weeks.
Formulation of curcumin and Hypericum perforatum further demonstrated improved vas-
cularization and reduced inflammation, leading to regenerative outcomes with minimal
scarring. Similarly, Chamomile, Grape seed, and Neem extracts provided antimicrobial pro-
tection and reduced oxidative stress, essential for chronic and infected wound models. The
integration of multiple natural therapeutic agents offers a powerful, synergetic approach to
wound management, enabling the design of multifunctional hydrogels that simultaneously
modulate inflammation, prevent infection, and accelerate tissue regeneration.

Future research should focus on the systematic optimization of extract ratios, release
kinetics, and pathway correlations using biological profiling to fully exploit the synergistic
healing potential of natural extracts in advanced hydrogel dressings. Consequently, the
incorporation of different biopolymer compositions, innovative crosslinking strategies,
and natural type extracts enables the design of next-generation hydrogels that simultane-
ously accelerate healing, prevent infection, and reduce fibrosis in acute and chronic wound
environments. In addition to optimizing formulation parameters, future perspectives
must address the requirements for large-scale production and safe clinical deployment of
natural-extract-loaded hydrogel dressings. Ensuring batch-to-batch reproducibility, stan-
dardized extraction and purification protocols, and scalable hydrogel fabrication methods
is essential for industrial translation. Furthermore, rigorous validation of sterility, biocom-
patibility, long-term stability, and controlled release behavior is imperative. Establishing
robust quality control frameworks and safety assessments will facilitate the successful
transition of these bioactive hydrogels from laboratory research to routine clinical wound-
care applications.
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Abbreviations
The following abbreviations are used in this manuscript:

5-FU 5-Fluorouracil
AA Acrylic acid
AAm Acrylamide
AMPS Acrylamido-2-methyl-1-propanesulfonic acid
BC Bacterial cellulose
CA Centella asiatica
CMC Carboxymethylcellulose
COL Collagen
CS Chitosan
DMA N,N-Dimethylacrylamide
DXS Dextran sulfate
EGDMAEtOH Ethylene glycol dimethacrylateEthyl alcohol
GelMA Gelatin methacryloyl
GG Guar gum
Gly Glycerol
GO Graphene oxide
HA Hyaluronic acid
HEC Hydroxyethylcellulose
HP Hypericum perforatum L.
HPMC Hydroxypropyl methylcellulose
HUVECs Human umbilical vein endothelial cells
MAAn Methacrylic anhydride
MCMeOH MethylcelluloseMethyl alcohol
NIPAM N-Isopropylacrylamide
PAAM Polyacrylamide
PAN Polyacrylonitrile
PCL Poly-ε-caprolactone
PDMA Poly(N,N-dimethylacrylamide)
PEG Poly(ethylene glycol)
PEO Polyethylene oxide
PG Propylene glycol
PLA Polylactic acid
PLGA Poly(lactic-co-glycolic acid)
PVA Polyvinyl alcohol
PVP Polyvinylpyrrolidone
QCS Quaternary aminated chitosan
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SA Sodium alginate
SF Silk fibroin
TEA Triethanolamine
TG Tragacanth
TOCN TEMPO oxidized cellulose nanofiber
XG Xanthan gum
κ-CAR Carrageenan
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P.; Stefanowicz-Hajduk, J.; Droździk, M.; Majtan, J. Assessment of In Vitro Skin Permeation and Accumulation of Phenolic Acids
from Honey and Honey-Based Pharmaceutical Formulations. BMC Complement. Med. Ther. 2025, 25, 43. [CrossRef]

89. Zhang, Q.; Zhang, M.; Wang, T.; Chen, X.; Li, Q.; Zhao, X. Preparation of Aloe Polysaccharide/Honey/PVA Composite Hydrogel:
Antibacterial Activity and Promoting Wound Healing. Int. J. Biol. Macromol. 2022, 211, 249–258. [CrossRef]

https://doi.org/10.1002/ptr.5678
https://doi.org/10.3390/pr10020242
https://doi.org/10.3390/ijms24043806
https://doi.org/10.1590/acb399724
https://doi.org/10.1016/j.jep.2016.12.006
https://doi.org/10.3390/ma15082837
https://doi.org/10.1007/s10570-016-0958-2
https://doi.org/10.1016/j.ijbiomac.2021.05.039
https://doi.org/10.1016/j.ijbiomac.2024.135425
https://www.ncbi.nlm.nih.gov/pubmed/39245113
https://doi.org/10.1016/j.sajb.2016.10.022
https://doi.org/10.1080/1539445X.2023.2243922
https://doi.org/10.1002/adhm.202303017
https://doi.org/10.1038/s41598-025-11490-0
https://doi.org/10.1208/s12249-013-0045-z
https://doi.org/10.1016/j.reactfunctpolym.2022.105188
https://doi.org/10.3390/molecules28073241
https://doi.org/10.1016/j.jclepro.2025.145367
https://doi.org/10.1016/j.colsurfa.2010.06.013
https://doi.org/10.1007/s12668-017-0420-4
https://doi.org/10.1016/j.archoralbio.2005.11.007
https://doi.org/10.1155/2021/7970424
https://doi.org/10.1186/s12906-025-04786-1
https://doi.org/10.1016/j.ijbiomac.2022.05.072


Polymers 2025, 17, 3105 32 of 36

90. Jansen-Alves, C.; Maia, D.S.V.; Krumreich, F.D.; Crizel-Cardoso, M.M.; Fioravante, J.B.; da Silva, W.P.; Borges, C.D.; Zambiazi, R.C.
Propolis Microparticles Produced with Pea Protein: Characterization and Evaluation of Antioxidant and Antimicrobial Activities.
Food Hydrocoll. 2019, 87, 703–711. [CrossRef]

91. Amorim, J.D.P.; Nascimento, H.A.; Silva Junior, C.J.G.; Medeiros, A.D.M.; Silva, I.D.L.; Costa, A.F.S.; Vinhas, G.M.; Sarubbo, L.A.
Obtainment of Bacterial Cellulose with Added Propolis Extract for Cosmetic Applications. Polym. Eng. Sci. 2022, 62, 565–575.
[CrossRef]

92. Ferreira, L.M.d.M.C.; Cruz, N.F.d.; Lynch, D.G.; Costa, P.F.d.; Salgado, C.G.; Silva-Júnior, J.O.C.; Rossi, A.; Ribeiro-Costa, R.M.
Hydrogel Containing Propolis: Physical Characterization and Evaluation of Biological Activities for Potential Use in the Treatment
of Skin Lesions. Pharmaceuticals 2024, 17, 1400. [CrossRef] [PubMed]
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