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N o w

Abstract: Nanogel is a promising drug delivery approach to improve the pharmacokinetics and phar-
macodynamic prospect of phytopharmaceuticals. In the present review, phytopharmaceuticals with
astonishing therapeutic utilities are being explored. However, their in vivo delivery is challenging,
owing to poor biopharmaceutical attributes that impact their drug release profile, skin penetration,
and the reach of optimal therapeutic concentrations to the target site. Nanogel and its advanced
version in the form of nanoemulgel (oil-in-water nanoemulsion integrated gel matrix) offer better
therapeutic prospects than other conventional counterparts for improving the biopharmaceutical
attributes and thus therapeutic efficacy of phytopharmaceuticals. Nanoemulgel-loaded phytophar-
maceuticals could substantially improve permeation behavior across skin barriers, subsequently
enhancing the delivery and therapeutic effectiveness of the bioactive compound. Furthermore, the
thixotropic characteristics of polymeric hydrogel utilized in the fabrication of nanogel /nanoemulgel-
based drug delivery systems have also imparted improvements in the biopharmaceutical attributes
of loaded phytopharmaceuticals. This formulation approach is about to be rife in the coming decades.
Thus, the current review throws light on the recent studies demonstrating the role of nanogels in
enhancing the delivery of bioactive compounds for treating various disease conditions and the
challenges faced in their clinical translation.

Keywords: nanogels; phytopharmaceuticals; biopharmaceutical attributes; nanoemulgel; thixotropy;
skin permeation; therapeutic efficacy

1. Introduction

Amongst all controlled-release drug delivery systems (such as polymeric nanoparticles
and lipid nanoparticles) hydrogels hold unique and substantial importance owing to their
thixotropic or sol-gel interconvertible nature. The global sales forecast for hydrogel-based
carrier systems is expected to reach a compound annual growth rate (CAGR) of 7.5% from
2021 to 2028 [1]. Hydrogel is one of a kind owing to its characteristic thixotropic property
and tunable stiffness (0.5 kPa to 5 MPa) that allow it to be comparable to different soft
tissues in the human body [2—4]. Hydrogels are three-dimensional polymeric matrices that
can imbibe water in large quantities and mimic biological tissues in their swollen state.
These attributes of hydrogel make them potential vehicles for encapsulating and delivering
bioactive molecules/drugs to the target sites. Hydrogels can very efficiently control the
availability of bioactive molecules/drugs to target cells and tissues over a particular range
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of time. Moreover, the bioactive compound or drug remains protected in the cross-linked
network of the hydrogel by the restricted penetration of various degrading enzymes [5].

At present, hydrogels are being explored in various branches of medicine, including
pain management, wound healing, cardiology, and oncology [5]. Hydrogels can fall in a
wide spectrum of length scales traversing from centimeters to sub-nanometres (nanogels)
that dictates the routes by which hydrogels are delivered into the human body [5]. Nanogels
serve as vehicles for bioactive molecules/drugs by expediting the absorption or desorption
of fluids as a result of environmental changes, including temperature, the presence of
enzymes, ionic strength, and pH [6-8]. Interestingly, despite nanogels being hydrophilic in
nature, they do not get dissolved, rather they swell in the aqueous milieu in vivo attributed
to their structured cross-linked network. These structural crosslinks are formed via hydro-
gen bonding, covalent bonding, Van der Waals interactions, or physical tangling (also called
crystallites) [9,10]. This characteristic cross-linked structural network of nanogels allows
bioactive molecules/drugs to remain entrapped inside such a three-dimensional matrix
for controlled and site-specific release [9-13]. Nonetheless, there are several challenges in
encapsulating lipophilic compounds in nanogel matrices, therefore, distinctive approaches
are being explored to address these concerns. Upon being swelled up, nanogels become
soft and rubbery, possessing low interfacial tension with the aqueous environment and
biological fluid [9,13]. Therefore, they tend to simulate body tissues and this property is
explicitly used in pharmaceutical drug delivery. Moreover, the elastomeric consistency of
the nanogels mitigates mechanical friction between tissues. In this review, the thixotropic
property of nanogels is also profoundly discussed. The mechanical strength, thixotropic
characteristics, and functionality of nanogel are governed by the physicochemical prop-
erties of the polymers it is made up of. The polymeric properties are dictated by various
crucial factors including the chemical nature of the monomer, molecular weight, method
of polymer synthesis, and macromolecular structure. The characteristic physical structure
of the polymer depends on the intensity of the covalent linking, rigidity of bonding, and
strength of intermolecular forces inside the polymer chain [9,12-16]. The classification
of nanogels is based on various significant properties including the polymeric source
(natural, synthetic, or hybrid), structural configuration (semi-crystalline or amorphous),
nature of cross-linking (chemical or physical), and electric charge of the network (ionic
or neutral) [9,13-21]. The distinctive absorption potential of nanogel is because of the
presence of special hydrophilic moieties (such as -OH, -CONH, -CONH,), in the polymeric
components [9,17-24].

In the current scenario, herbal or bioactive compounds have gained splendid attention
as protective or adjunct therapy in the management of various disorders. The bioactive
compounds of natural origin mainly include flavonoids, alkaloids, glycosides, phytosterols,
isothiocyanates, saponins, and phenolic acid [25,26]. The phytopharmaceutical terminology
covers bioactive compounds (molecular structure illustrated in Figure 1) of phytochemical
origin which possess distinctive therapeutic value owing to their potential antioxidant
activity, the enrichment of micronutrients, and the ability to preclude the origin of chronic
and degenerative ailments [27-29].

Despite phytopharmaceuticals being substantially capable of treating severe disorders,
there are ample numbers of hurdles before they can exert their optimal therapeutic effect.
These biopharmaceutical challenges include the low bioavailability of bioactive compounds
owing to their low solubility, low permeability, susceptibility to enzymatic degradation, and
inability to reach the target sites [30]. Encapsulating the bioactive compounds in nanogels
can address these issues very well [31-36]. This idea of the delivery of potentially bioactive
compounds employing encapsulation in nanogel cross-linked matrices for the treatment
of prevalent skin disorders is quite promising (illustrated in Figure 2). More specifically,
nanoemulgel has demonstrated astounding benefits for improving the delivery of these
bioactive agents with poor biopharmaceutical attributes in comparison to conventional
hydrogel formulations.
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Figure 1. Molecular structure of some promising phytopharmaceuticals.

Nanoemulgel being a drug delivery vehicle consists of oil-in-water nanoemulsion en-
capsulating therapeutics of lipophilic nature, uniformly dispersed in this drug-loaded emul-
sion system into a hydrogel-based matrix with the consistency of a semi-solid state [34,35].
The nanoemulgel is capable of improving the dissolution and absorption of encapsulated
bioactive compounds in the nanoemulsion system and further controlling and delaying
its release due to outside gel embodiment at the target site [33,36]. Therefore, the con-
trolled and sustained release of a therapeutic moiety at the target site could be achieved,
along with substantially improved bioavailability and the accomplishment of optimal
therapeutic concentration through a nanoemulgel-based drug delivery system. Therefore,
in the present manuscript, nanoemulgel preparation that has considerably modified the
biopharmaceutical attributes and enhanced the therapeutic efficacy of phytopharmaceuti-
cals is emphasized [37—40]. In the preceding literature, nanogels have been elucidated as
nanocarriers predominantly for the delivery of synthetic drugs/pharmaceuticals. There
are a plethora of studies available that have explored the potential of lipid-based carriers
such as liposomes, nanoemulsions, and polymeric nanoparticles for the delivery of plant-
origin therapeutics including herbal extracts [30,33-36]. However, limited studies have
highlighted the potential of nanogels being a delivery vehicle for bioactive molecules of
plant origin.
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Figure 2. Promising category of phytopharmaceuticals exploiting nanogels as a delivery vehicle for
topical application in different skin disorders.

Thus, the current review throws light on the recent studies demonstrating the role
of nanogel /nanoemulgel in improving the delivery of phytopharmaceuticals in various
disease conditions and the challenges faced in their clinical translation.

2. Thixotropic Property/Rheological Behavior of Nanogels and Its Clinical Significance

The change in the viscosity of nanogel under shear stress (thixotropic nature) finds
substantial importance in governing the therapeutic efficacy and performance of incor-
porated active ingredients via any route of administration, be it topical, oral, mucosal,
or ophthalmic. For nanogels to exert efficacious therapeutic action, the non-Newtonian
behavior of the thixotropic sol-gel system is highly desirable [41]. This non-Newtonian
behavior is dictated by a yield value that is going to structurally break down the solid
network system of gel and convert it into a sol state to facilitate plastic flow. The greater
this yield value, the stronger the gel network, and the better the therapeutic performance
of the nanogel system. Thixotropy is that inclusive characteristic of a nanogel that is going
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to govern the release behavior, retention efficacy, and systemic bioavailability (in the case
of oral preparations) of a therapeutic agent from a loaded nanogel formulation [41]. The
thixotropy of a nanogel formulation system depends upon its degree of dispersion and
shear history.

The release of a therapeutic agent from a highly interconnected network system is
controlled by the influx of water from components of body fluids and the rheological
properties of nanoemulgel. The influx rate of body fluids serves as a crucial factor that
controls the yield value by swiftly diffusing into the solid matrices of a sol-gel system of
nanogel. The yield value of nanogel is further dictated by the intensity of cross-links formed
and the hydration level upon the incursion of fluid, which, in turn, will govern the release
profile of the encapsulated therapeutic agent [41-43]. In a study, it was demonstrated that
gel composed of a polyethylene glycol (a Newtonian formulation) matrix spontaneously
dissolved upon exposure to simulated saliva, whereas a gel matrix comprising a mixture
of Carbopol and polyvinyl-phenol (a non-Newtonian formulation) swelled and formed a
viscous barrier to drug release, and the release of a therapeutic agent was governed by the
degree of hydration and thixotropic property [41,44]. Such study findings suggest that the
improvement of the gelation process or cross-linking by the components of physiological
fluids have a significant influence on controlling the release of a loaded therapeutic agent
from the thixotropic nanogel formulations in the oral route of drug administration.

Importantly, before any topical nanogel formulation is subjected to in vivo evalua-
tion, it is assessed for its rheological profile, which includes spreadability behavior, and
retention characteristics over the affected area after application [41]. All of these phenom-
ena are based on attaining a specific yield value, employing manual force that leads to
the conversion of gel state to sol state and thus makes nanogel easily extrude out of the
container, spread over the application site, and adhere there for long enough to exert a
therapeutic effect. Here also, non-Newtonian rheological behavior is highly desirable [41].
The higher the yield value, the greater the force required to spread the nanogel formula-
tion over the application area. In the case of a burn wound, a low yield value is needed
for the easy spreadability of the formulation to circumvent the pain of the application
of the formulation over the burnt site [41]. Recently, Algahtani et al. designed and de-
veloped a thymoquinone-loaded nanoemulgel system for topical application in excision
wounds [45]. The developed nanoemulgel system was prepared to utilize Carbopol 940
as a gelling agent at a concentration of 0.5% w/w. It was observed that the rheological
profile of the nanoemulgel system and placebo gel demonstrated similar characteristics
(sol-gel behavior) upon the application of shear rate (illustrated in Figure 3a,b). It indicates
that the thixotropic characteristics of the Carbopol 940 hydrogel system are not affected
by the addition of a phytopharmaceutical-loaded nanoemulsion system and confirms its
suitability in the design of nanogels for bioactive therapeutics of plant origin. Furthermore,
the spreadability behavior of the Carbopol 940 hydrogel system was not affected by the
addition of a phytopharmaceutical-loaded nanoemulsion system (illustrated in Figure 3c)
and indicates its suitability for topical application.

Therefore, in the case of topically applied gel formulations, the thixotropy property
also plays an ultimate key role in governing the biopharmaceutical performance of nanogel.
In the subsequent section, the biopharmaceutical characteristics of nanogel loaded with
phytopharmaceuticals as therapeutic agents have been investigated in recent studies and
are being discussed in detail.
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Figure 3. Characteristics of thymoquinone-containing nanoemulgel (TMQ-NEG) system vs. placebo
gel. (a) Rheology profile of TMQ-NEG system. (b) Rheology profile of placebo gel. (c) Spreadability
behavior of TMQ-NEG vs. placebo gel. Reproduced from [45], Copyright 2021, MDPL

3. Overview and Biopharmaceutical Characteristics of Phytopharmaceutical-
Containing Nanogels

Plant species serve as a massive reservoir of medicinally active compounds, whose
usefulness and functionality are untapped until today [46]. The obstacles encountered
with the administration of phytochemical compounds for treating ailments include limited
stability, poor aqueous solubility, and low bioavailability, which restrict their therapeutic
efficacy [47,48]. Recently, those investigations are gaining momentum that explores the
use of herbal compounds and oils for the treatment of various ailments. The introduction
of nanotechnology in the arena of herbal bioactive compound delivery has renovated
the results of therapeutic interventions [48]. The loading of a bioactive compound into
the nanosized preparations certainly improves its physicochemical and pharmacokinetic
attributes, subsequently resulting in improved therapeutic prospects [48]. Nanogels present
a promising formulation approach in this context for improving the solubility, penetrability,
stability, pharmacokinetic fate, and overall therapeutic efficacy of bioactive compounds.
The specific range of sizes and shapes of nanoparticulate delivery vehicles in nanogel
systems allows the bioactive compound to attain substantial targetability in the body and
the interconvertibility of sol-gel states results in the prolonged interaction of the nanogel
system with the diseased tissue/application site [47,48]. The phytochemical compounds of
different classes (alkaloids, phenols, fatty acids, and terpenoids) have been exploited to
improve their biopharmaceutical characteristics through the nanogel formulation approach
to accomplish optimal therapeutic effects, as discussed hereunder.
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3.1. Phytopharmaceuticals of Alkaloids Category

The bioactive compounds that fall under the alkaloids category present a plethora of
therapeutically active agents. Alkaloids are heterocyclic nitrogenous compounds and can
be classified as pyrrolidines, quinolines, phenanthrenes, purines, or imidazoles based on
their molecular structure [48,49]. Amongst various alkaloids of different classes, the most
explored bioactive compounds that have utilized nanogels as a delivery vehicle to enhance
their biopharmaceutical performance include berberine, capsaicin, and brucine.

3.1.1. Capsaicin

Capsaicin has been studied for its therapeutic prospects in various diseases, including
several carcinomas, rheumatoid arthritis, and diabetic neuropathy, and studies have es-
tablished it to be extremely effective as a phytopharmaceutical [50,51]. However, its short
half-life (7.06 min), extensive first-pass metabolism, pungency, and patient non-compliance
hamper its clinical applicability for treating the aforementioned disorders. To overcome
these limitations, attempts were made to encapsulate capsaicin in nanogel to overcome the
hurdles in attaining its optimal therapeutic effect. The nanogel formulation of capsaicin
resulted in substantially enhanced skin permeation as compared to the conventional gel
system. Therefore, employing the encapsulation of capsaicin in nanogel formulations, its
physicochemical properties such as size and shape were modulated in a way that facilitated
its improved transdermal administration in patients with diabetic neuropathy [50].

3.1.2. Berberine

Berberine, an isoquinoline alkaloid, possesses a huge amount of therapeutic activities,
including a reduction in blood sugar, improvement in cardiovascular disorders, and signif-
icant antimicrobial activity against several microbes [52]. However, there are significant
biopharmaceutical challenges (poor permeability, low gastrointestinal stability, limited
aqueous solubility) with its delivery, which can supposedly be addressed by employing a
nanogel formulation approach. Amato et al. have reported that 50% of loaded berberine
is released from the nanogel system within 45 min [53]. In another investigation, Xu et al.
reported improvement in the biopharmaceutical characteristics of berberine through de-
signing a nanoemulsion system for oral application [54]. This developed nanoemulsion
system could be converted into a nanoemulgel system and would be a promising approach
to improving the biopharmaceutical characteristics of berberine after topical application.

3.1.3. Brucine

Interestingly, Brucine possesses anti-inflammatory and anti-nociceptive activity that
can be explored to relieve arthritis and traumatic pain. However, its clinical utility is
considerably hindered by its low aqueous solubility, gastrointestinal complications, and
systemic toxicity that might occur after its oral administration. Brucine nanoemulgel
with specific particle size, spreadability, and viscosity altogether improved its release and
permeation profile. The ex vivo drug permeation of the Brucine nanoemulgel formulation
system on rat skin demonstrated significantly boosted permeation and the markedly
increased transdermal flux of Brucine nanogel as compared to Brucine suspension [55]. The
results of this investigation may provide an approach to improving the biopharmaceutical
characteristics of natural bioactive products utilizing a nanoemulgel formulation system.

3.2. Phytopharmaceuticals of the Fatty Acids Category

Fatty acids (saturated and unsaturated) represent an enormous source of therapeuti-
cally functional compounds whose usage is highly encouraged by exploiting the nanogel
formulation approach. Based on the results of solubility and compatibility studies, the
priority of researchers is always to go for an oil of herbal origin into which to load the
lipophilic therapeutically active agent [56]. Oleic acid is being widely explored as a formu-
lation excipient in many nanoparticulate formulations [57]. Other than olive oil, oil from
Nigella sativa seeds is also being investigated for therapeutic application employing the
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nanogel formulation approach. Recently, Algahtani et al. have designed and developed
a nanoemulgel system containing the oil of Nigella sativa seeds for topical application on
excision wounds [45]. The nanoemulsion in the nanoemulgel system may provide greater
surface area for the deeper skin penetration of fatty acid oil in a form of nano oil droplets
after topical application in different disease conditions.

3.3. Phytopharmaceuticals of the Phenolic Category and Related Compounds

The phenolics class of compounds exhibits innumerable therapeutic properties [58].
Phenolic compounds comprise complex molecules including coumarins, flavonoids, tan-
nins, anthraquinones, and stilbenes [59].

3.3.1. Rutin

Rutin is one of the widely explored bioactive compounds of this class in various
nanoparticle formulations attributed to its significant antioxidant, neuroprotective, car-
dioprotective, and anticancer properties [48]. Its chitosan/poly (acrylic acid) nanogel
formulation was formulated by Radwan and Ali and has demonstrated noteworthy im-
provement in the percentage of rutin release at alkaline pH (7.4) compared to the acidic
pH (2.0) of the release media [60]. This system was developed for oral administration. It is
anticipated that if rutin is encapsulated in nanoemulgel it would considerably improve its
biopharmaceutical characteristics such as drug release and thus permeability across biolog-
ical barriers owing to the nano-range globule size and the desirable surface morphology of
nanoemulgel systems developed for topical application.

3.3.2. Hesperetin, a-Mangostin

Another important bioactive compound is hesperetin, which is a flavanone-glycoside
found in citrus fruits and possesses potent therapeutic activities, including lipid regulating,
anti-inflammatory, and anticancer activities [61]. a-mangostin, belonging to this class of
compound, has been reported to possess antibacterial and anti-inflammatory activity [62,63].
All these compounds suffer limited aqueous solubility-related problems which lead to poor
biopharmaceutical performance and low therapeutic efficacy compared to the formulation
design developed without the utilization of nanotechnology [64].

3.3.3. Resveratrol, Curcumin

Resveratrol is another compound of this class that possesses potential anti-inflammatory,
anticarcinogenic, cardioprotective, and neuroprotective activities [65]. However, its inabil-
ity to cross the skin membrane owing to poor aqueous solubility is the major hurdle in
attaining its optimum therapeutic effect through the topical route of drug administration.
Another bioactive compound that is of great interest to researchers is curcumin; how-
ever, it also has major pharmaceutical setbacks due to poor water solubility and limited
stability [66—70]. Therefore, the poor skin penetration of polyphenols and their confinement
to the stratum corneum layer were reported as one of the major issues in their topical and
transdermal administration [65].

In the current scenario, a lot of the focus of scientists has shifted towards the encap-
sulation of phenolic bioactive compounds in novel nanogel, intending to improve their
target reach and accumulation [65]. In an interesting study, the delivery of resveratrol and
curcumin encapsulated nanogel carriers was shown to significantly improve their skin-
delivery and wound-healing potential [65]. The improved skin delivery of these phenolic
compounds was attributed to the improved physicochemical properties of resveratrol and
curcumin employing nanoemulgel formulations. The nanometer-sized system assured
efficient deposition into the deep layers of the skin. It has been established in various
studies that particles smaller than <300 nm could reside in the deep skin layers [71], and
therefore nanometric size range could facilitate the deeper skin permeation of polyphenols
through the utilization of nanogel as a delivery vehicle. Moreover, the prepared negatively
charged nanoparticles also contributed to absorption across skin layers. The sufficient
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viscosity of the nanoemulgel is also required for assuring the sufficiently delayed retention
and adhesivity of the nanogel formulation. This is how these biopharmaceutical character-
istics, namely particle size, surface charge, and viscosity, could contribute significantly to
improving the delivery of polyphenols into the deeper skin layers.

3.3.4. Naringenin, Quercetin

In an interesting study finding, naringenin nanoemulgel was designed and charac-
terized for topical application in chronic wound conditions with the intent to improve
drug release and skin absorption and limited the biopharmaceutical fate of naringenin.
The physicochemical properties of naringenin nanoemulgel, namely globule size, surface
charge, viscosity, mucoadhesive property, and spreadability, were critically optimized. The
results of in vitro release studies demonstrated remarkable improvement in naringenin re-
lease from the formulated nanoemulgel, attributed to the nanometric size of the oil globules
(145.58 £12.5) of the dispersed phase [72]. Therefore, by duly modifying the physicochemi-
cal properties of nanoemulgel, a significant modification in the release and thus dissolution
profile can be brought about by employing a nanogel formulation. Furthermore, in another
study, a nanoemulgel of quercetin, (a potent antimicrobial and anti-inflammatory agent)
was formulated to improve its solubility and bioavailability for the treatment of periodonti-
tis. The formulated nanoemulgel exhibited a significantly increased release of quercetin
(92.4%) as compared to that of pure quercetin-loaded gel (<3% release) [73]. These study
findings are clear evidence of the enhancement of the biopharmaceutical prospects of a
phenolic compound employing a nanogel formulation.

3.4. Phytopharmaceuticals of Terpenoids Category

Terpenoids, structurally built of isoprene blocks, are the major plant-derived secondary
metabolites owning an assortment of pharmacological activities [74,75].

Thymoquinone

Thymoquinone is a potent and efficacious terpenoid with substantial therapeutic activ-
ity against multiple ailments. Nonetheless, its very low aqueous solubility and inadequate
skin permeability limit its clinical applicability [76]. A nanoemulgel system was designed
and characterized to improve the delivery of thymoquinone [45]. The size of formulated
nanodroplets was less than 100 nm, which lead to notable improvement in the release
profile of thymoquinone from the nanoemulgel system (Illustrated in Figure 4).

Moreover, the developed nanoemulgel system of thymoquinone has pseudoplastic
behavior with thixotropic properties that greatly improve the topical efficacy of thymo-
quinone. It was demonstrated in the study outcome that the thymoquinone nanoemulgel
system exhibited significantly augmented skin penetrability and deposition characteristics
post-topical administration in comparison to the conventional hydrogel system. One of
the reasons for the greatly improved skin penetration is the presence of the nanoemulsion-
loaded thymoquinone system in gel, as nanoemulsions provide an enormous surface area
for the better penetration of therapeutic agents into the pilosebaceous region, resulting in
better efficacy [45].

From the above studies, it can be concluded that a nanoemulsion-based hydrogel
system (nanoemulgel) could greatly improve the drug release profiles, absorption (across
deeper skin layers), retention in the targeted area, and overall biopharmaceutical fate of
encapsulated bioactive compounds (illustrated in Figure 5), summarized in Table 1.

The therapeutic performance of nanogel-loaded phytopharmaceuticals investigated in
a recent study is reviewed and discussed in detail in the subsequent section for different
disease conditions.
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Figure 4. In vitro release of thymoquinone from nanoformulations differing in composition (F8, F11,
and F14) vs. the aqueous suspension of thymoquinone carried out through the dialysis bag technique.
Reproduced from [45], Copyright 2021, MDPL
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Figure 5. Illustration highlights the improved permeation of the bioactive compound (through inter-
cellular, follicular, and intracellular permeation) to the deeper layer of skin utilizing a nanoemulgel
system as a delivery vehicle.
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Table 1. Physicochemical characteristics and biopharmaceutical performance of phytopharmaceutical-
containing nanoemulgel systems.

Active Agent Gelling Agent Physical Characteristics Biopharmaceutical Performance Ref.
. Carbopol 940 Mean drgplet size of incorporated . Significant increase (p < 0.05) in skin
Thymoquinone (0.5% /) nanoemulsion <100 nm, pseudoplastic ermeabilitv and deposition profile [45]
e behavior with thixotropic properties. P y p p ’
Pseudoplastic behavior of the Nagoemulgel revgaled a f.o 1.1r:fold
- Carbopol 940 L . improvement in capsaicin’s
Capsaicin o nanoemulgel and decrease in viscosity . . [50]
(1% w/w) . ; . cumulative permeation in
with an increase in the shear rate. . .
comparison to the conventional gel.
. Skin permeation of Brucine through
Sodium . .
Higher drug release from nanoemulgel rat skin was found to be greatly
. carboxymethylcel- ) . .
Brucine lulose formulation compared to improved in the case of the [55]
o emulgel formulation. nanoemulgel system compared to
(1% w/w) .
the drug solution.
Significant retention of the
Resveratrol and Carbopol Viscosity of nanoemulgel was four}d to phytopharmaceuticals in the s'km
Curcumin (2.5% 1w/ w) be 16,020 + 30.87 cp and particle size of through nanoemulgels, reaching [65]
’ nanoemulsions was 180 £ 5.20 nm. about 60% of the applied dose,
observed after 48 h.
Carbopol 934 and Uniform dispersion (P.DI, 0452 £0.03) Improved .aIld sustained release up
Narineenin Carbopol 940 of the nanometric globules to a maximum of 74.62 £ 4.54% [72]
8 %1 50/}) 2% /) (145.58 £ 12.5) of the dispersed phase from the developed nanoemulgel
O S0 £ and good spreadability. within the time frame of 24 h.
Vit was s 03 Medercoped ool
Quercetin Poloxamer 26 05 °Cand 30,647.5 £ 0.3 cPs at 92.4% of uercgtinat theend of 6 h [73]
(23% w/v) 37 £ 0.5 °C, demonstrating the sol-gel Ao0tq ’ ;

as compared to that of pure

nature of the formulation. quercetin-loaded gel (<3% release).

4. Current Trend and Future Prospects of Phytopharmaceutical-Containing
Nanoemulgel for Treating Acute/Chronic Disorders

The bioactive compounds loaded in nanogel/nanoemulgel preparations are being
actively explored for pre-clinical evaluations. The promising study findings of the in vitro
release and ex vivo skin penetration of nanogel formulations containing bioactive com-
pounds, as discussed in the earlier section, compel researchers to go further for the pre-
clinical evaluation of these formulations for different pharmacodynamic activities in a
suitable animal model.

4.1. Anti-Inflammatory and Anti-Nociceptive Activity

For instance, when Brucine-loaded nanoemulgel showed markedly enhanced skin per-
meation (as discussed in an earlier section), it was further evaluated for anti-inflammatory
and anti-nociceptive activity [55]. For assessing anti-inflammatory activity, the carrageenan-
induced rat hind paw edema method was utilized, and for evaluating anti-nociceptive activ-
ity, the hot plate method and acetic acid-induced writhing test were employed for Brucine
nanoemulgel and comparison formulations in male BALB/c mice. The study outcome
revealed the efficient anti-inflammatory and anti-nociceptive potential of Brucine-loaded
nanoemulgel in comparison to other prepared formulations and established nanoemulgel
as a potential delivery vehicle for expediting the anti-inflammatory and anti-nociceptive
actions of Brucine [55]. In another study, the anti-inflammatory potential of curcumin and
emu oil by incorporating both in a nanogel system was evaluated in in vivo models by
topical route [77]. The anti-inflammatory efficacy was evaluated in carrageenan-induced
paw edema and Freund’s complete adjuvant (FCA)-induced arthritic rat model. The
in vivo evaluation demonstrated significant improvement in anti-inflammatory activity
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with the nanogel formulation of curcumin and emu oil [77]. Therefore, the nanogel for-
mulation system markedly improved the therapeutic potential of incorporated oils in
rheumatoid arthritis indications. As it is known that mangosteen rind possesses remark-
able anti-inflammatory activity, its nanoemulgel was therefore investigated for the same
in carrageenan-induced laboratory mice [78]. The in vivo results revealed that mangos-
teen rind-loaded nanoemulgel demonstrated significant inflammatory inhibition (p < 0.05)
compared to conventional mangosteen rind gel.

4.2. Wound Healing Activity

In another study, the nanoemulgel system of thymoquinone was shown to exhibit
markedly enhanced and early healing effects in wounded Wistar rats as compared to a
conventional hydrogel of thymoquinone. The outcome of this investigation confirms that
the topical delivery of thymoquinone was substantially improved through incorporation
into the nanoemulgel system, which accelerated the process of wound healing [45].

Interestingly, the specific physicochemical properties of nanoemulgel, including re-
taining moisture, exudate absorption, and gas permeability, provide it huge supremacy as a
drug delivery vehicle in the case of wound healing applications. In this context, a curcumin-
loaded nanoemulgel system was designed and developed for assessing its wound healing
potential [79]. The developed curcumin nanoemulgel exhibited thixotropic rheological
behavior and a significant (p < 0.05) increase in skin penetrability characteristics compared
to the curcumin hydrogel system. Importantly, the in vivo wound healing efficacy study
and the histological examination of healed tissue specimens revealed that the nanoemulgel-
based approach contributed significantly to improving the biopharmaceutical attributes
and thus wound healing efficacy of curcumin (Illustrated in Figure 6).

4.3. Antimicrobial and Anticancer Activity

Researchers have explored the antimicrobial and anticancer effects of coriander oil
incorporated in a nanoemulgel formulation. Encouraging results were obtained with the na-
noemulgel for coriander oil’s antimicrobial potential against different types of bacteria [80].
Furthermore, the results of the anticancer activity of coriander oil nanoemulgel were found
to be remarkably boosted when applying the prepared formulation to human breast cancer
cells (MCF-7), hepatocellular carcinoma cells (Hep3B), and human cervical epithelioid
carcinoma cells (HeLa), which signifies that the nanoemulgel substantially enhanced the
anticancer effects of coriander oil [80]. Therefore, a remarkable formulation benefit of
nanoemulgels as a drug delivery system is that it significantly enhances the therapeutic
efficacy of loaded bioactive compounds. In another study, a local dental nanoemulgel for-
mulation of Nigella sativa oil was formulated for the treatment of periodontal diseases that
showed notably improved antimicrobial activity compared to plain Nigella sativa oil [81].
Furthermore, Safrole is a natural compound that possesses remarkable biological activi-
ties. Safrole oil has potential antimicrobial and anticancer activities, and these activities
were shown to be improved with safrole nanoemulgel formulation [82]. In a study, the
antimicrobial activity of the safrole oil and safrole nanoemulgel were tested and their
cytotoxic potential was assessed against Hep3B cancer cell lines using the MTS assay. The
study outcome revealed that the anticancer and antioxidant activities of safrole could be
substantially improved by employing its nanoemulgel formulations.

4.4. Antipsoriatic Activity

The nanoemulgel formulation of curcumin was also investigated for treating psoriasis
and the study outcome suggested that curcumin nanoemulgel exhibited quicker and early
healing in psoriatic mice compared to curcumin alone [83]. The study findings are strongly
indicative of curcumin nanoemulgel as a promising and potential candidate for the better
long-term management of psoriasis.
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Overall, the above discussion of recent studies is clear evidence of the significant con-
tribution of nanogel formulations as a delivery vehicle in enhancing the biopharmaceutical
fate and thus therapeutic efficacy of loaded phytopharmaceuticals (summarized in Table 2).
However, there are several hurdles in the clinical translation of bioactive compound-loaded
nanogels/nanoemulgels that are discussed in the subsequent section.

Table 2. Contemporary research highlighting the in vivo improvement in the therapeutic efficacy of
phytopharmaceutical-containing nanoemulgel.

Phytopharmaceutical In Vivo Model Application Therapeutic Outcome Ref.
Nanoemulgel formulation showed
Thymoquinone Wistar rats Topical quicker and early healing in wqunded [45]
rats compared to the conventional
hydrogel system.
Improvement in anti-nociceptive
Capsaicin Swiss-Webster mice Transdermal properties was observed in the treated [50]
diabetic mice.
BALB/c mice; Improved anti-inflammatory and
Brucine Carrageenan-induced rat hind Topical anti-nociceptive activity of [55]
paw edema method. Brucine-loaded nanoemulgel.
Resveratrol and Augmented the burn-healing
. Wistar rats Topical potential of the nutraceutical [65]
curcumin ..
combination nanoemulgel.
Carrageenan-induced paw antl loteanry actoaty eith
Curcumin and emu oil edema and FCA-induced Topical ya Y [77]
i, nanoemulgel formulations compared
arthritic rat model .
to pure curcumin.
Nanoemulgels of mangosteen rind
Mangosteen rind Mice Topical fraction demonstrated potential [78]
anti-inflammatory activity.
Improved the wound-healing activity
Curcumin Albino rats Topical of cureummin compared to fche [79]
conventional gel formulation
of curcumin.
Klebsiella pneumoniae,
Escherichia coli, Marked antimicrobial and anticancer
Coriander oil Staphylococcus aureus, In vitro activities, as Cpmpared to those in [80]
Pseudomonas aeruginosa. crude oil and positive
Cancer cell line (MCF-7, control medications.
Hep3B)
Staphvlococcus aureus strain Markedly improved antimicrobial
Nigella sativa oil Py In vitro activity compared to the plain Nigella [81]
(ATCC 29213) o
sativa oil.
Improved antimicrobial and
Safrole Hep3B cancer cell line In vitro anticancer activities by means of [82]
safrole nanoemulgel.
BALB/c mice; Psoriasis Nanoemulgel system showed quicker
Curcumin induced by topical application Topical and early healing in psoriatic mice [83]

of imiquimod cream

compared to curcumin gel.

5. Hurdles in Clinical Translation of Phytopharmaceutical-Containing Nanogels

The ultimate goal of emphasizing the benefits of phytopharmaceutical-loaded nanogel
is their clinical translation. However, the number of phytopharmaceutical-loaded nanogels
that have entered the clinic is limited. Various hurdles impede the commercialization of
phytopharmaceutical-loaded nanogels for different indications. The significant challenges
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in their clinical translation include nanogel fabrication at a commercial scale, storage sta-
bility, regulatory complexity, and cost-effectiveness. The high-water content of nanogel
presents a great difficulty in their terminal sterilization, and sterility must therefore be
typically validated for all source materials and fabrication processes. There are other com-
plications related to the degradation of nanogels, therefore the nanogel must be dehydrated
after fabrication to prevent premature degradation during storage [84,85]. The dehydration
process must ensure that the nanogel structure and the bioactivity of the phytopharmaceu-
ticals remain intact during treatment. In case nanogels are maintained in a hydrated state
during storage, the storage conditions should minimize water evaporation and preclude
pre-exposure to any medium that causes the undesirable loss of the phytopharmaceuticals.
The impact of the storage conditions must be carefully examined on phytopharmaceutical
stability [84].

The fabrication of nanoemulgels is cost-consuming; for instance, particle-size reduc-
tion for attaining a nano-size range requires high energy and specialized devices [85]. At
the industrial scale, the production of a nanoemulgel involves high-energy methods accom-
panied by high-pressure homogenizers, which are expensive and demand maintenance
costs. Moreover, microfluidization and ultrasonication techniques are the most commonly
used techniques for achieving size in nano-dimensions, but they are also expensive and
require an extra start-up cost compared to conventional gel formulations, which leads
to a delay in achieving its commercialization scalability [84,85]. Although, the design of
nanoemulsions through spontaneous emulsification (low-energy emulsification) techniques
and conversion into nanogel formulation utilizing a gelling agent as a cost-effective nano
product is also a trend.

There are considerable regulatory concerns, and the cost of commercialization is of-
ten a notable hurdle present in the clinical translation of phytopharmaceutical-loaded
nanogels. The nanogel encapsulating a bioactive compound is considered a combina-
tion product, and therefore its regulatory approval process can take 7-10 years [84]. As
the duration of patent protection is limited, a longer approval time can limit the com-
mercial viability of nanogels encapsulating phytopharmaceuticals. Moreover, the cost
of developing nanogel from bench to bedside is estimated to be high, which provides
a significant setback to commercialization [85]. On top of that, phytopharmaceuticals,
including safrole, are very costly, therefore the development of the nanogel preparations
of such bioactive compounds is a costly affair that discourages the product development
and clinical translation of phytopharmaceutical-loaded nanogels. Researchers need to plug
these loopholes for successful clinical translation, expediting the commercialization process
of phytopharmaceutical-based nanogels by exploiting cost-effective technology.

6. Conclusions

The present review concludes that nanogel is a potential delivery system for enhancing
the biopharmaceutical and therapeutic prospects of phytopharmaceuticals. The thixotropic
characteristics of nanogel have demonstrated their significant role in enhancing the bio-
pharmaceutical attributes of phytopharmaceutical-loaded preparations. Modification in
nanogels such as nanoemulgel, which consists of a nanoemulsion incorporated into a
hydrogel matrix, can efficiently resolve various problems related to phytopharmaceutical
delivery, including the drug-release profile, physical/chemical stability, skin penetrability
to a deeper layer, and targeted release. Furthermore, hydrogels are also utilized to fabricate
polyphenol-based composite hydrogel systems for use in the field of tissue engineering
and the design of hybrid hydrogel systems exploiting stimuli-responsive smart materials
for imparting multifunctionality to the hydrogels [86-88]. The pre-clinical investigations
of nanoemulgel have demonstrated substantially improved biopharmaceutical fate and
therapeutic responses of encapsulated phytopharmaceuticals, as discussed in detail in this
review. Therefore, nanoemulgel represented a potential efficacious delivery approach for
improving the therapeutic prospect of phytopharmaceuticals and its clinical translation-
related hurdles.



Polymers 2022, 14, 4141 16 of 19

Author Contributions: Conceptualization, M.T.,, N.A.A. and J.A.; methodology, M.T.,, M.Z.A.,, M.R,,
N.A. and EM.A; software, M.Z.A., M.R. and J.A.; validation, M.Z.A., M.R.,, N.A. and EM.A.; investi-
gation, M.T,, S.F,, N.A,, EM.A. and S.K ; resources, M.R., N.A,, EM.A., S.M. and S K.; writing—original
draft preparation, M.T. and S.F; writing—review and editing, N.A.A., SM., M.Z.A.,, M.R,, SK. and
J.A.; supervision, N.A.A. and J.A.; project administration, N.A.A., S.M. and S.K.; funding acquisition,
N.A.A.; All authors have read and agreed to the published version of the manuscript.

Funding: This research work was funded by Institutional Fund Projects under grant no. (IFPDP-232-
22). The authors gratefully acknowledge the technical and financial support from the Ministry of
Education and Deanship of Scientific Research (DSR), King Abdulaziz University (KAU), Jeddah,
Saudi Arabia.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data sharing not applicable.

Acknowledgments: This research work was funded by Institutional Fund Projects. Therefore, the
authors gratefully acknowledge the technical and financial support from the Ministry of Education
and Deanship of Scientific Research (DSR), King Abdulaziz University (KAU), Jeddah, Saudi Arabia.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Hydrogel-Based Drug Delivery System Market Size, Share & Trends Analysis Report by Polymer Origin (Natural, Synthetic,
Hybrid), by Route (Subcutaneous, Ocular, Oral Cavity), by Region, and Segment Forecasts. Available online: https://www.
grandviewresearch.com/industry-analysis/hydrogel-based-drug-delivery-system-market (accessed on 5 September 2022).
Calvert, P. Hydrogels for soft machines. Adv. Mater. 2009, 21, 743-756. [CrossRef]

Arakaki, K,; Kitamura, N.; Fujiki, H.; Kurokawa, T.; Iwamoto, M.; Ueno, M.; Kanaya, F,; Osada, Y.; Gong, ].P,; Yasuda, K. Artificial
cartilage made from a novel double-network hydrogel: In vivo effects on the normal cartilage and ex vivo evaluation of the
friction property. J. Biomed. Mater. Res. A 2010, 93, 1160-1168. [PubMed]

Li, J.; llleperuma, W.R.; Suo, Z.; Vlassak, J.J. Hybrid hydrogels with extremely high stiffness and toughness. ACS Macro Lett. 2014,
3, 520-523. [CrossRef] [PubMed]

Li, J.; Mooney, D.J. Designing hydrogels for controlled drug delivery. Nat. Rev. 2016, 3, 520-523. [CrossRef]

Su, J.; Hu, B.H.; Lowe, W.L.; Kaufman, D.B.; Messersmith, P.B. Anti-inflammatory peptide functionalized hydrogels for insulin-
secreting cell encapsulation. Biomaterials 2010, 31, 308-314. [CrossRef] [PubMed]

Madaghiele, M.; Demitri, C.; Sannino, A.; Ambrosio, L. Polymeric hydrogels for burn wound care: Advanced skin wound
dressings and regenerative templates. Burn. Trauma 2014, 2, 153-161. [CrossRef]

Veiga, A.; Joel, P. Antimicrobial hydrogels for the treatment of infection. Biopolymers 2013, 100, 637—-644. [CrossRef]

Peppas, N.A.; Bures, P.; Leobandung, W.; Ichikawa, H. Hydrogels in pharmaceutical formulations. Eur. |. Pharm. Biopharm. 2000,
50, 27-46. [CrossRef]

Flory, PJ.; Rehner, R. Statistical mechanics of cross-linked polymer networks. II. Swelling. J. Chem. Phys. 1943, 11, 521-526.
[CrossRef]

Flory, PJ. Statistical mechanics of swelling of network structures. J. Chem. Phys. 1950, 18, 108-111. [CrossRef]

Flory, PJ. Principles of Polymer Chemistry; Cornell University Press: Ithaca, NY, USA, 1953.

Ratner, B.D.; Hoffman, A.S. Synthetic hydrogels for biomedical applications. In Hydrogels for Medical and Related Applications, ACS
Symposium Series; No. 31; Andrade, ].D., Ed.; American Chemical Society: Washington, DC, USA, 1976; pp. 1-36.

Peppas, N.A.; Mikos, A.G. Preparation methods and structure of hydrogels. In Hydrogels in Medicine and Pharmacy;
Peppas, N.A., Ed.; CRC Press: Boca Raton, FL, USA, 1986; Volume 1, pp. 1-27.

Peppas, N.A. Hydrogels of poly (vinyl alcohol) and its copolymers. In Hydrogels in Medicine and Pharmacy; Peppas, N.A., Ed,;
CRC Press: Boca Raton, FL, USA, 1986; Volume 2, pp. 1-48.

Stauffer, S.R.; Peppas, N.A. Poly (vinyl alcohol) hydrogels prepared by freezing thawing cyclic processing. Polymer 1992, 33,
3932-3936. [CrossRef]

Hickey, A.S.; Peppas, N.A. Mesh size and diffusive characteristics of semicrystalline poly (vinyl alcohol) membranes prepared by
freezing/ thawing techniques. J. Membr. Sci. 1995, 107, 229-237. [CrossRef]

Peppas, N.A.; Mongia, N.K. Ultrapure poly (vinyl alcohol) hydrogels with mucoadhesive drug delivery characteristics. Eur. ].
Pharm. Biopharm. 1997, 43, 51-58. [CrossRef]

Kabanov, V.A.; Papisov, .M. Formation of complexes between complementary synthetic polymers and oligomers in dilute
solution. Vysokolmol. Soedin. 1979, A21, 243-281. [CrossRef]

Bekturov, E.A.; Bimendina, L.A. Interpolymer complexes. Adv. Polym. Sci. 1981, 43, 100-147.


https://www.grandviewresearch.com/industry-analysis/hydrogel-based-drug-delivery-system-market
https://www.grandviewresearch.com/industry-analysis/hydrogel-based-drug-delivery-system-market
http://doi.org/10.1002/adma.200800534
http://www.ncbi.nlm.nih.gov/pubmed/19768793
http://doi.org/10.1021/mz5002355
http://www.ncbi.nlm.nih.gov/pubmed/35590722
http://doi.org/10.1038/natrevmats.2016.71
http://doi.org/10.1016/j.biomaterials.2009.09.045
http://www.ncbi.nlm.nih.gov/pubmed/19782393
http://doi.org/10.4103/2321-3868.143616
http://doi.org/10.1002/bip.22412
http://doi.org/10.1016/S0939-6411(00)00090-4
http://doi.org/10.1063/1.1723792
http://doi.org/10.1063/1.1747424
http://doi.org/10.1016/0032-3861(92)90385-A
http://doi.org/10.1016/0376-7388(95)00119-0
http://doi.org/10.1016/S0939-6411(96)00010-0
http://doi.org/10.1016/0032-3950(79)90245-4

Polymers 2022, 14, 4141 17 of 19

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Tsuchida, E.; Abe, K. Interactions between macromolecules in solution and intermacromolecular complexes. Adv. Polym. Sci.
1982, 45, 1-119.

Klier, J.; Peppas, N.A. Structure and swelling behavior of poly (ethylene glycol)/poly (methacrylic acid) complexes. In Absorbent
Polymer Technology; Peppas, L.B., Harland, R.S., Eds.; Elsevier: Amsterdam, The Netherlands, 1990; pp. 147-169.

Bell, C.L.; Peppas, N.A. Biomedical membranes from hydrogels and interpolymer complexes. Adv. Polym. Sci. 1995, 122, 125-175.
Peppas, N.A. Physiologically responsive gels. J. Bioact. Compat. Polym. 1991, 6, 241-246. [CrossRef]

Rao, B.N. Bioactive phytochemicals in Indian foods and their potential in health promotion and disease prevention. Asia Pac. J.
Clin. Nutr. 2003, 12, 9-22.

Reddy, PR K.; Elghandour, M.M.M.Y,; Salem, A.Z.M.; Yasaswini, D.; Reddy, PPR.; Reddy, A.N. Plant secondary metabolites as
feed additives in calves for antimicrobial stewardship. Anim. Feed Sci. Technol. 2020, 264, 114—469. [CrossRef]

Barba, EJ.; Esteve, M.].; Frigola, A. Bioactive components from leaf vegetable products. In Studies in Natural Products Chemistry;
Elsevier B.V.: Amsterdam, The Netherlands, 2014; Volume 41, pp. 321-346.

Vincekovi¢, M.; Viski¢, M.; Juri¢, S.; Giacometti, J.; Kovacevi¢, D.B.; Putnik, P. Innovative technologies for encapsulation of
Mediterranean plants extracts. Trends Food Sci. Technol. 2017, 69, 1-12. [CrossRef]

Najafloo, R.; Behyari, M.; Imani, R.; Nour, S. A mini-review of Thymol incorporated materials: Applications in antibacterial
wound dressing. . Drug Deliv. Sci. Technol. 2020, 60, 101904. [CrossRef]

Harwansh, R K.; Deshmukh, R.; Rahman, M.A. Nanoemulsion: Promising nanocarrier system for delivery of herbal bioactives.
J. Drug Deliv. Sci. Technol. 2019, 51, 224-233. [CrossRef]

Lai, W.E; Susha, A.S.; Rogach, A.L. Multicompartment microgel beads for co-delivery of multiple drugs at individual release
rates. ACS Appl. Mater. Interf. 2016, 8, 871-880. [CrossRef] [PubMed]

Xiao, J.; Cao, Y.; Huang, Q. Edible nanoencapsulation vehicles for oral delivery of phytochemicals: A perspective paper. J. Agric.
Food Chem. 2017, 65, 6727-6735. [CrossRef]

Hazra, B.; Kumar, B,; Biswas, S.; Pandey, B.N.; Mishra, K.P. Enhancement of the tumour inhibitory activity, in vivo, of diospyrin, a
plant-derived quinonoid, through liposomal encapsulation. Toxicol. Lett. 2005, 157, 109-117. [CrossRef] [PubMed]

Kazakov, S. Liposome-nanogel structures for future pharmaceutical applications: An updated review. Curr. Pharm. Des. 2016, 22,
1391-1413. [CrossRef]

Kidd, P; Head, K. A review of the bioavailability and clinical efficacy of milk thistle phytosome: A silybin-phosphatidylcholine
complex (Siliphos). Altern. Med. Rev. 2005, 10, 193-203.

Vicentini, ET.M.C.; Simi, T.R.M.; Del Ciampo, ].O.; Wolga, N.O.; Pitol, D.L.; Iyomasa, M.M.; Bentley, M.V.; Fonseca, M.]. Quercetin
in w/o microemulsion: In vitro and in vivo skin penetration and efficacy against UVB-induced skin damages evaluated in vivo.
Eur. J. Pharm. Biopharm. 2008, 69, 948-957. [CrossRef]

Kotta, S.; Khan, A.W.; Ansari, S.H.; Sharma, R K.; Ali, . Anti HIV nanoemulsion formulation: Optimization and in vitro-in vivo
evaluation. Int. |. Pharm. 2014, 462, 129-134. [CrossRef]

Kumari, A.; Singh, A ; Saurabh, S.S.; Rathore, K.S.; Issarani, R. Formulation and evaluation of lycopene nanoemulgel. Indo Am. ].
Pharm. Sci. 2016, 2, 1013-1027.

Anand, K; Ray, S.; Rahman, M.; Shaharyar, A.; Bhowmik, R.; Bera, R.; Karmakar, S. Nano-emulgel: Emerging as a Smarter
Topical Lipidic Emulsion-based Nanocarrier for Skin Healthcare Applications. Recent Pat Antiinfect Drug Discov. 2019, 14, 16-35.
[CrossRef]

Alam, M.S.; Algahtani, M.S.; Ahmad, J.; Kohli, K.; Shafiqg-Un-Nabi, S.; Warsi, M.H.; Ahmad, M.Z. Formulation design and
evaluation of aceclofenac nanogel for topical application. Ther. Deliv. 2020, 11, 767-778. [CrossRef] [PubMed]

Lee, C.H.; Moturi, V.; Lee, Y. Thixotropic property in pharmaceutical formulations. J. Control. Release 2009, 136, 88-98. [CrossRef]
[PubMed]

Daraio, M.E.; Frangois, N.; Bernik, D.L. Correlation between gel structural properties and drug release pattern in scleroglucan
matrices. Drug Deliv. 2003, 10, 79-85. [CrossRef]

Gomez-Martinez, D.; Partal, P.; Martinez, I.; Gallegos, C. Rheological behaviour and physical properties of controlled-release
gluten-based bioplastics. Bioresour. Technol. 2009, 100, 1828-1832. [CrossRef]

Tan, Y.T.; Peh, K.K.; Al-Hanbali, O. Effect of Carbopol and polyvinylpyrrolidone on the mechanical, rheological, and release
properties of bioadhesive polyethylene glycol gels. AAPS PharmSciTech 2000, 1, E24. [CrossRef]

Algahtani, M.S.; Ahmad, M.Z.; Shaikh, I.A.; Abdel-Wahab, B.A.; Nourein, I.H.; Ahmad, ]J. Thymoquinone Loaded Topical
Nanoemulgel for Wound Healing: Formulation Design and In-Vivo Evaluation. Molecules 2021, 26, 3863. [CrossRef]

Pimm, S.L. What we need to know to prevent a mass extinction of plant species. Plants People Planet 2021, 3, 7-15. [CrossRef]
De Jong, W.H.; Borm, PJ. Drug delivery and nanoparticles: Applications and hazards. Int. J. Nanomed. 2008, 3, 133-149. [CrossRef]
Nouri, Z.; Hajialyani, M.; Izadi, Z.; Bahramsoltani, R.; Farzaei, M.H.; Abdollahi, M. Nanophytomedicines for the Prevention of
Metabolic Syndrome: A Pharmacological and Biopharmaceutical Review. Front. Bioeng. Biotechnol. 2020, 8, 425. [CrossRef]
Debnath, B.; Singh, W.S.; Das, M.; Goswami, S.; Singh, M.K.; Maiti, D.; Manna, K. Role of plant alkaloids on human health:
A review of biological activities. Mater. Today Chem. 2018, 9, 56-72. [CrossRef]

Saab, M.; Raafat, K.; El-Maradny, H. Transdermal delivery of capsaicin nanoemulgel: Optimization, skin permeation and in-vivo
activity against diabetic neuropathy. Adv. Pharm. Bull. 2022, 12, 780-790. [CrossRef]


http://doi.org/10.1177/088391159100600303
http://doi.org/10.1016/j.anifeedsci.2020.114469
http://doi.org/10.1016/j.tifs.2017.08.001
http://doi.org/10.1016/j.jddst.2020.101904
http://doi.org/10.1016/j.jddst.2019.03.006
http://doi.org/10.1021/acsami.5b10274
http://www.ncbi.nlm.nih.gov/pubmed/26720613
http://doi.org/10.1021/acs.jafc.7b02128
http://doi.org/10.1016/j.toxlet.2005.01.016
http://www.ncbi.nlm.nih.gov/pubmed/15836998
http://doi.org/10.2174/1381612822666160125114733
http://doi.org/10.1016/j.ejpb.2008.01.012
http://doi.org/10.1016/j.ijpharm.2013.12.038
http://doi.org/10.2174/1574891X14666190717111531
http://doi.org/10.4155/tde-2020-0076
http://www.ncbi.nlm.nih.gov/pubmed/33225842
http://doi.org/10.1016/j.jconrel.2009.02.013
http://www.ncbi.nlm.nih.gov/pubmed/19250955
http://doi.org/10.1080/713840361
http://doi.org/10.1016/j.biortech.2008.10.016
http://doi.org/10.1208/pt010324
http://doi.org/10.3390/molecules26133863
http://doi.org/10.1002/ppp3.10160
http://doi.org/10.2147/IJN.S596
http://doi.org/10.3389/fbioe.2020.00425
http://doi.org/10.1016/j.mtchem.2018.05.001
http://doi.org/10.34172/apb.2022.080

Polymers 2022, 14, 4141 18 of 19

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Newman, D.J.; Cragg, G.M. Natural products as sources of new drugs over the last 25 years. J. Nat. Prod. 2007, 70, 461-477.
[CrossRef]

Zhang, M.; Zhang, Y.; Xiao, D.; Zhang, J.; Wang, X.; Guan, F.; Zhang, M.; Chen, L. Highly bioavailable berberine formulation
ameliorates diabetic nephropathy through the inhibition of glomerular mesangial matrix expansion and the activation of
autophagy. Eur. J. Pharmacol. 2020, 873, 172955. [CrossRef] [PubMed]

Amato, G.; Grimaudo, M.A.; Alvarez-Lorenzo, C.; Concheiro, A.; Carbone, C.; Bonaccorso, A.; Puglisi, G.; Musumeci, T.
Hyaluronan/Poly-L-lysine/Berberine Nanogels for Impaired Wound Healing. Pharmaceutics 2020, 13, 34. [CrossRef]

Xu, H.Y,; Liu, C.S.; Huang, C.L.; Chen, L.; Zheng, Y.R.; Huang, S.H.; Long, X.Y. Nanoemulsion improves hypoglycemic efficacy of
berberine by overcoming its gastrointestinal challenge. Colloids Surf. B Biointerfaces 2019, 181, 927-934. [CrossRef]

Abdallah, M.H.; Abu Lila, A.S.; Unissa, R.; Elsewedy, H.S.; Elghamry, H.A.; Soliman, M.S. Preparation, characterization and
evaluation of anti-inflammatory and anti-nociceptive effects of brucine-loaded nanoemulgel. Colloids Surf. B Biointerfaces 2021,
205, 111868. [CrossRef]

Kumar, P; Lee, ].H.; Beyenal, H.; Lee, J. Fatty acids as antibiofilm and antivirulence agents. Trends Microbiol. 2020, 28, 753-768.
[CrossRef]

Muthamil, S.; Prasath, K.G.; Priya, A.; Precilla, P.; Pandian, S.K. Global proteomic analysis deciphers the mechanism of action of
plant derived oleic acid against Candida albicans virulence and biofilm formation. Sci. Rep. 2020, 10, 5113. [CrossRef]

Behl, T.; Kumar, K,; Brisc, C.; Rus, M.; Nistor-Cseppento, D.C.; Bustea, C.; Aron, R.A.C,; Pantis, C.; Zengin, G.; Sehgal, A.; et al.
Exploring the multifocal role of phytochemicals as immunomodulators. Biomed. Pharmacother. 2021, 133, 110959. [CrossRef]
[PubMed]

Biharee, A.; Sharma, A.; Kumar, A; Jaitak, V. Antimicrobial flavonoids as a potential substitute for overcoming antimicrobial
resistance. Fitoterapia 2020, 146, 104720. [CrossRef] [PubMed]

Radwan, R.R.; Ali, H.E. Radiation-synthesis of chitosan/poly (acrylic acid) nanogel for improving the antitumor potential of
rutin in hepatocellular carcinoma. Drug Deliv. Transl. Res. 2021, 11, 261-278. [CrossRef]

Bagher, Z.; Ehterami, A.; Nasrolahi, M.; Azimi, M.; Salehi, M. Hesperidin promotes peripheral nerve regeneration based on
tissue engineering strategy using alginate/chitosan hydrogel: In vitro and in vivo study. Int. |. Polym. Mater. 2021, 70, 299-308.
[CrossRef]

Sivaranjani, M.; Prakash, M.; Gowrishankar, S.; Rathna, J.; Pandian, S.K.; Ravi, A.V. In vitro activity of alpha-mangostin in killing
and eradicating Staphylococcus epidermidis RP62A biofilms. Appl. Microbiol. Biotechnol. 2017, 101, 3349-3359. [CrossRef]
Sivaranjani, M.; Srinivasan, R.; Aravindraja, C.; Karutha Pandian, S.; Veera Ravi, A. Inhibitory effect of x-mangostin on
Acinetobacter baumannii biofilms—An in vitro study. Biofouling 2018, 34, 579-593. [CrossRef]

Ahmad, M.Z.; Ahmad, J.; Alasmary, M.Y.; Akhter, S.; Aslam, M.; Pathak, K.; Jamil, P; Abdullah, M.M. Nanoemulgel as an
approach to improve the biopharmaceutical performance of lipophilic drugs: Contemporary research and application. J. Drug
Deliv. Sci. Technol. 2022, 72, 103420. [CrossRef]

Alyoussef, A.; El-Gogary, R.I.; Ahmed, R.F.; Ahmed Farid, O.A.; Bakeer, R.M.; Nasr, M. The beneficial activity of curcumin and
resveratrol loaded in nanoemulgel for healing of burn-induced wounds. J. Drug Deliv. Sci. Technol. 2021, 62, 102360. [CrossRef]
Mahran, R.I; Hagras, M.M.; Sun, D.; Brenner, D.E. Bringing curcumin to the clinic in cancer prevention: A review of strategies to
enhance bioavailability and efficacy. AAPS J. 2017, 19, 54-81. [CrossRef] [PubMed]

Mirzaei, H.; Shakeri, A.; Rashidi, B.; Jalili, A.; Banikazemi, Z.; Sahebkar, A. Phytosomal curcumin: A review of pharmacokinetic,
experimental and clinical studies. Biomed. Pharmacother. 2017, 85, 102-112. [CrossRef]

Shi, Y.; Zhou, J.; Jiang, B.; Miao, M. Resveratrol and inflammatory bowel disease. ANN NY Acad. Sci. 2017, 1403, 38-47. [CrossRef]
[PubMed]

Fadel, M.; Kassab, K.; Abd El Fadeel, D.A.; Nasr, M.; El Ghoubary, N.M. Comparative enhancement of curcumin cytotoxic
photodynamic activity by nanoliposomes and gold nanoparticles with pharmacological appraisal in HepG2 cancer cells and
Erlich solid tumor model. Drug Dev. Ind. Pharm. 2018, 44, 1809-1816. [CrossRef]

Intagliata, S.; Modica, M.N.; Santagati, L.M.; Montenegro, L. Strategies to improve resveratrol systemic and topical bioavailability:
An update. Antioxidants 2019, 8, 244. [CrossRef]

Verma, D.D.; Verma, S.; Blume, G.; Fahr, A. Particle size of liposomes influences dermal delivery of substances into skin. Int. J.
Pharm. 2003, 258, 141-151. [CrossRef]

Yeo, E.; Chieng, C.J.; Choudhury, H.; Pandey, M.; Gorain, B. Tocotrienols-rich naringenin nanoemulgel for the management of
diabetic wound: Fabrication, characterization and comparative in vitro evaluations. Curr. Res. Pharmacol. Drug Discov. 2021,
2,100019. [CrossRef] [PubMed]

Aithal, G.C.; Nayak, U.Y,; Mehta, C.; Narayan, R.; Gopalkrishna, P.; Pandiyan, S.; Garg, S. Localized In Situ Nanoemulgel
Drug Delivery System of Quercetin for Periodontitis: Development and Computational Simulations. Molecules 2018, 23, 1363.
[CrossRef]

Barbieri, R.; Coppo, E.; Marchese, A.; Daglia, M.; Sobarzo-Sanchez, E.; Nabavi, S.F; Nabavi, 5.M. Phytochemicals for human
disease: An update on plant-derived compounds antibacterial activity. Microbiol. Res. 2017, 196, 44—68. [CrossRef]

Velu, G.; Palanichamy, V.; Rajan, A.P. Phytochemical and Pharmacological Importance of Plant Secondary Metabolites in Modern
Medicine. In Bioorganic Phase in Natural Food: An Overview; Roopan, S.M., Madhumitha, G., Eds.; Springer International Publishing:
Cham, Switzerland, 2018; pp. 135-156.


http://doi.org/10.1021/np068054v
http://doi.org/10.1016/j.ejphar.2020.172955
http://www.ncbi.nlm.nih.gov/pubmed/32001218
http://doi.org/10.3390/pharmaceutics13010034
http://doi.org/10.1016/j.colsurfb.2019.06.006
http://doi.org/10.1016/j.colsurfb.2021.111868
http://doi.org/10.1016/j.tim.2020.03.014
http://doi.org/10.1038/s41598-020-61918-y
http://doi.org/10.1016/j.biopha.2020.110959
http://www.ncbi.nlm.nih.gov/pubmed/33197758
http://doi.org/10.1016/j.fitote.2020.104720
http://www.ncbi.nlm.nih.gov/pubmed/32910994
http://doi.org/10.1007/s13346-020-00792-7
http://doi.org/10.1080/00914037.2020.1713781
http://doi.org/10.1007/s00253-017-8231-7
http://doi.org/10.1080/08927014.2018.1473387
http://doi.org/10.1016/j.jddst.2022.103420
http://doi.org/10.1016/j.jddst.2021.102360
http://doi.org/10.1208/s12248-016-0003-2
http://www.ncbi.nlm.nih.gov/pubmed/27783266
http://doi.org/10.1016/j.biopha.2016.11.098
http://doi.org/10.1111/nyas.13426
http://www.ncbi.nlm.nih.gov/pubmed/28945937
http://doi.org/10.1080/03639045.2018.1496451
http://doi.org/10.3390/antiox8080244
http://doi.org/10.1016/S0378-5173(03)00183-2
http://doi.org/10.1016/j.crphar.2021.100019
http://www.ncbi.nlm.nih.gov/pubmed/34909654
http://doi.org/10.3390/molecules23061363
http://doi.org/10.1016/j.micres.2016.12.003

Polymers 2022, 14, 4141 19 of 19

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Salmani, ].M.; Asghar, S.; Lv, H.; Zhou, J. Aqueous solubility and degradation kinetics of the phytochemical anticancer thymo-
quinone; probing the effects of solvents, pH and light. Molecules 2014, 19, 5925-5939. [CrossRef] [PubMed]

Jeengar, M.K.; Rompicharla, S.V.K; Shrivastava, S.; Chella, N.; Shastri, N.R.; Naidu, V.G.M,; Sistla, R. Emu oil based nano-emulgel
for topical delivery of curcumin. Int. |. Pharm. 2016, 506, 222-236. [CrossRef]

Astuti, KW.; Wijayanti, N.P.A.D.; Yustiantara, P.S.; Laksana, K.P; Putra, P.S.A. Anti-Inflammatory Activity of Mangosteen
(Garcinia mangostana Linn.) Rind Extract Nanoemulgel and Gel Dosage Forms. Biomed. Pharmacol. 2019, 12, 1767-1774. [CrossRef]
Algahtani, M.S.; Ahmad, M.Z.; Nourein, L. H.; Albarqgi, H.A.; Alyami, H.S.; Alyami, M.H.; Alqahtani, A.A.; Alasiri, A,;
Algahtani, T.S.; Mohammed, A.A ; et al. Preparation and Characterization of Curcumin Nanoemulgel Utilizing Ultrasonication
Technique for Wound Healing: In Vitro, Ex Vivo, and In Vivo Evaluation. Gels 2021, 7, 213. [CrossRef]

Eid, AM.; Issa, L.; Al-Kharouf, O.; Jaber, R.; Hreash, F. Development of Coriandrum sativum Oil Nanoemulgel and Evaluation of
Its Antimicrobial and Anticancer Activity. Biomed. Res. Int. 2021, 2021, 5247816. [CrossRef] [PubMed]

Sultan, M.H.; Javed, S.; Madkhali, O.A.; Alam, M.1.; Almoshari, Y.; Bakkari, M.A.; Sivadasan, D.; Salawi, A.; Jabeen, A.;
Ahsan, W. Development and Optimization of Methylcellulose-Based Nanoemulgel Loaded with Nigella sativa Oil for Oral Health
Management: Quadratic Model Approach. Molecules 2022, 27, 1796. [CrossRef] [PubMed]

Eid, A.M.; Hawash, M. Biological evaluation of Safrole oil and Safrole oil Nanoemulgel as antioxidant, antidiabetic, antibacterial,
antifungal and anticancer. BMC Complement Altern. Med. 2021, 21, 1796. [CrossRef] [PubMed]

Algahtani, M.S.; Ahmad, M.Z.; Ahmad, J. Nanoemulsion loaded polymeric hydrogel for topical delivery of curcumin in psoriasis.
J. Drug Deliv. Sci. Technol. 2020, 59, 101847. [CrossRef]

Soni, K.S.; Desale, S.S.; Bronich, T.K. Nanogels: An overview of properties, biomedical applications and obstacles to clinical
translation. J. Control. Release 2016, 240, 109-126. [CrossRef] [PubMed]

Krishnamurthy, R.; Manning, M.C. The stability factor: Importance in formulation development. Curr. Pharm. Biotechnol. 2002, 3,
361-371. [CrossRef] [PubMed]

Zhang, X.; Li, Z,; Yang, P,; Duan, G,; Liu, X.; Gu, Z.; Li, Y. Polyphenol scaffolds in tissue engineering. Mater. Horiz. 2021, 8,
145-167. [CrossRef]

Cao, H,; Yang, L,; Tian, R.; Wu, H.; Gu, Z,; Li, Y. Versatile polyphenolic platforms in regulating cell biology. Chem. Soc. Rev. 2022,
51,4175-4198. [CrossRef] [PubMed]

Yang, P.; Zhu, F.; Zhang, Z.; Cheng, Y.; Wang, Z.; Li, Y. Stimuli-responsive polydopamine-based smart materials. Chem. Soc. Rev.
2021, 50, 8319-8343. [CrossRef] [PubMed]


http://doi.org/10.3390/molecules19055925
http://www.ncbi.nlm.nih.gov/pubmed/24815311
http://doi.org/10.1016/j.ijpharm.2016.04.052
http://doi.org/10.13005/bpj/1807
http://doi.org/10.3390/gels7040213
http://doi.org/10.1155/2021/5247816
http://www.ncbi.nlm.nih.gov/pubmed/34671674
http://doi.org/10.3390/molecules27061796
http://www.ncbi.nlm.nih.gov/pubmed/35335159
http://doi.org/10.1186/s12906-021-03324-z
http://www.ncbi.nlm.nih.gov/pubmed/34051782
http://doi.org/10.1016/j.jddst.2020.101847
http://doi.org/10.1016/j.jconrel.2015.11.009
http://www.ncbi.nlm.nih.gov/pubmed/26571000
http://doi.org/10.2174/1389201023378229
http://www.ncbi.nlm.nih.gov/pubmed/12463418
http://doi.org/10.1039/D0MH01317J
http://doi.org/10.1039/D1CS01165K
http://www.ncbi.nlm.nih.gov/pubmed/35535743
http://doi.org/10.1039/D1CS00374G
http://www.ncbi.nlm.nih.gov/pubmed/34100489

	Introduction 
	Thixotropic Property/Rheological Behavior of Nanogels and Its Clinical Significance 
	Overview and Biopharmaceutical Characteristics of Phytopharmaceutical-Containing Nanogels 
	Phytopharmaceuticals of Alkaloids Category 
	Capsaicin 
	Berberine 
	Brucine 

	Phytopharmaceuticals of the Fatty Acids Category 
	Phytopharmaceuticals of the Phenolic Category and Related Compounds 
	Rutin 
	Hesperetin, -Mangostin 
	Resveratrol, Curcumin 
	Naringenin, Quercetin 

	Phytopharmaceuticals of Terpenoids Category 

	Current Trend and Future Prospects of Phytopharmaceutical-Containing Nanoemulgel for Treating Acute/Chronic Disorders 
	Anti-Inflammatory and Anti-Nociceptive Activity 
	Wound Healing Activity 
	Antimicrobial and Anticancer Activity 
	Antipsoriatic Activity 

	Hurdles in Clinical Translation of Phytopharmaceutical-Containing Nanogels 
	Conclusions 
	References

