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Preface

The efficacy of many bioactive agents, including drugs, food supplements, and vaccines, is

limited because of their poor chemical stability, low water solubility, and low oral bioavailability.

For this reason, delivery vehicles are being developed to overcome these problems. In particular, gels

have attracted significant attention in the fields of drug delivery systems (DDSs), such as sustained

release, controlled release, targeted, and localDDSs, due to their high drug loading efficiency, high

biocompatibility, and low toxicity.

Gels are three-dimensional, semi-solid systems consisting of polymeric matrices. The

physicochemical properties of gels, such as their physical strength, viscosity, and self-healing ability,

can be altered to meet the specific requirements of applications in various fields, such as drug and

cell delivery, bioscaffolds, and the modeling of extracellular matrices. In particular, novel gel-based

delivery systems (such as intelligent hydrogels, in situ gels, emulsion gels, nanogels, vesicular gels,

and microgels) that have emerged in recent years can release drugs via specific biological or external

stimuli, such as temperature, pH, enzymes, ultrasound, antigens, etc., to achieve precise and local

drug delivery. Therefore, gels have broad clinical application prospects, and they are anticipated to

provide new, effective, and robust strategies for the theranostics of diseases.

In this context, this Special Issue, entitled “Design and Optimization of Pharmaceutical Gels”, in

Gels, was established to shed light on gels in terms of material development, system construction,

structural characterization, and the effect for disease treatment, since research on gels with high

translational potential is particularly sought after. We received submissions from around the world,

reflecting high cultural diversity.

Ying Huang, Zhengwei Huang, and Xuanjuan Zhang

Editors
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1. Introduction

The efficacy of many bioactive agents, including drugs, food supplements, and vac-
cines, is limited because of their poor chemical stability, low water solubility, and low oral
bioavailability [1]. For this reason, delivery vehicles are being developed to overcome these
problems [2]. In particular, gels have attracted significant attention in the fields of drug de-
livery systems (DDSs) [3], such as sustained-release [4], controlled-release [5], targeted [6],
and local [7] DDSs, due to their high drug loading efficiency, high biocompatibility, and
low toxicity.

Gels are three-dimensional, semi-solid systems consisting of polymeric matrices [8].
The physicochemical properties of gels, such as their physical strength, viscosity, and
self-healing ability, can be altered to meet the specific requirements of applications in
various fields [9], such as drug and cell delivery [10], bioscaffolds [11], and the modeling
of extracellular matrices [12]. In particular, novel gel-based delivery systems (such as
intelligent hydrogels, in situ gels, emulsion gels, nanogels, vesicular gels, and microgels)
that have emerged in recent years can release drugs via specific biological or external
stimuli [13], such as temperature, pH, enzymes, ultrasound, antigens, etc., to achieve precise
and local drug delivery [14]. Therefore, gels have broad clinical application prospects, and
they are anticipated to provide new, effective, and robust strategies for the theranostics of
diseases [15].

In this context, this Special Issue, entitled “Design and Optimization of Pharmaceutical
Gels”, in Gels, has been established to shed light on gels in terms of material development,
system construction, structural characterization, and the effect for disease treatment, and
research on gels with high translational potential is particularly sought after. We received
submissions from around the world, reflecting high cultural diversity. In addition to this
Editorial, this Special Issue comprises 12 items in total, including 9 articles and 3 reviews.
It is encouraging that these contributions can boost the development of pharmaceutical
gels, and the following content will provide a brief overview of them. It is important to
note that the topics of contributions are roughly divided into three categories: hydrogels,
nanogels, and gel reviews.

2. Overview of Contributions to Hydrogels

Hydrogels are widely used pharmaceutical gel platforms. In this Special Issue, four ar-
ticles on hydrogels are included, which are briefly introduced as follows:

(1) An article from Korea, entitled “Development of Efficient Sodium Alginate/Polysucci-
nimide-Based Hydrogels as Biodegradable Acetaminophen Delivery Systems”. In this
article, a pharmaceutical sodium alginate/polysuccinimide-based hydrogel platform
was developed for acetaminophen delivery, demonstrating good biodegradability

Gels 2024, 10, 38. https://doi.org/10.3390/gels10010038 https://www.mdpi.com/journal/gels1
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and mechanical properties. Systemic characterizations were performed, such as solid-
state properties, rheological properties, degradation profile, drug loading and release,
cytotoxicity, etc. This platform may have promising application aspects in pain and
fever management.

(2) A collaborative article from India, Egypt, and Saudi Arabia, entitled “Piperine-Loaded
In Situ Gel: Formulation, In Vitro Characterization, and Clinical Evaluation against
Periodontitis”. In this article, a pharmaceutical in situ gel platform was developed for
piperine delivery, exhibiting sol-to-gel transformation behavior. Systemic character-
izations were performed, such as drug–excipient compatibility, gelling profile, pH,
viscosity, syringeability, solid-state properties, drug loading and release, etc. It is note-
worthy that a randomized clinical trial was conducted for the designed formulation.
This platform may have promising application aspects in periodontitis management.

(3) An article from Thailand, entitled “Response Surface Methodology for Optimization of
Hydrogel-Forming Microneedles as Rapid and Efficient Transdermal Microsampling
Tools”. In this article, a pharmaceutical hydrogel-forming microneedle platform
was developed for dermal interstitial fluid sampling, demonstrating interstitial fluid
extraction effects. After utilizing Box–Behnken and central composite designs for
the formulations, systemic characterizations were performed, such as morphology,
swelling profile, mechanical strength, skin insertion, interstitial fluid extraction and
recovery, etc. This platform may have promising application aspects in point-of-
care testing.

(4) A collaborative article from Korea and India, entitled “pH Sensitive Drug Delivery
Behavior of Palmyra Palm Kernel Hydrogel of Chemotherapeutic Agent”. In this
article, a pharmaceutical palmyra palm kernel hydrogel platform was developed
for 5-fluorouracil delivery, exhibiting pH-responsive swelling capacities. Systemic
characterizations were performed, such as swelling profile, drug loading and release,
solid-state properties, etc. This platform may have promising application aspects in
colon cancer management.

3. Overview of Contributions to Nanogels

Nanogels are defined as pharmaceutical gel platforms with nanometer sizes or those
encapsulating nanoparticles. In recent years, nanogels have gained significant research
interest. In this Special Issue, five articles on nanogels are included, which are briefly
introduced below:

(1) A collaborative article from India and Saudi Arabia, entitled “Design and Develop-
ment of a Topical Nanogel Formulation Comprising of an Unani Medicinal Agent
for the Management of Pain”. In this article, a pharmaceutical nanogel platform was
developed for Matricaria chamomilla oil delivery, demonstrating enhancements in pain
threshold and reductions in skin irritation capacities. Systemic characterizations were
performed, such as pH, viscosity, spreadability, extrudability, texture, drug release,
etc. This platform may have promising application aspects in migraine management.

(2) An article from Malaysia, entitled “Enhanced Osteogenesis Potential of MG-63 Cells
through Sustained Delivery of VEGF via Liposomal Hydrogel”. In this article, a
pharmaceutical liposomal hydrogel platform was developed for vascular endothelial
growth factor delivery, demonstrating elevated osteogenesis potential. Systemic
characterizations were performed, such as morphology, porosity, solid-state properties,
drug release, cell–hydrogel co-culture profile, etc. This platform may have promising
application aspects in bone regeneration.

(3) A collaborative article from Saudi Arabia and Egypt, entitled “Numerical Optimiza-
tion of Prednisolone-Tacrolimus Loaded Ultraflexible Transethosomes for Transdermal
Delivery Enhancement; Box–Behnken Design, Evaluation, Optimization, and Phar-
macokinetic Study”. In this article, a pharmaceutical transethosomal gel platform
was developed for prednisolone–tacrolimus co-delivery, exhibiting potential anti-
inflammatory effects. After utilizing a Box–Behnken design for the formulations,
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systemic characterizations were performed, such as drug loading and release, par-
ticle size, pH, spreadability, skin permeation, in vivo anti-inflammatory ability and
pharmacokinetics, etc. This platform may have promising application aspects in the
management of skin inflammatory conditions.

(4) An article from Poland, entitled “Emulsion-Based Gel Loaded with Ibuprofen and Its
Derivatives”. In this article, a pharmaceutical emulsion-based gel platform was devel-
oped for ibuprofen and derivatives thereof, demonstrating enhanced skin penetration
capabilities. It is worth mentioning that the authors synthesized several derivatives
of ibuprofen. Systemic characterizations were performed for the gel platform, such
as morphology, stability, density, refractive index, viscosity, particle size, skin perme-
ation, etc. This platform may have promising application aspects in the management
of inflammatory skin diseases.

(5) An article from China, entitled “Design and Evaluation of Paeonol-Loaded Liposomes
in Thermoreversible Gels for Atopic Dermatitis”. In this article, a pharmaceutical
liposome-in-gel platform was developed for paeonol delivery, exhibiting temperature-
responsive gelation abilities. Systemic characterizations were performed, including
liposome morphology, gelling profile, viscosity, pH, drug loading and release, in vitro
and in vivo antioxidant activities, etc. This platform may have promising application
aspects in atopic dermatitis management.

4. Overview of Contributions to Gel Reviews

In addition to the above interesting articles, three gel reviews are included in this
Special Issue. The following is a brief introduction to them:

(1) A review from China, entitled “Utilization of Lyotropic Liquid Crystalline Gels for
Chronic Wound Management”. This review summarized and discussed gel-based
pharmaceutical platforms suitable for chronic wound management. In particular, the
authors argued that lyotropic liquid crystalline gels might be one of the most promis-
ing systems. The characteristics of lyotropic liquid crystalline gels were analyzed in
detail. Of note, we are thrilled to announce that this review was contributed by the
Guest Editor team of this Special Issue.

(2) A review from the USA, entitled “Enhancing Therapeutic Efficacy of Curcumin:
Advances in Delivery Systems and Clinical Applications”. This review summarized
and discussed various drug delivery platforms suitable for curcumin delivery. In
particular, the authors argued that gels might be one of the most promising systems.
The composition of the reported curcumin gels was analyzed in detail.

(3) A review from Korea, entitled “Pectin Based Hydrogels for Drug Delivery Applica-
tions: A Mini Review”. This (mini) review summarized and discussed representative
pectin-based hydrogel pharmaceutical platforms. Interestingly, the pectin extraction
methods were analyzed in detail. The authors also suggested that investigators in this
field pay attention to the toxicity of such systems.

In summary, this Special Issue involved a number of interesting research articles and
reviews that have represented the very recent progress of various aspects of pharmaceutical
gels, including nanoscale, mesoscale, microscale, and macroscale gels. The indications for
these gels also varied. These gels may offer new insights into the design, preparation, de-
velopment, and application of pharmaceutical gels, and act as references for future studies.
We truly appreciate the efforts of our authors, reviewers, and editors in disseminating in-
valuable knowledge. It is believed that open science in the research area of pharmaceutical
gels has advanced, aligning well with the aims of MDPI Press.

Author Contributions: X.Z., writing—original draft preparation; Y.H., writing—original draft prepa-
ration; Z.H., writing—review and editing and conceptualization. All authors have read and agreed
to the published version of the manuscript.
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Abstract: Management of chronic wounds is becoming a serious health problem worldwide. To
treat chronic wounds, a suitable healing environment and sustained delivery of growth factors
must be guaranteed. Different therapies have been applied for the treatment of chronic wounds
such as debridement and photodynamic therapy. Among them, growth factors are widely used
therapeutic drugs. However, at present, growth factor delivery systems cannot meet the demand of
clinical practice; therefore new methods should be developed to meet the emerging need. For this
reason, researchers have tried to modify hydrogels through some methods such as chemical synthesis
and molecule modifications to enhance their properties. However, there are still a large number of
limitations in practical use like byproduct problems, difficulty to industrialize, and instability of
growth factor. Moreover, applications of new materials like lyotropic liquid crystalline (LLC) on
chronic wounds have emerged as a new trend. The structure of LLC is endowed with many excellent
properties including low cost, ordered structure, and excellent loading efficiency. LLC can provide a
moist local environment for the wound, and its lattice structure can embed the growth factors in the
water channel. Growth factor is released from the high-concentration carrier to the low-concentration
release medium, which can be precisely regulated. Therefore, it can provide sustained and stable
delivery of growth factors as well as a suitable healing environment for wounds, which is a promising
candidate for chronic wound healing and has a broad prospective application. In conclusion, more
reliable and applicable drug delivery systems should be designed and tested to improve the therapy
and management of chronic wounds.

Keywords: chronic wound; growth factors; healing environment; delivery systems; lyotropic
liquid crystalline

1. Introduction

1.1. Chronic Wound

A chronic wound is defined as a wound that cannot be repaired in a normal, timely,
and orderly manner to achieve anatomical and functional integrity within 8 weeks [1]. It
is generally divided into five common types: pressure ulcer, venous ulcer, arterial ulcer,
diabetic ulcer, and traumatic ulcer. Its etiology mainly includes chronic diseases, vascular
problems, diabetes, neuropathy, malnutrition, old age, stress, infection, and edema [2]. It
has become a major problem in the global medical field due to its high prevalence, long
healing cycle, expensive treatment, and serious consequences such as amputation, and
even death. In 2017, there were 6.7 million chronic wound patients in the United States,
with an annual growth rate of more than 2%. The annual treatment cost is as high as USD
50 billion, and it is expected to increase yearly at a rate of 10% [3].
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Wound healing is an orderly biological process with high complexity and precise
regulation. The whole process is divided into four stages (Figure 1): hemostatic stage,
inflammatory stage, proliferative stage, and remodeling stage [4,5]. (1) The hemostatic
stage begins once blood leaks into the exposed wound and ends within the first minutes to
hours of injury. Platelets aggregate and activate subendothelial collagen after the extrinsic
clotting cascade is triggered and localized vasoconstriction mediators are released, leading
to the formation of a hemostatic plug through the release of cytokines and growth factors.
Hemostatic plug can also serve as a provisional matrix for many cell types involved in
later stages of wound healing [6]. For non-bleeding chronic wounds, the hemostasis stage
is generally omitted, but it is still an inherit stage of healing. (2) In inflammatory stage,
platelets aggregate and leukocytes infiltrate into the wound site [7], aiming at building an
immune barrier against microorganisms. Neutrophils perform phagocytosis by releasing
proteolytic enzymes and oxygen-derived free-radical species to remove bacteria and xeno-
biotics from wounds [8]. They are removed from the wound before proceeding to the next
stage of healing without causing tissue damage or enhancing inflammatory response. Then,
macrophages appear in the wound and continue the process of phagocytosis [9]. (3) When
it comes to the proliferative phase, fibroblasts play an important role. They proliferate and
migrate to the wound, followed by changing into a myofibroblast phenotype and extending
themselves to attach to fibronectin and collagen in the extracellular matrix. By synthesizing
collagen, they build the integrity and strength of tissues [10]. In addition, endothelial
cells and keratinocytes secret growth factors like keratinocyte growth factor 2 (KGF-2) and
vascular endothelial growth factor (VEGF), leading to granulation tissue growth, neovas-
cularization, and re-epithelization and promoting wound healing [11]. (4) As the final
step, in remodeling stage, synthesis and breakdown of collagen as well as extracellular
matrix remodeling take place continuously, which is regulated by inhibitory factors. The
process is regulated by a number of factors like platelet-derived growth factor (PDGF),
transforming growth factor-β (TGF-β), and fibroblast growth factor (FGF) [12]. Overall,
the healing process involves the differentiation, migration, and proliferation of a variety
of inflammatory and tissue cells, as well as the interaction between cells and structural
proteins, cytokines, and protein kinases [4]. Any stage that hinders wound healing will
affect the normal repair of the wound, and eventually form a chronic wound.

Figure 1. Inflammatory, proliferative, and remodeling stage during wound healing.

1.2. Healing Conditions

To treat chronic wounds, besides the treatment of primary diseases, an overall man-
agement of the wound is needed, which usually includes drug treatment, routine cleaning,
local debridement, and infection control. During the treatment of chronic wounds, the local
environment of the wound affects the whole healing process. Sufficient growth factors can
promote the formation of granulation tissue and accelerate the re-epithelization process of
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wound, which is the main factor to prevent chronic wound formation and an important
premise to promote wound repair [11]. Therefore, providing a suitable healing environment
and stable delivery of growth factors are the keys to treat chronic wounds. The detailed
underlying mechanisms are discussed as follows.

1.2.1. Suitable Healing Environment

The theories about the local environment needed for wound healing mainly include
dry healing theory and wet healing theory. For many years, dry healing theory has been the
mainstream guiding theory in clinical treatment. This theory presumes that wound healing
requires the participation of atmospheric oxygen and a dry environment. Nevertheless, one
study shows that atmospheric oxygen cannot be directly used by the wound tissue, and
thus it has no practical significance for wound healing, and excessive oxygen even hinders
wound healing [13]. At the same time, the dry healing environment makes the wound
easy to dehydrate and scab, which is not conducive to the crawling of epithelial cells. The
growth factors secreted by the body will lose their biological activity easily, resulting in
slow healing [14]. In addition, the dry environment cannot prevent bacterial invasion or
maintain the humidity and temperature of the wound, which is not favorable for wound
healing. Wet healing theory considers that a specific wet microenvironment is necessary
for the process of wound healing. Its principles include (Figure 2): (1) Reducing the oxygen
pressure of the wound. The hypoxic healing environment is conducive to the formation
of epithelial cells and collagen fibers, promoting the growth of fibroblasts, stimulating
vascular proliferation, and improving the stability of growth factors [15]. (2) Maintaining a
certain temperature and humidity of the wound can retain the release of wound exudates,
and activate a variety of enzymes and enzyme activation factors (especially protease and
urokinase). These enzymes can promote the degradation and absorption of necrotic tissue
and fibrin, and avoid the formation of scabs [16]. (3) Avoiding air exposure to nerve endings
can reduce pain. (4) Accelerating the migration of epithelized epidermal cells rapidly can
shrink the wound [17], increase the formation of granulation tissue, and re-epithelize the
wound [18]. (5) The hypoxic and slightly acidic environment, with pH ranging from 5.0–6.0
under closed conditions, can directly inhibit the growth of bacteria [19], which is favorable
for the reproduction and function of leukocytes to prevent the penetration of bacteria and
improve local immunity [20].

At present, the wet healing theory is preferably accepted by the academic commu-
nity, compared to the dry healing theory. Some traditional wound dressing components
like polysaccharides and vaseline are used to ensure that the wet conditions can be ap-
plied to the treatment [21,22]. Researchers have been devoted to developing new wound
dressings, as well. For example, Rodrigues et al. developed a wound dressing using
a hydrocellular functional material, which was found to be effective in diabetic wound
healing. The material has shown good results due to the excellent balance of exudates
removal, and a moist film on the wound can prevent the formation of dry scab and facilitate
epithelialization of wound [23]. Agarwal et al. found that a curcumin-loaded polycaprolac-
tone/polyvinyl alcohol-silk fibroin based electrospun nanofibrous mat can provide a moist
microenvironment, to protect the diabetic wound from secondary infections, remove the
wound exudate, control the biofilm, and promote tissue regeneration [24]. Based on these
studies, an ideal delivery system for chronic wound application should be able to form a
uniform and well-sealed moist film on the wound surface and create a moist and hypoxic
local environment.
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Figure 2. Wet healing theory: specific wet microenvironment can promote wound healing. (A) Initial
inflammatory stage; (B) wet microenvironment protection; (C) keratinocyte migration; (D) regenera-
tion outcome.

1.2.2. Sustained Delivery of Growth Factor

Growth factors are a class of bioactive proteins that significantly regulate cell growth
and differentiation, which play important roles in the process of wound healing [25].
They have high efficiency and pleiotropy that can affect the processes of cell proliferation,
migration, and extracellular matrix synthesis by regulating cell responses in the process
of wound repair [26]. Although there have been many clinical trials on growth factor
reparations, they were relatively small and single-centered. The results showed that the
applications of growth factors to the intervention treatment of chronic wounds caused by
burns, diabetic foot, and pressure ulcer can significantly accelerate the process of wound
healing and improve the quality of healing [27–29]. The most widely used growth factor
is human epidermal growth factor (hEGF). In addition, platelet-derived growth factor
(PDGF) [30,31], basic fibroblast growth factor (bFGF) [32], and VEGF, have a considerable
amount of applications [33].

The inactivation of these growth factors can be caused by different reasons, including
physical changes such as salting-out and surface adsorption or chemical changes like
breakage of bonds. Generally, chemical changes are the most important cause. Peptide
bonds hydrolyze when the pH changes, while peptides are prone to aggregation at the
isoelectric point. Temperature can cause changes in the conformation of peptides. As
previously mentioned, different degradation reactions dominate under diverse conditions
(such as temperature, pH, fluorescence, etc.) [34].

Specifically, an ideal delivery system to treat chronic wounds needs to have the
following features: (1) Providing a moist and hypoxic environment suitable for wound
healing; (2) releasing growth factors slowly and improving their stability [35]. In addition to
these key attributes, it is expected to reduce the frequency of administration, be convenient
to administrate, and finally improve the patient’s compliance.
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2. Growth Factor Delivery Systems to Heal Chronic Wounds

As previously discussed, both suitable healing environment and stable growth factor
delivery are considered as prerequisites and crucial for wound healing. In this section,
existing and innovative delivery systems are evaluated according to the two preconditions.

2.1. Existing Delivery Systems

In recent years, a variety of growth factor delivery systems for chronic wounds have
been developed, most of which are in the form of solution or gel, as listed in Table 1 [36].
The majority of these delivery systems need to be applied and replaced frequently, a situa-
tion which is prone to cause pain and increase the probability of wound infection [37,38].
Solution and gel systems also have two critical bottlenecks—inability to maintain a suitable
healing environment and stable growth factor delivery. After the solution is administered,
because the wound is an open system and the drug could not be retained on the wound
for a long time, it is impossible to control the formation of a hypoxic and moist microen-
vironment, or the isolation and protection effect on the wound. The gel is a normally
crosslinked structure formed by the interlacing of polymer chains [39,40], which is not
strong to control the release of growth factor, and is prone to cracking or falling due to
dehydration caused by changes in external environmental humidity [41]. As a result, the
clinical efficacy of current growth factor delivery systems for chronic wounds available in
the market at present, is far from being ideal.

Table 1. Commercial formulations of growth factor drugs that are currently widely used in the
clinic [36].

Growth Factor
Number of Amino

Acid Residue

Commercial/Clinical
Products for Wound

Treatment
Dosage Form Matrix Material

Epidermal growth factor 53

HEBERPROT-P® (Heber,
Biotech, Havana, Cuba)
EASYEF® (Daewoong
Pharmaceutical, Seoul,

Republic of Korea)
REGEN-DTM150 (Bharat

Biotech International Limited,
Hyderabad, India)

Solution

Solution

Gel

Normal saline

Normal saline

—

Platelet-derived
growth factor 196–370 Regranex® (Smith and

Nephew, Inc., London, UK)
Gel Carboxymethyl

cellulose

Basic fibroblast
growth factor 155

Fiblast®Spray (Kaken
Pharmaceutical Co., Ltd.,

Tokyo, Japan)
Solution Normal saline

Vascular endothelial
growth factor 121–206

Telbermin (Genentech, South
San Francisco, CA, USA),

phase I
Gel —

2.2. Innovative Delivery Systems

New delivery systems need to be developed to provide a suitable healing environment
and stable growth factor delivery. Modified natural polymer hydrogel and synthesized
artificial polymer hydrogel are possible systems (Figure 3), as discussed below.

2.2.1. Hydrogels of Modified Natural Polymers

In order to provide a wet and hypoxic local environment suitable for wound healing,
researchers have tried to use hydrogels that comprise natural polymers as drug carri-
ers, such as sodium alginate, carrageenan, etc., which possess good biocompatibility and
biodegradability and are less likely to cause immune rejection [42–44]. However, normal
hydrogel possesses completely disordered polymeric network structures, with low me-
chanical strength, poor physical stability, and lack of self-healing property. It is difficult to
maintain a hypoxic and moist environment for a wound consistently to meet the expec-
tations of clinical use [45]. At the same time, this disordered network also has a limited

10



Gels 2023, 9, 738

stabilizing effect on polypeptide drugs such as growth factors. A sustained growth factor
delivery cannot be obtained. Thus, investigators have improved the mechanical properties
of natural polymer hydrogels by adding small organic molecules such as acrylamide and
acrylic acids [46,47]. These molecules can react with the key functional groups of hydrogel
components to form polymeric structures more orderly and create an anoxic and humid
environment [48]. For example, Zhang et al. developed a new antibacterial hydrogel
wound dressing that comprises poly(aminoethyl) modified chitosan, which not only can
enhance its antibacterial activity, but also promote the formation and stabilization of the
prepared hydrogel [49]. However, it is possible that the modification of natural polymers
can lead to unexpected changes in biocompatibility when molecules react with functional
groups or other functional groups are introduced in gels.

Figure 3. Comparison of two innovative delivery systems.

2.2.2. Hydrogels of Synthesized Polymers

Scientists have also tried to prepare hydrogels with chemically synthesized poly-
mers. Usually, crosslinking agents, initiators, chelators, and chain transfer agents such as
glutaraldehyde, N,N-methylene bis-acrylamide, metal ions, and ammonium persulfate,
respectively, need to be added at the same time to control the polymerization kinetics, but
the residue of the above substances normally causes unwanted strong skin irritation and
toxicity [50,51]. Some studies have also achieved crosslinking by increasing intermolecular
forces such as hydrogen bonds and electrostatic coupling, and used noncovalent bonding
in specific structural regions to make the polymers self-assemble into an orderly three-
dimensional fiber network [52,53]. Specifically, green chemical crosslinking methods like
free-radical polymerization, reaction of complementary groups, and enzymatic reaction can
be applied in various hydrogel systems, considering the biochemical features of the poly-
mers [54,55]. For example, Raia et al. developed a composite hydrogel in which hyaluronic
acid was covalently crosslinked with silk, and silk themselves crosslinked via the effect of
horseradish peroxidase. This kind of hydrogel exhibited both mechanical integrity and hy-
drophilicity [56]. Synthetic hydrogels are very different from natural polymer hydrogels in
the chemical composition and preparation process, which affect the mechanical properties
and stability of gels [57].

3. Lyotropic Liquid Crystalline Might Be a Promising Candidate for Chronic
Wound Healing

Although hydrogels of modified natural polymers and synthesized polymers are
applied to provide a suitable environment and stable growth factor delivery, these two
strategies may introduce byproducts that provoke safety issues and limit their clinical
use [58]. Therefore, a better new delivery system should be developed. Lyotropic liquid
crystalline (LLC) is an ideal candidate for chronic wound healing with its properties of
good biosafety, ease of industrialization, and low cost [59,60].
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LLC is a long-range ordered liquid crystal structure formed by self-assembly of am-
phiphilic molecules and solvents (Figure 4). There are two common types of LLC. One kind
is prepared from alkyl-based materials like fatty acid salts, alkyl sulfonates, etc. The hy-
drophilic parts of these materials such as carboxyl and sulfonic groups are linked to a long
hydrophobic group, forming a polar “head” and two hydrophobic “tails”. The other type
is prepared from phosphor-lipids such as egg/bean phospholipids and glycosphingolipids,
with one polar “head” and two hydrophobic “tails” in the molecule. The hydrophobic
groups in the molecule are usually arranged side-by-side [61]. Due to its spontaneous phase
transition characteristics, ordered lattice structure, excellent drug loading, good biosafety
and biocompatibility [62,63], release profile and stabilization of various drugs [64], it is
expected to act as a prospect candidate delivery system for chronic wound treatment. LLC
not only has a healing effect on the wound, but also can be useful as a nano drug carrier in
implants [65,66].

Figure 4. Forms of lyotropic liquid crystalline.

LLC was featured with a unique spontaneous transition process from low-viscosity
precursor to high-viscosity gel triggered by medium change. Its precursors are generally
a layered liquid crystalline, which is formed by the superposition of bimolecular layers
that comprise amphiphilic molecules, contributing to good fluidity. The polypeptide drugs
(like growth factors) can be incorporated in the interlayers between the bimolecular layers.
The precursors can be evenly smeared or sprayed on the wound surface when contacted
with water, then a gel with ordered lattice structure is rapidly formed, transitioning from a
layered phase to a cubic phase. Herein, a relatively closed aqueous channel is formed for
loading growth factors and the formed LLC fits the non-smooth wound surface. Moreover,
a hypoxic environment is created by the physical occultation, which can avoid the degrada-
tion of encapsulated drugs in contact with external water and oxygen molecules [67].

3.1. LLC Can Provide Sustained and Stable Growth Factor Delivery

If the diameter of the water channel is smaller than the molecular size of the polypep-
tide, the polypeptide cannot be completely encapsulated in the water channel, which may
result in irregular drug release behavior and degradation [68]. In contrast, if the water
channel is larger than the polypeptide, the effect of LLC on improving the stability of
polypeptide drugs weakens. Only if the size of the water channel is similar to that of
the polypeptide, the LLC lattice structure can embed the polypeptide nicely in the water
channel, and the controlled release and stability of polypeptide can be expected. It is
speculated that the size of the water channel can be adjusted to match the molecular size of
the growth factors by optimizing the formulation, in order to improve the stability of the
growth factors in the LLC system (Figure 5) [69].
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Figure 5. Relationship between the size of water channel and polypeptide to be embedded.

The release of drug from LLC is generally a concentration-mediated diffusion process.
Specifically, the drug with higher concentrations in liquid crystalline carrier diffuses into
the release medium with low concentrations. In general, the release of drugs from LLC con-
forms to Higuchi equation (Equation (1)) or Fick diffusion equation (Equation (2)) [70,71]:

Q
A

= 2C0

√
Dt
π

(1)

where Q/A represent the amount of drug diffusing into the receiving tank per unit diffu-
sion area, C0 is the initial drug concentration, D represents the drug apparent diffusion
coefficient, and t means diffusion time of drug:

dS = −DF
dC
dx

× dt (2)

where dS represents the diffusion of substance (solute) in dt time, D is the diffusion coeffi-
cient, F is the diffusion area, and dC/dx represents the concentration gradient.

It is conjectured that through the sequential collapse of the lattice structure of LLC,
the release rate of growth factor can be precisely regulated and the release mechanisms can
be explained by Higuchi equation or Fick diffusion equation.

3.2. LLC Can Provide a Suitable Healing Environment for Wounds

Three major advantages of LLC can provide a suitable healing environment.
First, LLC can promote cell adhesion and proliferation. Its bimolecular layers comprise

amphiphilic molecules that can provide a microenvironment similar to the cell membrane.
Under physiological conditions, this biomimetic structure has good affinity and compatibil-
ity with the wound tissue [72], and acts as a skeleton or platform for tissue regeneration.

Second, LLC can provide a moist local environment for the wound. The water contain-
ing capacity of the system is due to its specific lattice structure. Common hydrogels (such
as sodium alginate gel) lack a lattice structure [73], while the water channels within the
LLC lattice structure have better water retention. The ordered lattice structure maintains
a local environment with a certain temperature and humidity for the wound, which is
favorable to activate a variety of enzymes and enzyme-activating factors, and promote the
degradation and absorption of necrotic tissue and fibrin. In addition, the gel with certain
mechanical strength formed can closely adhere to the uneven wound surface. LLC has
low-oxygen permeability to isolate the external oxygen and reduce the oxygen pressure
in the wound [74]. Nevertheless, the degradation products of LLC like glycerol have a
moisturizing effect and oleic acid is non-irritating to the skin [75].

Third, LLC is a viscoelastic material. Upon the application of an external force, the
lipid bilayer in the lattice structure has a spring-like effect, viz., it can respond to the
external force by generating molecular compression and lattice rearrangement, and restore
the original ordered structure. This effectively buffers and absorbs the impact force on the
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wound and protects the wound (Figure 6) [76]. Of note, the mechanical strength of LLC
can be altered by the lattice structure. By controlling the lattice structure, the mechanical
strength of the system can be adjusted. In summary, LLC not only can deliver the growth
factor sustainably, but also maintain an environment that is beneficial for chronic wound
healing. We call on more researchers to devote to this research and accelerate its translation
and application.

Figure 6. Bimolecular layers in the lyotropic liquid crystal exhibit the spring-like effect.

3.3. LLC Application in Wound Healing

LLC has made some progress as a wound healing dressing system, listed in Table 2.
Zhou et al. constructed recombinant human epidermal growth factor (rhEGF)-containing
lyotropic liquid crystalline precursor systems for chronic wound therapy, which exhibit
good cargo stability and mechanical properties. It showed distinct promotion effects on
wound closure, inflammatory recovery, and re-epithelization process in Sprague–Dawley
rat models. Interestingly, different diameters of the internal water channels led to different
in vitro release rates of rhEGF, and finally different therapeutic responses in cellulo and
in vivo. Yue et al. investigated an LLC-based bacteria-resistant and self-healing spray
dressing loaded with ε-polylysine, which can kill antibiotic-resistant bacteria efficiently,
even the methicillin-resistant Staphylococcus aureus. The cubic cells of LLC could encapsu-
late PLL to improve its stability and induce a sustained release. The LLC precursor could
spontaneously transit to a cubic phase gel once exposed to physiological fluid, which is
endowed with mechanically responsive viscoelasticity that builds a robust and flexible
defense for wounds. Chen et al. designed a hyaluronic acid combined LLC-based spray
dressing loaded with the anti-fibrotic drug pirfenidone. The dressing possessed high levels
of water absorption for exudate absorption. The self-assembled lattice nanostructures pro-
vide excellent mechanical protection to promote the healing process and steady pirfenidone
release to exert a scar prophylaxis effect. In the deep partial thickness burn wound model
they established, the dressing performs excellent healing effects, and pirfenidone-loaded
dressing displayed an ideal prognosis with skin as smooth as healthy skin. The healing
promotion of dressing was considered to be related to a clearly shortened inflammation
phase, with contributions from water management and mechanical protection by the dress-
ing. The scar prophylaxis of pirfenidone-loaded dressing was proven to be related to the
regulation of collagen synthesis and degradation. It offered significant promise as a spray
dressing for deep partial thickness burn injuries.

Table 2. Representing articles about wound healing using LLC.

No. Main Materials Type of Wound Loading Drug Reference

1 GMO Chronic wound rhEGF [77]
2 GMO Post-operative wound ε-polylysine [78]
3 Hyaluronic acid, GMO Burn wound Pirfenidone [79]
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4. Conclusions and Future Directions

Treatment of chronic wound is a serious health issue that is expanding around the
world. Considering the different wound healing stages, providing a suitable healing envi-
ronment and stable growth factor delivery are the keys to the treatment of chronic wounds.
Existing delivery systems are difficult to meet all the requirements. Delivery systems like
modified natural polymer hydrogel and synthesized artificial polymer hydrogel have been
applied to heal chronic wounds. For natural polymers, small organic molecules can modify
the gels to increase mechanical strength. Hydrogels that comprise chemically synthesized
polymers can minimize their skin toxicity by green chemical crosslinking. However, they
still have problems in biosafety and industrialization. Thus, there is a critical and urgent
need to develop new systems which are able to fulfill the above demands. As an innova-
tive delivery system, LLC meets the requirements of chronic wound healing. It builds a
moist environment and its structure can keep the structure and activity of growth factors
stable. The release of growth factor can be regulated in the LLC gel. Additionally, it shows
advantages such as biocompatibility over other systems, which has a promising future for
clinical application.

The research on wound healing has been proceeding rapidly. Numerous efforts are
put into the studies of wound pathogenesis and providing insights about the mechanisms
of healing process. Moreover, advances in pharmaceutical sciences have resulted in the
production of new active molecules that can improve the tissue regeneration rate and
accelerate the compromised physiologic processes. Along with these advances, more
reliable and applicable drug delivery systems will be designed and tested. The current
wound healing preparations still have many limitations, mainly in manufacturing. An
ideal wound healing product should be stable and sterile. It is not easy to maintain the
activity of ingredients and maintain an aseptic state at the same time, especially for protein
drugs. In addition, the manual labor required for synthesis and raw material cost should be
considered [80,81]. In the future, drug delivery systems for chronic wound applications will
be expected to be commercially developed through different aspects, such as simplifying
the preparation methods and establishing quality control of the final products.
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Abstract: Curcumin, a potent active compound found in turmeric and Curcuma xanthorrhiza oil,
possesses a wide range of therapeutic properties, including antibacterial, anti-inflammatory, an-
tioxidant, and wound healing activities. However, its clinical effectiveness is hindered by its low
bioavailability and rapid elimination from the body. To overcome these limitations, researchers
have explored innovative delivery systems for curcumin. Some promising approaches include solid
lipid nanoparticles, nanomicelle gels, and transdermal formulations for topical drug delivery. In the
field of dentistry, curcumin gels have shown effectiveness against oral disorders and periodontal
diseases. Moreover, Pickering emulsions and floating in situ gelling systems have been developed to
target gastrointestinal health. Furthermore, curcumin-based systems have demonstrated potential
in wound healing and ocular medicine. In addition to its therapeutic applications, curcumin also
finds use as a food dye, contraception aid, corrosion-resistant coating, and environmentally friendly
stain. This paper primarily focuses on the development of gel compositions of curcumin to address
the challenges associated with its clinical use.

Keywords: curcumin gel formulations; transdermal delivery; periodontal therapy; ocular inserts;
gastrointestinal bioavailability

1. Introduction

Curcumin, also known as diferuloylmethane (Scheme 1), is an active component in
the golden spice turmeric (Curcuma longa) and in Curcuma xanthorrhiza oil [1]. It is a
highly pleiotropic molecule that exhibits antibacterial, anti-inflammatory, hypoglycemic,
antioxidant, wound healing, and antimicrobial activities. Due to these properties, curcumin
has been investigated for the treatment and supportive care of clinical conditions including
proteinuria, breast cancer, multiple myeloma, depression, and non-small-cell lung can-
cer (NSCLC) [2]. Despite proven efficacy against numerous experimental models, poor
bioavailability due to poor absorption, rapid metabolism, and rapid systemic elimination
have been shown to limit the therapeutic efficacy of curcumin [2,3]. To overcome these
challenges, researchers have focused on developing innovative curcumin delivery systems
and formulations that enhance stability, bioavailability, and targeted delivery [4,5].

The development of curcumin formulations has been a subject of intense investigation
encompassing a wide array of strategies and approaches. Solid lipid nanoparticles (SLNs)
loaded with curcumin incorporated into a thermoresponsive gel have shown promise
for Alzheimer’s disease treatment [6]. Similarly, nanoparticle-incorporated hyaluronic
acid gel has demonstrated a preventive effect against peritoneal adhesions [4], and mixed
hydrogels of whey protein aggregates and k-carrageenan have shown the ability to protect
and deliver curcumin to the colon [5]. A curcumin phytosomal soft gel formulation
has also been developed to enhance bioavailability and dissolution characteristics [7].
Surface modification of MIL-100(Fe) with carboxymethyl cellulose enables slow release of
curcumin [8]. Starch-based emulsion gel beads and curcumin–pectin calcium gel beads
have shown potential for targeted delivery and functional food applications [9,10].
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Scheme 1. Chemical structure of curcumin, diferuloylmethane [1].

Liposomal solid gels and chitosan-based hydrogels have been investigated to address
curcumin’s solubility and bioavailability issues [11,12]. Ophthalmic in situ gels, optical
pH sensors, cryogel encapsulation, and film-forming hydrogels have been developed as
efficient drug delivery systems [13–16]. Curcumin has shown promise in malarial parasite
management systems [17] and demonstrated improved anti-hepatitis-C-virus delivery in
liposomal solid gels [18].

In the field of topical applications, various curcumin delivery systems have been
developed to overcome its poor bioavailability and limited skin permeability. Proniosomal
gels, nanomicelle gels, and transdermal gel formulations have been explored for topical
drug delivery [19–21]. Nanostructured lipid carriers, organogels, mucoadhesive gels,
and nanosponge-based gels offer alternative approaches [22–25]. Transdermal delivery
systems such as ethosomal gels, molecular inclusion complexes, transfersomes, and gel
microemulsions have shown promise in enhancing curcumin’s skin permeation [26–29].

In dentistry, curcumin gel formulations have demonstrated therapeutic benefits for
various oral conditions. Studies have explored curcumin gel for treating minor recur-
rent aphthous stomatitis (RAS) and premalignant oral disorders (oral leukoplakia) [30,31].
Curcumin’s antimicrobial capacity has been investigated in root canals [32], and it has
shown antiplaque and anti-inflammatory effects when used in gingivitis management [33].
Furthermore, curcumin gel has been studied in the context of periodontal disease manage-
ment, including management of chronic periodontitis [34], periodontal pockets [35], and
azole-resistant oral candidiasis [36].

Curcumin-based delivery systems have also shown potential in managing conditions
in oral health. In the case of oral submucous fibrosis (OSMF), curcumin gel and buccal
mucoadhesive patches have demonstrated efficacy [37]. Combination therapies involving
curcumin gel, triamcinolone–hyaluronidase gel, aloe vera gel, and oral physiotherapy have
been explored to enhance OSMF management [38,39].

Gastrointestinal health has also been a focus of curcumin delivery system research.
Curcumin-loaded Pickering emulsions, emulsion gels, and oil-filled aerogels offer potential
solutions for enhancing curcumin’s bioavailability and stability during digestion [40,41].
Gastroretentive floating in situ gelling systems have been formulated for gastric ulcer
treatment, targeting Helicobacter-pylori-associated ulcers [42,43]. Moreover, ultra-high-
pressure technology has been utilized to fabricate emulsion gels with unique physical
characteristics and controlled release properties [44].

In wound healing, curcumin-based delivery systems have shown promise in overcom-
ing solubility and bioavailability challenges. Nanogel formulations, such as silver–curcumin
nanoparticles, have been evaluated for burn healing efficacy and safety [45]. Self-assembled
nanogels, gelatin-based gels, and self-microemulsifying gels offer innovative solutions for
curcumin delivery and wound healing [46–48]. Furthermore, nanocrystals and sol-gel coat-
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ings have been developed to enhance curcumin’s solubility, stability, and wound healing
potential [49,50]. Comparisons with conventional treatments, such as triamcinolone oral
paste, have further highlighted the potential of curcumin gel in wound healing [51].

In ocular medicine, innovative delivery systems have been developed based on cur-
cumin’s therapeutic potential. Ocular inserts and in situ gelling systems have been devel-
oped for long-acting ocular delivery of curcumin, addressing its poor solubility and short
ocular residence time [52,53]. These advancements offer promise for the effective treatment
of ocular diseases using curcumin-based therapies.

Moreover, other than therapeutic applications, curcumin has been investigated for
its use as a natural dye alternative in food products [54], a component in vaginal gels
for contraception [55], a corrosion-resistant coating for mild steel surfaces [56], and an
environmentally friendly protein stain [57]. Curcumin-based delivery systems have also
been explored for controlled curcumin delivery in food matrices [58,59], efficient drug
delivery [60,61], and intranasal neurological applications [62].

This study explores the wide-ranging potential of curcumin as a therapeutic agent
in various fields. It aims to review and analyze innovative curcumin delivery systems
that address challenges such as poor solubility and limited bioavailability. By enhancing
our understanding of these delivery methods, the study seeks to pave the way for more
effective treatments and improved patient outcomes in different medical areas.

2. Curcumin Delivery Systems

To overcome the poor pharmacokinetic properties of curcumin, researchers have
delved into developing various delivery systems. One approach investigated the devel-
opment of a microemulsion-based in situ ion-sensitive gelling system for the intranasal
administration of curcumin. This novel system was designed to improve the absorption
and brain targeting of curcumin through nasal delivery. The microemulsion was optimized
using a simple lattice design, and its physicochemical properties were thoroughly investi-
gated. Notably, histological section studies demonstrated the safety of this system for nasal
mucosa. The pharmacokinetic results showed a significant improvement in the absolute
bioavailability of curcumin, reaching 55.82% by intranasal administration, and a remarkable
brain-targeting index (BTI) of 6.50. This enhanced brain targeting was attributed to direct
nose-to-brain drug transport, making the microemulsion-based in situ ion-sensitive gelling
system an effective and safe vehicle for the intranasal delivery of curcumin [62].

Another approach was the development of a thermoresponsive ophthalmic in situ gel
containing curcumin-loaded albumin nanoparticles (Cur-BSA-NPs-Gel) for ocular drug
delivery. Albumin nanoparticles were prepared via a desolvation method, and the gels
were prepared using a cold method. The formulation was optimized to undergo a sol–
gel transition at a specific temperature, allowing for easy administration and improved
bioavailability. In vitro and in vivo studies in rabbits demonstrated the safety and increased
bioavailability of curcumin in the aqueous humor with this optimized formulation. The
Cur-BSA-NPs-Gel achieved superior sustained release effects, and the incorporation of
albumin nanoparticles had minimal impact on the gel structure, highlighting its potential
for ocular application [13].

Furthermore, researchers explored a nanogel combining cationic nanostructured lipid
carriers (CNLC) and a thermosensitive gelling agent to enhance the preocular retention and
ocular permeation capacity of curcumin. The thermosensitive ophthalmic in situ nanogel
of CUR-CNLC (CUR-CNLC-GEL) demonstrated a solution–gel transition temperature
suitable for ocular administration. The CUR-CNLC-GEL exhibited zero-order release
kinetics and significantly improved curcumin permeation compared to a curcumin solution.
The formulation’s controlled release properties indicate its potential as a promising option
for enhancing bioavailability in the aqueous humor and improving corneal permeation and
retention capacity [63].

Moreover, researchers explored the use of copolymeric micelles to modify the phar-
macokinetics and tissue distribution of curcumin. A synthesized poly(D,L-lactide-co-
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glycolide)-b-poly(ethylene glycol)-b-poly(D,L-lactide-co-glycolide) (PLGA-PEG-PLGA)
copolymer was used to prepare CUR-loaded micelles. These micelles demonstrated im-
proved pharmacokinetic parameters, including increased plasma AUC(0–∞), t1/2α, t1/2β,
and MRT compared to a CUR solution. In vivo biodistribution studies in mice showed
reduced drug uptake by the liver and spleen, while drug distribution was enhanced in the
lung and brain. These results highlight the potential of PLGA-PEG-PLGA micelles as an
effective carrier for curcumin, offering improved tissue distribution and bioavailability [64].

Other innovative strategies have been explored to enhance the properties of curcumin
and its drug delivery systems. Amalia et al. modified MIL-100(Fe) with carboxymethyl
cellulose (CMC) to achieve pH-responsive drug delivery potential and suppressed release of
curcumin [8]. Furthermore, Bu et al. developed starch-based emulsion gel beads capable of
dual loading proanthocyanidin and curcumin which showed tolerance to gastric conditions
and released the loaded compounds in simulated intestinal fluid [9]. Cai et al. com-
pared different de-esterification methods of low-methoxyl citrus pectin (LMP) and studied
curcumin–pectin calcium gel beads, which exhibited controlled release and colon-targeted
delivery potential [10]. Gugleva et al. developed a hybrid drug delivery platform with
niosomal in situ gel for intravesical co-delivery of curcumin and gentamicin sulfate. This
thermosensitive gel exhibited synergistic effect and controlled drug release (Figure 1) [65].

A 

B 

C 

Figure 1. (A) Cryo-TEM images of niosomes (a) empty, (b) loaded with curcumin, and (c) loaded
with curcumin and gentamicin (Curc/GS co-loaded); (B) Curc-GS niosomal thermosensitive in situ
gel at 35 ◦C and at ambient temperature; (C) in vitro release profiles of curcumin and gentamicin
sulfate from selected Curc/GS co-loaded niosomes and from hybrid niosomal in situ gel [65].

22



Gels 2023, 9, 596

The development of curcumin delivery systems also involves analytical techniques
for characterization and analysis. Ghodake et al. developed a stability-indicating HPTLC
method for simultaneous determination of donepezil hydrochloride and curcumin in
nasal gel, providing accurate results suitable for stability-indicating analysis [66]. Iwunze
and McEwan explored the use of sol–gel-encapsulated curcumin as a sensor for small
biomolecules, suggesting its potential for characterizing biomolecules [67]. Mohammad et al.
developed an optical pH sensor using curcumin immobilized in sol–gel/chitosan–melamine
hybrid matrices, demonstrating a linear response in the pH range of 9–13 with good
reproducibility and fast response time [14].

2.1. Bioavailability Enhancement and Sustained Release of Curcumin in Food and
Pharmaceutical Systems

Researchers have explored the use of protein-based gels as delivery vehicles for
curcumin. Aliabbasi et al. developed an acid-induced cold-set gel using pinto bean protein
isolate (PBI) and successfully embedded curcumin within the gel matrix. The gel exhibited
sustained release of curcumin in simulated intestinal conditions, indicating its potential
as a delivery system [68]. Du et al. utilized soybean protein isolate (SPI) to develop a low-
oil-phase emulsion gel for curcumin delivery. The gel demonstrated excellent wettability
and prevented oxidative deterioration of curcumin, making it suitable for protecting easily
oxidized lipid-soluble nutrients in low-fat diets [69].

Gelation agents such as gellan gum (GG) and xanthan gum (XG) have also been inves-
tigated for their ability to improve the properties of curcumin-loaded gels. Du et al. studied
the effect of GG on the gelation of yellow croaker roe protein isolate (pcRPI) and found
that GG enhanced the water-holding capacity and microstructure of the gels. Moreover,
GG effectively protected curcumin and slowed down its release in the gastrointestinal
environment [70]. Geremias-Andrade et al. employed whey protein isolate and xanthan
gum to produce curcumin-loaded emulsion-filled gels with improved color stability. The
encapsulation of curcumin in solid lipid microparticles within the gels enhanced its stabil-
ity [71].

In addition to protein-based gels, researchers have explored the use of Pickering
emulsion gels as carriers for curcumin. Lei et al. developed Pickering emulsion gels
stabilized by zein hydrolysate–chitin nanocrystal (CNC) coacervates. These emulsion gels
exhibited improved rheological properties, emulsion stability, and antioxidant activity.
The zein hydrolysate–chitin nanocrystals effectively enhanced the stability and controlled
release of curcumin, increasing its bioaccessibility during digestion [72]. Lv et al. fabricated
whey protein isolate (WPI) gel particles using high hydrostatic pressure (HHP) treatment
and successfully formed Pickering emulsion gels. The resulting gels showed high loading
efficiency of curcumin and excellent stability against light degradation [73]. Qiao et al.
prepared Pickering emulsion gels stabilized by pea protein nanoparticles (PNPs) using
heat-assisted pH shifting. The resulting emulsion gels exhibited improved curcumin
bioaccessibility and stability. This research highlights the potential of this delivery system
for enhancing the bioavailability of hydrophobic nutraceuticals such as curcumin [60].

Polysaccharide-based high-internal-phase emulsion (HIPE) gels have also been ex-
plored for curcumin delivery. Miao et al. formulated HIPE gels using sugar beet pectin,
tannic acid, and chitosan complexes. These HIPEs exhibited a gel-like texture, improved
stability, and enhanced curcumin bioaccessibility [74].

Additionally, Qazi et al. investigated the influence of gel structures on the gastric
digestion and bioaccessibility of curcumin in dairy gels. The type of gel affected the release
of curcumin-enriched oil and solubilized curcumin during gastric and intestinal digestion.
This study provided insights for designing therapeutic dairy products that optimize the
bioavailability of curcumin [59]. Pan et al. delved into the formation mechanism and
curcumin bioaccessibility of emulsion gels based on sugar beet pectin (SBP). Emulsion gels
stabilized by modified whey protein hydrolysates and SBP showed uniform networks and
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the highest curcumin bioaccessibility. These findings highlight the potential of emulsion
gels for delivering curcumin and improving its bioavailability [58].

Furthermore, researchers have focused on developing oral delivery systems for cur-
cumin. Tan et al. developed a food-grade oral delivery system using curcumin-loaded
medium-chain triglycerides (MCTs)-encapsulated kappa-carrageenan (MCT-KC) gel beads.
The MCT oil and kappa-carrageenan improved curcumin’s solubility, gastric resistance, and
encapsulation efficiency. In vitro studies demonstrated the performance of the MCT-KC
system, indicating its potential as a delivery carrier for hydrophobic compounds [75].

To maximize stability and minimize lipid oxidation, Vellido-Perez et al. designed an
oil gelled-in-water emulsified curcumin delivery system. Through optimization of critical
operating parameters, an optimal formulation was identified that achieved high curcumin
load and minimal lipid oxidation [76].

2.2. Topical Delivery Systems for Inflammatory Conditions

Several studies have focused on developing optimized curcumin-based topical formu-
lations. Abd El-Halim et al. developed a curcumin proniosomal gel with high entrapment
efficiency and controlled release, showing promise for herpes simplex virus type 1 (HSV-1)
infections [19]. Araujo et al. evaluated a curcumin transdermal gel for inflammatory bowel
diseases, demonstrating a protective effect against oxidative stress [77]. Bakhshi et al.
conducted a clinical trial comparing 1% curcumin nanomicelle gel and 2% curcumin gel for
recurrent aphthous stomatitis (RAS), both showing efficacy in reducing pain and lesion
size [20].

Transdermal gel formulations, such as those developed by Chaudhary et al., have been
optimized using statistical design, emphasizing the importance of formulation optimiza-
tion [21]. Innovative dermal delivery systems such as nanostructured lipid carriers (NLCs)
and in situ gels have also been explored. Chen et al. developed curcumin-loaded NLCs
and a thermosensitive in situ gel, demonstrating high entrapment efficiency and enhanced
anti-inflammatory effects [22]. The use of two topical vehicle organogels and nanogels for
curcumin delivery has shown potential, as seen in the study by Gonzalez-Ortega et al. [23].

Mucoadhesive gels loaded with curcumin solid lipid nanoparticles (CurSLNs) have
shown promise in treating oral precancerous lesions. Hazzah et al. formulated a curcumin
loaded CurSLN gel, demonstrating good mucoadhesion and complete healing in patients
with oral erythroplakia [24]. For psoriasis treatment, various gel formulations have been de-
veloped. Iriventi et al. developed a nanosponge-based topical gel of curcumin and caffeine,
showing sustained release and anti-psoriatic activity [25]. Jain et al. developed a liposphere
gel formulation loaded with tacrolimus and curcumin, improving skin penetration and
ameliorating psoriatic features [78]. Jain et al. investigated the synergistic potential of a
nanostructured lipid carrier (NLC) gel of ibrutinib with curcumin, demonstrating enhanced
drug flux and reductions in psoriasis severity score [79]. Combination formulations, such
as the nanoemulsion gel containing curcumin, thymoquinone, and resveratrol developed
by Khatoon et al., have also shown promise for psoriasis therapy [80].

To address challenges related to solubility and permeability, researchers have devel-
oped various delivery systems. Kumar et al. formulated a curcumin-loaded ethosomal gel
for transdermal delivery, addressing solubility and permeability challenges [26]. Innovative
gel formulations incorporating curcumin, such as the topical gel delivery system devel-
oped by Patel et al., have demonstrated enhanced skin permeation and anti-inflammatory
effects [81]. Novel approaches involving complexation with beta-cyclodextrin have also
been investigated, enhancing the solubility and permeability of curcumin [27].

Targeted delivery systems have been explored for rheumatoid arthritis treatment.
Sana et al. developed curcumin-loaded transfersomes, exhibiting improved therapeutic
efficacy and reduced pro-inflammatory cytokines [28]. Gel microemulsions have been
investigated for topical cosmetic applications, showing potential for incorporating hy-
drophobic active ingredients such as curcumin [29]. Shehata et al. formulated curcumin
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into proniosome gels that can be hydrated into niosomal formulations, demonstrating
enhanced skin permeability and significant anti-inflammatory activity [82].

Solid lipid nanoparticles (SLNs) have been studied for curcumin delivery in the
treatment of pigmentation and irritant contact dermatitis (ICD), exhibiting controlled drug
release and efficacy in reducing ICD-related symptoms [83]. Singh and Dabre formulated
a controlled-release gel containing curcumin microspheres and diclofenac diethylamine
for rheumatoid-arthritis-associated inflammation, showing improved anti-inflammatory
efficacy [84]. To enhance solubility and transdermal delivery, Tripathi et al. utilized a
hydrotropic solid-dispersion (HSD) approach with sodium salicylate, resulting in enhanced
solubility and improved drug release [85]. Vila et al. developed a stable emulsion with
curcumin and locust bean gum, demonstrating enhanced permeation of curcumin suitable
for cutaneous applications [86].

Clinical studies have evaluated the efficacy of curcumin gel in the treatment of specific
inflammatory conditions. Yaghoobi et al. conducted a study showing significant reduction
in psoriasis symptoms with 1% curcumin gel compared to placebo [87].

2.3. Oral Health and Dental Applications of Curcumin

Curcumin has shown promising results in the treatment of recurrent aphthous stom-
atitis (RAS), a common oral condition characterized by painful ulcers. Deshmukh and
Bagewadi compared the efficacy of curcumin gel with triamcinolone acetonide gel in treat-
ing RAS. Both gels demonstrated significant improvements in pain, size, and number of
ulcers. Curcumin gel in particular exhibited strong antioxidant and anti-inflammatory
properties, suggesting it as an effective alternative to steroids in RAS treatment [30].

In the context of oral leukoplakia, Fathima and Manoharan investigated the efficacy of
curcumin oral gel compared to bleomycin. While bleomycin showed greater resolution of
leukoplakic lesions, curcumin exhibited histopathological improvement of dysplasia [31].
These findings highlight the potential of curcumin as a therapeutic agent in managing
precancerous oral lesions.

The development of effective drug delivery systems is crucial for enhancing the
bioavailability and therapeutic efficacy of curcumin in oral applications. Fonseca-Santos
et al. designed a mucoadhesive vehicle for buccal administration of curcumin to treat
oral candidiasis. The formulation demonstrated mucoadhesive properties and ex vivo
study showed enhanced curcumin retention in porcine esophageal mucosa. In vitro studies
further revealed enhanced antifungal activity against Candida albicans [36]. This research
highlights the potential of curcumin-based formulations in the management of oral fun-
gal infections.

Furthermore, curcumin has been evaluated as a potential therapeutic agent in manag-
ing orthodontic-treatment-related inflammation. Samita et al. studied the effect of locally
applied curcumin gel on myeloperoxidase (MPO) enzymatic activity in gingival crevicular
fluid during orthodontic tooth movement. The gel significantly decreased MPO activity,
indicating its potential anti-inflammatory effect in orthodontic treatment [88]. These find-
ings suggest that curcumin may offer benefits in reducing inflammation associated with
orthodontic procedures.

The antimicrobial properties of curcumin have also been explored in the context of root
canal disinfection. Oda et al. evaluated the antimicrobial action of curcumin photoactivated
by LED curing light in the presence of carbopol gel. The effectiveness of curcumin + LED
curing light was comparable to methylene blue + diode laser, demonstrating its potential
as an alternative disinfection method [32].

Moreover, curcumin has been investigated as an adjunctive therapy in the treatment of
gingivitis. Pandey et al. evaluated the effects of oral curcumin gel as an adjunct to scaling
and root planing (SRP) for treating gingivitis. The curcumin gel exhibited significant
antiplaque and anti-inflammatory effects when used alongside SRP, improving clinical
parameters [33]. These findings suggest the potential of curcumin as an adjunctive therapy
for periodontal management.
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2.4. Periodontal Therapy

Periodontal disease, a prevalent oral health condition characterized by inflammation
and destruction of the supporting structures of the teeth, necessitates effective treatment
strategies. While scaling and root planing (SRP) remain the conventional approach, re-
searchers have been exploring adjunctive therapies to enhance treatment outcomes.

Anuradha et al. conducted a clinical study on curcumin gel as an adjunct to periodontal
treatment, reporting significant reductions in plaque index, gingival index, and probing
depth and a gain in clinical attachment level, signifying its potential effectiveness in
periodontal therapy [89]. Moreover, Dave et al. found that topical curcumin gel combined
with SRP resulted in greater reductions in plaque accumulation, sulcular bleeding, and
pocket probing depth compared to SRP alone, thus emphasizing its effectiveness as an
adjunct to periodontal treatment [90].

In experimental periodontitis, Hosadurga et al. formulated a 2% curcumin gel and
observed significant inhibition of edema and improvements in gingival index and probing
pocket depth compared to in the control group, further highlighting its effectiveness in
treating periodontitis [91]. Sha et al. demonstrated the antibacterial activity of curcumin
against P. gingivalis, suggesting its utility in managing periodontal infections and promoting
oral health (Figure 2) [92].
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Figure 2. Pure isolated bacterial colonies of P. gingivalis after (A) 7 days and (B) 10 days on Columbia
agar plate; (C) agar-formed media cultured from the tube with the MIC of curcumin showing no
P. gingivalis growth [92].

Comparative studies have been conducted to evaluate the efficacy of curcumin gel
compared to other adjunctive treatments. Hugar et al. compared the efficacy of cur-
cumin gel and chlorhexidine gel as adjuncts to SRP in periodontal therapy and found that
curcumin gel demonstrated greater reduction in periodontal parameters, establishing its
superiority as an adjunct to SRP [93]. Similarly, Ravishankar et al. evaluated the effect of
curcumin gel compared to ornidazole gel in treating chronic periodontitis and reported
significant improvements in pocket probing depth, plaque index, and clinical attachment
loss with curcumin gel, indicating its potential as an adjunct to nonsurgical periodontal
therapy [94].

Furthermore, curcumin gel has shown promising results in managing specific condi-
tions. It was evaluated as an adjunct to scaling and root planing (SRP) in the treatment of
chronic periodontitis by Kaur et al., who reported a mild adjunctive benefit in reducing
gingival inflammation [95]. Additionally, Meghana et al. compared the efficacy of curcumin
gel and noneugenol periodontal dressing following periodontal flap surgery, and both
treatments effectively reduced tissue edema, enhanced wound healing, and reduced pain
perception [96].

Curcumin gel has also been investigated for its impact on systemic factors and its
potential synergistic effects with existing therapies. Mohammad evaluated the effect
of curcumin gel on serum micronutrients and pro-inflammatory cytokines in chronic
periodontitis patients and found significant reductions in clinical parameters, inflammatory
mediators, and copper levels, while zinc and magnesium levels increased [97]. Moreover,
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in experimental periodontitis, Mohammad et al. demonstrated that curcumin gel effectively
reduced inflammation, bone resorption, and osteoclast numbers, indicating its potential
osteogenesis and healing effects [98]. In a study by Mohammad et al., the antioxidant effects
of curcumin gel in diabetes-induced periodontitis were evaluated, revealing a significant
reduction in oxidative stress and increased antioxidant enzyme levels [99].

2.5. Oral Submucous Fibrosis (OSMF) Management

Oral submucous fibrosis (OSMF) is a chronic, progressive, and potentially malig-
nant disorder characterized by fibrosis of the oral submucosal tissues. It is associated
with various symptoms such as burning sensation and restricted mouth opening, leading
to significant morbidity and impaired quality of life for affected individuals. Current
treatment options for OSMF are limited and often associated with side effects. Therefore,
there is a growing interest in exploring natural compounds with therapeutic potential for
managing OSMF.

Chandrashekar et al. conducted a study to compare the efficacy of topical curcumin gel
and buccal mucoadhesive patches for OSMF. Both formulations demonstrated significant
improvements in reducing burning sensation, increasing mouth opening, and reducing
serum lactate dehydrogenase levels. These findings indicate the potential of curcumin-
based formulations for the treatment of OSMF [37].

In a study by Lanjekar et al., the efficacy of curcumin gel, triamcinolone–hyaluronidase
gel, and their combination was evaluated for OSMF treatment. The combination therapy
showed the greatest improvement in mouth opening, while the triamcinolone–hyaluronidase
group reported reduced burning sensation. This study highlights the therapeutic effects of
curcumin on OSMF and demonstrated that combination therapy enhances its utilization
and drug delivery [38].

Furthermore, Nerkar Rajbhoj et al. compared the efficacy of curcumin gel and aloe
vera gel in managing OSMF. Both gels exhibited improvements in mouth opening; however,
aloe vera gel provided better relief from burning sensation, making it a more effective
option without notable side effects [39].

2.6. Gastrointestinal Applications of Curcumin

Researchers have been exploring various delivery systems and formulations to opti-
mize the bioavailability and therapeutic efficacy of curcumin. In this section, we discuss
several studies that investigated different approaches for curcumin delivery in the gastroin-
testinal tract.

Araiza-Calahorra et al. conducted a study on Pickering emulsions stabilized by
colloidal gel particles for curcumin delivery. Their modified emulsions demonstrated
improved stability against coalescence and enhanced cellular uptake of curcumin. This
research suggests the potential of utilizing Pickering emulsions as a promising delivery
system for lipophilic bioactive compounds, including curcumin [40].

Another study by Fontes-Candia et al. focused on agar and kappa-carrageenan
emulsion gels and oil-filled aerogels as curcumin carriers. The researchers observed distinct
behavior and structural changes of the gels during in vitro digestion influenced by the
presence of curcumin. This investigation provides valuable insights into the interaction
between curcumin and emulsion gels, shedding light on their potential application in
gastrointestinal delivery systems [41].

Kathpalia et al. formulated a gastroretentive floating in situ gelling system of solubility-
enhanced curcumin specifically designed for gastric ulcers. This system exhibited extended
release of curcumin for up to 12 h, indicating its potential as a reliable delivery platform for
curcumin in treating gastric ulcers [42]. Similarly, Padhan et al. developed a gastroretentive
in situ gelling system of curcumin for gastric ulcers associated with Helicobacter pylori.
Their curcumin in situ gel demonstrated suitable properties such as floating lag time,
duration, and controlled drug release, which could be regulated by the concentration of
sodium alginate [43].
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In another approach, Su et al. fabricated whey protein isolate (WPI)/kappa-carrageenan
(kappa-CG) composite emulsion gels using ultra-high-pressure (UHP) technology for cur-
cumin delivery. This study investigated the physical properties and release behavior of
the emulsion gels, examining different formulations and processing conditions. It also
evaluated the release of curcumin during simulated gastrointestinal digestion, provid-
ing valuable insights into the potential of WPI/kappa-CG emulsion gels as an effective
curcumin delivery system [44].

2.7. Wound Healing

One approach to harnessing the wound healing properties of curcumin is through the
development of novel delivery systems. Aghamoosa et al. developed a silver–curcumin
nanogel that exhibited desirable properties and demonstrated efficacy in promoting wound
healing in a burn model [45]. Similarly, Das et al. prepared a composite gel containing gelatin,
F127, and lecithin for enhanced wound healing which facilitated the controlled release of
curcumin and improved wound healing in a murine model [46]. These studies highlight the
potential of curcumin-based formulations as effective tools for wound management.

The use of nanogels as delivery vehicles for curcumin has garnered attention in wound
healing research. El-Refaie et al. evaluated curcumin-loaded gel–core hyaluosomes (GC-
HS) and demonstrated their high entrapment efficiency, bilayer structure, and improved
healing rate with reduced scar formation in vivo (Figure 3) [47]. Guo et al. investigated the
therapeutic effect of curcumin-loaded self-microemulsifying gel and found that it exhibited
higher skin flux and enhanced wound healing compared to commercial gels [48]. These
studies underline the potential of nanogel-based systems in facilitating efficient delivery of
curcumin to promote wound healing.

Furthermore, the development of three-dimensional (3D) scaffolds incorporating
curcumin has shown promise in wound healing applications. Karahaliloglu demonstrated
the effectiveness of an electroresponsive silk fibroin (SF) hydrogel loaded with curcumin
as a 3D scaffold for wound healing which exhibited reduced bacteria and no toxicity to
healthy cells [100]. This approach offers a versatile platform for delivering curcumin to
wound sites and promoting tissue regeneration.

In addition to its individual effects, curcumin has been investigated in combination
with other compounds to enhance its wound healing properties. Khan et al. formulated
a gel containing allicin and curcumin which exhibited superior wound healing activity
compared to conventional treatments [101]. These findings highlight the potential syner-
gistic effects of curcumin in combination with other bioactive compounds for improved
wound management.

The wound healing potential of curcumin has also been explored in various contexts.
Kim et al. investigated the wound healing effect of transdermal curcumin gel, which exhib-
ited antioxidant activity, inhibition of nitric oxide production, and promotion of wound
healing in vivo [102]. Raman and Pitty conducted a study comparing the effectiveness of
topical curcumin gel and triamcinolone acetonide oral paste in reducing pain and size of
recurrent minor oral aphthous ulcers, demonstrating the efficacy of curcumin gel in wound
healing applications [51]. These studies emphasize the diverse applications of curcumin in
wound management.

Moreover, advancements in formulation techniques have facilitated the development
of curcumin-based delivery systems with improved efficacy. Kotian et al. prepared cur-
cumin nanocrystals and incorporated them into a gel, resulting in enhanced drug release,
skin permeation, and wound healing activity compared to unprocessed curcumin without
causing skin irritation [49]. Pisitsak and Ruktanonchai embedded curcumin in a sol–gel
coating on cotton textiles, which exhibited controlled release and antibacterial properties,
suggesting their potential as wound dressing materials [50]. These studies highlight the
importance of formulation strategies in maximizing the therapeutic potential of curcumin
for wound healing applications.
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Figure 3. Stages of burn wound healing potential study of curcumin-loaded novel self-assembled
nanogels gel–core hyaluosome (Curc-GC-HS) compared to conventional transfersomal gel (Curc-T-Pl
gel) and other conventional gels Curc–HA gel, Curc in pluronic gel (Curc–Pl gel), gel-core hyaluosome
(GC-HS), and HA gel. Adapted with permission [47].

2.8. Ophthalmic Delivery

The use of curcumin in ophthalmic drug delivery has emerged as a promising strategy
to overcome the limitations of conventional eye drops and enhance the therapeutic efficacy
of the drug. Several innovative formulations have been developed to improve the delivery
and release of curcumin to the ocular surface and its permeation.

Abdelkader et al. investigated the use of in situ gelling polymeric inserts for cur-
cumin delivery to the ocular surface. Their study demonstrated that these inserts exhibited
improved characteristics, release, and permeation compared to a traditional suspension.
Furthermore, the inserts were well tolerated and provided sustained release of curcumin.
This research suggests that in situ gelling polymeric inserts could serve as a viable alterna-
tive to conventional eye drops for efficient curcumin delivery (Figure 4) [52].
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Figure 4. Image of curcumin in situ gelling polymeric solid insert into the inferior conjunctival cul de
sac of rabbit eye, transformed from solid to gel for enhancing ocular performance [52].

Duan et al. focused on the development of an ion-sensitive mixed micelle in situ gel
system for ophthalmic delivery of curcumin. Their system demonstrated sustained release
properties and higher corneal permeation when compared to a curcumin solution. These
findings highlight the potential of the ion-sensitive mixed micelle in situ gel system as an
effective carrier for curcumin delivery to the eye [53].

In a similar vein, Sai et al. developed a mixed micelle in situ gelling system of curcumin
for ophthalmic drug delivery. This innovative system not only improved the solubility and
corneal penetration of curcumin but also exhibited a longer retention time on the corneal
surface. The prolonged retention time is crucial for enhancing drug bioavailability and
therapeutic efficacy. The study concluded that the mixed micelle in situ gelling system
holds promise as an effective option for ophthalmic drug therapy utilizing curcumin [103].

2.9. Other Applications of Curcumin

In addition to ophthalmic drug delivery, curcumin gels have shown promise in several
other therapeutic applications, ranging from food products to corrosion protection, protein
staining, contraception, and nutraceutical delivery.

Brito-Oliveira et al. focused on developing emulsion-filled gels using soy protein
isolate and xanthan gum as the gel matrix. The incorporation of curcumin-loaded solid
lipid microparticles in these gels enhanced their mechanical properties and stability. This
research suggests that curcumin encapsulation in gels could serve as an alternative to
artificial dyes in gelled food products, providing a natural and functional ingredient [54].

Asefi et al. investigated the effect of curcumin on orthodontic tooth movement (OTM)
and found that it inhibited root and bone resorption, osteoclastic recruitment, and angiogen-
esis, suggesting its potential benefits in preventing side effects associated with orthodontic
treatment [104].

Gaurav et al. aimed to develop a safe and effective vaginal contraceptive using
a copper–curcumin complex incorporated into a cyclodextrin inclusion complex. The
vaginal gel demonstrated excellent spermicidal activity and safety in preclinical studies.
This novel contraceptive platform utilizing curcumin offers a promising approach for
contraception [52].
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Ishak et al. investigated the incorporation of curcumin extracts into sol–gel coatings
for corrosion protection of mild steel. The resulting coatings exhibited high inhibition
efficiency and hydrophobic properties, indicating their potential for corrosion mitigation.
This research highlights the potential of curcumin-based sol–gel coatings in the field of
corrosion protection [56].

Kurien et al. explored the utility of curcumin as a protein stain gel. They demonstrated
that heat-solubilized curcumin could effectively stain proteins in a manner comparable
to Coomassie brilliant blue (CBB) at a significantly lower cost and without requiring
destaining. This cost-effective and environmentally friendly alternative offers curcumin as
an ideal protein stain [57]. Furthermore, Kurien et al. solubilized curcumin in Tween 80
or Triton X-100, creating an efficient protein stain gel. The solubilized curcumin exhibited
high solubility, efficient staining, and stability without the need for destaining, providing a
nontoxic and environmentally friendly alternative to traditional protein stains [105].

Raduly et al. focused on coating cotton fabrics with multifunctional nanosols generated
through sol–gel reactions. The resulting coatings exhibited hydrophobicity, fluorescent and
antimicrobial properties, as well as pH-dependent color change. These multifunctional
coatings retained their properties even after washing cycles, offering potential applications
in textiles requiring signaling, self-cleaning, or antibacterial properties [106].

Scomoroscenco et al. investigated the stability and antioxidant properties of curcumin
encapsulated in microemulsion and gel microemulsion systems. These systems effectively
protected curcumin from degradation and demonstrated a synergistic effect between
curcumin and vegetable oil in terms of antioxidant capacity. This research highlights the
potential of curcumin-based microemulsion and gel microemulsion systems as stable and
effective antioxidant formulations [61].

Wang et al. developed an ion-sensitive in situ gelling system for the intranasal admin-
istration of curcumin. The system, based on a microemulsion formulation, demonstrated
desirable properties and enhanced the bioavailability of curcumin through intranasal
administration. Additionally, the system exhibited potential brain-targeting properties,
making it a promising approach for delivering curcumin to the central nervous system [62].

Table 1 summarizes recent research on the preparation of therapeutic curcumin gel
formulations and delivery systems.

Table 1. A summary of curcumin gel compositions and their use in various areas.

Curcumin Delivery Systems

Materials and Methods Applications and Advancements Ref.

Curcumin-loaded solid lipid nanoparticles (SLN) in
thermoresponsive gel

Enhanced physicochemical properties, sustained release, potential
for Alzheimer’s disease treatment [6]

Curcumin–soybean phosphatidylcholine
(CUR-SPC)-complex-loaded NPs in HA gel

Prevention of postoperative peritoneal adhesion, harnessing
advantages of CUR, SPC, and HA [4]

Curcumin loaded whey protein aggregates/k-carrageenan
hydrogels

Potential delivery system, protecting curcumin during digestion,
enabling targeted delivery to the colon [5]

Curcumin phytosomal soft gel formulations using different vehicles Enhancing bioavailability, overcoming solubility limitations,
improved delivery of curcumin [7]

Curcumin encapsulated in surface-modified MIL-100(Fe) with CMC pH-responsive drug delivery, controlling release profile of
hydrophobic drugs, biomedical applications [8]

Starch-based emulsion gel beads prepared by inverse emulsion
gelation

Ideal carriers for loading hydrophilic and hydrophobic ingredients,
controlled release systems [9]

Low-methoxyl-citrus-pectin-based curcumin–pectin calcium gel
beads

Potential in functional foods and drug delivery, colon-targeted
delivery, novel delivery systems [10]

Stability-indicating HPTLC method for simultaneous determination
of donepezil hydrochloride and curcumin in nasal gel

Reliable analytical tool for quality control and stability testing in
nasal gel formulation [66]

Study on dissolution, gel properties, and characterization of
amorphous curcumin

Understanding gelation potential of amorphous materials,
improving drug delivery systems [107]
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Table 1. Cont.

Curcumin Delivery Systems

Materials and Methods Applications and Advancements Ref.

Sol–gel-encapsulated curcumin Potential sensor for biomolecules, contributes to sensor
technologies [67]

Curcumin in kappa-carrageenan gel with metal chlorides Prolonging antioxidant and anti-inflammatory effects, benefiting
healthcare [108]

Polyphenon 60 (P60) + curcumin (CUR) nanoemulsion gel Combined antibacterial treatment for E. coli infections, enhanced
drug availability [109]

Nanostructured lipid carriers (NLCs)-loaded chitosan/carbopol
hybrid gel Promising delivery system for malarial parasite management [17]

Curcumin-loaded poly(2-hydroxyethyl methacrylate) nanoparticles Therapeutic potential in ovarian cancer treatment [11]

pH-sensitive curcumin-loaded microemulsion gel system Smart drug delivery system with enhanced controlled release [110]

Hydrogel carrier of oligo-conjugated linoleic acid vesicles Injectable/3D printable drug delivery system with antioxidant
property [12]

Albumin nanoparticles loaded with curcumin and
thermoresponsive gels Potential for ocular drug delivery with enhanced bioavailability [13]

Curcumin reagent immobilized in sol–gel/chitosan–melamine
hybrid matrices Optical pH sensor for pH measurement [14]

Cryogel-based encapsulation of curcumin in chitosan,
kappa-carrageenan, and NaCMC Advancements in controlled release technology [15]

Film-forming nanogels containing poly(lactide-co-glycolide) and
gelatine nanoparticles Improved permeability and sustained diffusion [16]

Preparation of a hydrotropic solid dispersion (HSD) loaded with
curcumin

Enhancing topical delivery and potential for transdermal drug
delivery [85]

Development of a microemulsion-based in situ ion-sensitive gelling
system

Enhanced curcumin absorption and brain targeting, intranasal drug
delivery [62]

Preparation of Ca2+-induced emulsion gels using HHP–pectin and
erythritol Low-calorie food options and delivery of fat-soluble nutrients [111]

Curcumin-loaded liposomal solid gels prepared with freeze-drying
technique Enhanced therapeutic efficacy against hepatitis C virus [18]

Niosomal in situ gel system prepared by thin-film hydration
method Treating urinary bladder-related conditions with sustained release [65]

Bioavailability Enhancement and Sustained Release of Curcumin in Food and Pharmaceutical Systems

Acid-induced cold-set gels based on pinto bean protein isolate (PBI)
with curcumin

Sustained and controlled release of curcumin, enhancing
bioavailability [68]

Low-oil-phase emulsion gel prepared via high-pressure
homogenization of SPI-Cur-NPs

Protection of oxidized lipid-soluble nutrients, advancements in
antioxidant-rich food [69]

Binary gels loaded with curcumin formed from large yellow
croaker roe protein isolate and gellan gum

Improved water-holding ability, controlled release properties,
versatile applications [70]

Curcumin-loaded solid lipid microparticles incorporated in whey
protein isolate and xanthan gum gels

Reducing lipid content in food, improving color stability while
maintaining texture [71]

Pickering emulsion gels stabilized by zein hydrolysate–chitin
nanocrystals coacervates

Enhanced stability, delayed lipolysis, sustained nutrient release,
applications in food/pharma [72]

Whey protein isolate (WPI) gel particles with curcumin Food-grade stabilizers for Pickering emulsions, enhanced stability
against degradation [73]

Polysaccharide-based high-internal-phase emulsion gels (HIPEs)
with SBP, TA, and CS + curcumin

Soft solids with natural ingredients, stability enhancement, delayed
lipid digestion [74]

Emulsion gels with modified whey protein hydrolysates and
curcumin Delivery systems enhancing curcumin bioavailability [58]

Curcumin nanoemulsion-containing dairy gels Understanding gel structure impact on curcumin bioavailability [59]

Pea protein nanoparticles (PNPs) and curcumin Stabilizing Pickering emulsion gels for enhancing hydrophobic
nutraceutical bioavailability [60]

Curcumin-loaded MCT-KC gel bead formulation Natural and food-grade carrier for enhancing hydrophobic
compound delivery [75]

Designing an oil gelled-in-water curcumin-loaded emulsion Rational design for stabilizing and delivering bioactive compounds [76]
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Table 1. Cont.

Curcumin Delivery Systems

Materials and Methods Applications and Advancements Ref.

Topical Delivery Systems for Inflammatory Conditions

Curcumin proniosomal gel Effective topical delivery system for HSV-1 treatment, insights into
molecular interactions [19]

Curcumin transdermal gel with Pentravan® Reducing oxidative stress and inflammation in inflammatory bowel
diseases [77]

Efficacy of 1% curcumin nanomicelle gel and 2% curcumin gel Enhanced healing of recurrent aphthous stomatitis, improved
treatment outcomes [20]

Gel formulations of diclofenac diethylamine (DDEA) and curcumin
(CRM)

Optimized gel formulations for transdermal delivery,
advancements in formulation [21]

Curcumin-loaded nanostructured lipid-carriers-based
thermosensitive in situ gel

Efficient dermal delivery system, improved permeation,
anti-inflammatory effects [22]

Curcumin-loaded gel carriers (organogels and O/W-type nanogels) Improved topical formulations for inflammatory conditions [23]

Curcumin-loaded solid lipid nanoparticles (CurSLNs) in
mucoadhesive gel matrix Local treatment of precancerous lesions with reduced side effects [24]

Nanosponge with beta-CD and curcumin-loaded topical gel More effective anti-psoriatic therapy, advancing psoriasis treatment [25]

Liposphere gel formulation of tacrolimus and curcumin Treatment strategy for psoriasis, addressing solubility and skin
penetration [78]

Ibrutinib and curcumin-loaded nanostructured lipid carrier (NLC) Management of psoriasis, integrated benefits in reducing
inflammation [79]

Silica-based formulations with glycyrrhizic acid and curcumin Superior treatment option for psoriasis, enhancing anti-psoriatic
efficacy [112]

Nanoemulsion gel formulation containing curcumin, resveratrol,
and thymoquinone

Promising approach for psoriasis therapy, overcoming solubility
and permeation issues [80]

Curcumin-loaded ethosomal gel prepared by ethanol and soya
lecithin

Potential solution for transdermal delivery, overcoming solubility
and permeability challenges [26]

Curcumin gel with Carbopol 934P and hydroxypropyl cellulose Topical application with anti-inflammatory effects, alternative
treatment option [81]

Tailored water-in-oil emulsion systems with polyglycerol
polyricinoleate (PGPR) and curcumin

Effective delivery of curcumin for various applications, controlled
release platform [113]

Curcumin–beta-cyclodextrin nanoparticle complex (BCD-CUR-N) Improved solubility and skin penetration, potential for transdermal
delivery [27]

Curcumin-loaded transferosomes (Cur-TF) embedded in Carbopol
934 gel

Targeted topical treatment of rheumatoid arthritis, improved
therapeutic efficacy [28]

Gel microemulsions with grape seed oil and curcumin Effective systems for curcumin delivery in dermatocosmetics [29]

Curcumin-loaded niosomal emulgel with nonionic surfactants Efficient carrier for transdermal drug delivery, enhanced
anti-inflammatory effect [82]

Curcumin solid lipid nanoparticles (CUR-SLNs) in carbopol gel Safe and effective alternative for irritant contact dermatitis
treatment [83]

Curcumin microspheres in gel formulation Potential treatment option for arthritis inflammation [84]

Hydrotropic solid dispersion (HSD) in curcumin gel Greener approach for enhancing topical delivery of poorly soluble
compounds [85]

Curcumin with choline and geranic acid ionic liquid (CAGE-IL) Potential for transdermal drug delivery and cutaneous drug
delivery systems [86]

1% curcumin gel Modest but continuous effect on plaque psoriasis [87]

Curcumin-loaded water-responsive gel (CUR-WRG) Enhanced efficacy of topical drug delivery against psoriasis [114]

Oral Health and Dental Applications of Curcumin

Curcumin gel Safer and accessible therapeutic option for minor recurrent
aphthous stomatitis (RAS) [30]

Topical bleomycin and curcumin oral gel with antioxidants Potential in treating oral leukoplakia [31]

Mucoadhesive vehicle formulation of PPG-5-CETETH-20 and oleic
acid Effective treatment for oral candidiasis [36]

33



Gels 2023, 9, 596

Table 1. Cont.

Curcumin Delivery Systems

Materials and Methods Applications and Advancements Ref.

Clinical trial comparing amlexanox paste and curcumin oral gel Safe alternative for managing RAS minor [115]

Curcumin + carbopol gel + LED curing light Alternative to conventional photodynamic therapy for disinfecting
root canals [32]

Randomized clinical trial evaluating the effectiveness of curcumin
gel Potential alternative for managing gingival diseases [33]

Clinical study evaluating locally applied 1% curcumin gel during
orthodontic treatment

Implications for managing inflammation during orthodontic tooth
movement [88]

Periodontal Therapy

Adjunctive use of curcumin gel with scaling and root planning
(SRP)

Enhancing outcomes of periodontal therapy, anti-inflammatory
properties [89]

Adjunctive use of curcumin gel with SRP Improved outcomes in chronic periodontitis, potential
complementary treatment [90]

Adjunctive use of curcumin oral gel Effective improvement in periodontal pocket parameters [34]

2% curcumin gel Effective treatment of experimental periodontitis [91]

Comparison of chlorhexidine gel and curcumin gel Both gels as adjuncts to scaling and root planing, curcumin as an
alternative [93]

Curcumin gel as an adjunct to scaling and root planing Limited additional benefits in reducing gingival inflammation [95]

Curcumin gel and noneugenol periodontal dressing for
post-surgery treatment

Effectiveness in reducing tissue edema and promoting wound
healing [96]

Curcumin gel injection with scaling and root planing Reduction of clinical parameters and inflammatory mediators [97]

Scaling and root planing combined with curcumin Comparable results to tetracycline in reducing inflammation and
bone resorption [98]

Curcumin gel as an adjunct to SRP in diabetes-induced
periodontitis Reducing oxidative stress and improving antioxidant enzyme levels [99]

In situ gel formulation of curcumin Effective treatment of periodontal pockets [35]

Curcumin + carbopol gel + LED curing light Alternative to conventional photodynamic therapy for root canal
disinfection [32]

Split-mouth design study with curcumin gel Potential adjunct to nonsurgical periodontal therapy [94]

Evaluation of curcumin’s antibacterial activity against P. gingivalis Effective antibacterial action at low concentrations [92]

Curcumin gel in experimental periodontitis using Wistar rats Effective in treating experimental periodontitis and preventing
bone destruction [116]

Clinical trial evaluating subgingival delivery of curcumin gel as an
adjunct to SRP

Effective anti-inflammatory and antibacterial properties, alternative
to chlorhexidine [117]

Clinical trial comparing scaling and root planing alone, curcumin
application, and curcumin photodynamic therapy

Curcumin photodynamic therapy as an adjunct to scaling and root
planing improves treatment outcomes [118]

Oral Submucous Fibrosis (OSMF) Management

Curcumin gel and buccal mucoadhesive patches Noninvasive and effective treatment for oral submucous fibrosis
(OSMF) [37]

Curcumin mucoadhesive semisolid gel and combination gels Therapeutic effects in treating OSMF, potential role in treating oral
cancers and precancerous lesions [38]

Randomized clinical trial comparing curcumin gel and aloe vera gel Efficacy in managing OSMF symptoms, aloe vera gel as adjuvant
treatment [39]

Gastrointestinal Applications of Curcumin

Pickering emulsions with whey protein nanogel and whey protein
isolate + dextran conjugate microgel Enhanced delivery of curcumin, potential for functional foods [40]

Emulsion gels with agar, kappa-carrageenan, and oil-filled aerogels
+ curcumin

Effective carriers with controlled release for gastrointestinal
applications [41]

Dry suspension floating in situ gelling system of curcumin Locally treating gastric ulcers, controlled drug release in gastric
environment [42]

Gastroretentive floating in situ gelling system with curcumin Extended gastric retention for improved therapeutic effectiveness [43]

Composite emulsion gels with whey protein
isolate/kappa-carrageenan

Controlled release and improved stability, gastrointestinal fate
study [44]
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Table 1. Cont.

Curcumin Delivery Systems

Materials and Methods Applications and Advancements Ref.

Wound Healing

Silver–curcumin nanoparticles prepared by high-pressure
homogenization Enhanced wound healing and potential for burn treatment [45]

Composite gel prepared from gelatin, F127, and lecithin Promising wound healing approach with improved properties and
bioavailable curcumin release [46]

Curcumin gel-core hyaluosome (Curc-GC-HS) nanogels Enhanced curcumin skin penetration, wound healing promotion,
potential for skin cancer therapy [47]

Curcumin-loaded self-microemulsifying gel (olive oil:glycerol = 1:2,
PBS, and surfactant RH40)

Advanced tool for wound healing, controlled and sustained drug
delivery [48]

Curcumin-loaded silk fibroin e-gel scaffolds Improving wound healing activity and serving as a wound
dressing material [100]

Allicin and curcumin gel using Carbopol 940 Excellent wound healing activity, alternative for wound care [101]

Curcumin gel prepared with Carbopol 934 and propylene glycol Promotes wound healing through transdermal delivery of curcumin [102]

Curcumin nanocrystal-based gel prepared by sonoprecipitation Enhances wound healing efficacy of curcumin [49]

Coating cotton textiles with acid-catalyzed silica xerogel Potential as wound dressing materials with prolonged curcumin
release [50]

Single-blinded randomized study on topical 2% curcumin gel Effective reduction of pain and ulcer size in oral aphthous ulcers [51]

Curcumin-loaded chitosan-based nanoemulsion gel Enhanced skin deposition and retention for effective wound healing [119]

Ophthalmic Delivery

Polymeric inserts for ocular delivery of curcumin Improved mechanical properties, sustained release for ophthalmic
drug delivery [52]

Curcumin-loaded ion-sensitive mixed micelle in situ gel
(Cur-MM-ISGs)

Prolonged ocular retention, improved permeability, sustained
release [53]

Curcumin mixed micelles (Cur-MMs) in gellan gum gels Advances ocular drug delivery, addressing curcumin’s solubility
challenges [103]

Other Therapeutic Applications of Curcumin

Synthesis of solid-state fluorescent selenium quantum dots by
solvothermal-assisted sol–gel method

Curcumin sensing applications, advancements in
fluorescence-based sensing techniques [120]

Copper–curcumin complex with beta-cyclodextrin Novel metal–herbal approach for vaginal delivery, safe and
effective topical contraception [55]

Curcumin-incorporated hybrid sol–gel Potential applications in corrosion protection for mild steel in acidic
environments [56]

Curcumin solubilization in water with heat/pressure treatment and
detergents

Efficient, nontoxic, and environmentally friendly protein stain,
increased bioavailability with Tween 80 [105]

Fabrication of multifunctional coatings on cotton fabrics using
nanosols and curcumin derivatives

Coated cotton fabrics exhibit signaling, self-cleaning, and
antibacterial properties [106]

Encapsulation of curcumin in O/W microemulsion systems and gel
microemulsions

Stable products with enhanced antioxidant activity for
pharmaceuticals and cosmetics [61]

Non-aqueous gel and curcumin analogue-loaded nanoparticle gel
formulations

Topical formulations with potential applications and antioxidant
activity [121]

Curcumin gel prepared in gelatin hydrogel and chitosan hydrogel Adjunctive treatment to preserve tooth and bone integrity during
orthodontic treatment [104]

Genotoxicity of curcumin in human lymphocytes Highlights potential genotoxicity in human lymphocytes, warrants
further investigation [122]

3. Concluding Remarks

The field of research on curcumin gel compositions for therapeutic purposes has seen
significant advancements and promising developments. Various innovative approaches
have been explored to enhance curcumin’s delivery, stability, dissolution characteristics,
and targeted release [5–11,15,16,75,76,108,109]. These formulations offer controlled release
properties, improved bioavailability, enhanced therapeutic benefits, and targeted delivery
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for specific applications such as Alzheimer’s treatment, gastrointestinal stability, controlled
drug release, and intravaginal delivery.

In food and pharmaceutical systems, the focus has been on enhancing bioavailability
and sustaining curcumin release [68–76]. These advancements have contributed to the
development of functional food ingredients and delivery systems, offering improved
oxidative stability, enhanced antioxidant properties, and reduced lipid content.

For inflammatory conditions, researchers have explored topical delivery syst-
ems [19–21,23,25,26,28,77–79,81–87]. These approaches provide potential anti-inflammatory
activity, improved efficacy, permeation, stability, and targeted delivery, showing promise
for managing inflammatory conditions such as rheumatoid arthritis and psoriasis.

Curcumin has demonstrated its potential in various oral health applicatio-
ns [30–33,36,88,115]. It has been investigated for the treatment of minor recurrent aphthous
stomatitis (RAS) and oral leukoplakia and as an adjunct in endodontic therapy, gingivitis
treatment, and oral wound healing. Additionally, curcumin gel shows potential as an
adjunctive therapy in periodontal treatment [92–94,96,97,99,104,116–118], reducing bone
and root resorption during orthodontic treatment and enhancing the efficacy of scaling and
root planing (SRP) in treating chronic periodontitis.

Moreover, curcumin gel and mucoadhesive patches show potential as noninvasive
management options for oral submucous fibrosis (OSMF) [37–39], offering symptom relief,
improved oral function, and enhanced drug delivery. Complementary treatments using cur-
cumin alongside other compounds have shown effectiveness in managing
OSMF symptoms.

In gastrointestinal applications, curcumin’s potential lies in enhancing bioavailability
and cellular uptake [40–44]. Various formulations offer extended-release properties, gastric
floatability, and sustained drug release, contributing to improved therapeutic outcomes.

The research has also highlighted curcumin’s promise in wound healing applica-
tions [45–51,100–102,119]. Various formulations have shown positive effects in wound
healing, making curcumin gel a valuable option for managing oral aphthous ulcers.

Furthermore, curcumin shows potential in ophthalmic drug delivery [52,53,103], with
polymeric in situ gelling inserts and ion-sensitive mixed micelle in situ gel systems offering
improved properties for ocular therapy.

Additionally, curcumin has demonstrated its versatility beyond traditional therapeutic
uses [54–57,61,62,106], finding applications as a natural food dye alternative, a topical
contraception option, a corrosion inhibitor, a reversible protein stain, and more. These
findings highlight the diverse applications and potential benefits of curcumin in various
fields, including food, contraception, corrosion protection, and drug delivery.

Despite its numerous therapeutic benefits, researchers have also noted potential safety
concerns related to curcumin’s genotoxic properties [122], warranting further investigation
in this area.

4. Conclusions

Curcumin holds great promise in advancing various fields of research and therapeutic
applications. Significant advancements have been made in terms of its physicochemical
properties and drug delivery systems, enhancing curcumin’s delivery, stability, and targeted
release for specific applications. Bioavailability enhancement and sustained release strate-
gies have been developed for food and pharmaceutical systems, improving curcumin’s
stability, antioxidant properties, and controlled release properties. Topical delivery sys-
tems show potential for managing inflammatory conditions, while curcumin has shown
promise in various oral health applications, periodontal therapy, and the management
of oral submucous fibrosis. Gastrointestinal applications, wound healing interventions,
ophthalmic drug delivery, and diverse therapeutic applications have further demonstrated
the potential of curcumin. However, it is important to consider the safety concerns as-
sociated with curcumin, as reports suggest its genotoxic potential and DNA-damaging
effects. Continued research and development in these areas are crucial to fully understand
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curcumin’s therapeutic potential, optimize its delivery systems, and ensure its safe and
effective use in various biomedical and pharmaceutical applications.
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Abstract: Over the past few decades, hydrogel systems using natural polymers have been expansively
employed in drug delivery applications. Among the various reported biopolymer-based hydrogel
drug delivery systems, pectin (Pec) is an exceptional natural polymer due to its unique functionalities
and excellent properties such as biocompatibility, biodegradability, low-cost, and simple gelling
capability, which has received considerable interest in the drug delivery fields. Since there is an
increasing need for biomaterials with unique properties for drug delivery applications, in this review,
hydrogels fabricated from natural pectin polymers were thoroughly investigated. Additionally,
the present mini review aims to bring collectively more concise ways such as sources, extraction,
properties, and various forms of Pec based hydrogel drug delivery systems and their toxicity concerns
are summarized. Finally, the potential objectives and challenges based on pectin-based hydrogel
drug delivery systems are also discussed.

Keywords: hydrogels; pectins; controlled release; biopolymers; targeted drug delivery

1. Introduction

Biomaterials with exceptional properties have gained a lot of study interest, specifi-
cally in drug delivery applications. Polymers, both synthetic and natural, are regarded as
better candidates in the fabrication of biomaterials [1–4]. Hydrogels, films, nanoparticles,
and nanocomposites are just a few of the drug formulations that have been designed and
advanced in drug delivery fields [5–8]. Among the formulations above-mentioned, hydro-
gels have grown in popularity due to their intriguing properties such as biocompatibility,
biodegradability, and exclusive “soft-wet” nature in correlation to biological tissue [9,10]. It
is worthwhile mentioning that hydrogels have a high-water content, which could swell
and adsorb liquid due to their porous nature, and an injectable hydrogel is highly efficient
for clinical use. In terms of tumor application, hydrogels possess excellent biocompati-
bility and controllability, and some of these hydrogel systems are used in various other
applications such as additives, the chemical industry, energy, and water treatment [11–16].
Despite these exceptional benefits, hydrogels in bio-related applications face some chal-
lenges due to limitations such as mechanical stiffness, water sensitivity, and instability in
physiological conditions [17].

Polymeric materials are classified into two types: synthetic and natural. Because of
their biodegradability and biocompatibility, natural polymers have distinct merits over
synthetic polymer systems. The main disadvantages of using natural polymers are their
low mechanical properties over synthetic polymers, which makes them unsuitable for a
variety of biomedical applications. Several reports have specified that the most synthetic
polymers have drawbacks such as high cytotoxicity and low biocompatibility [18,19].
Generally, biopolymers are comprised of monomeric units covalently attached to form
bigger biomolecules. Usually, pectic substances are differentiated into four different types:
protopectin, pectic acid, pectinic acid, and Pec [20]. Among the various biopolymers, Pec is
a kind of water-soluble anionic heteropolysaccharide found from the primary cell walls of
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terrestrial plants extracted using chemical or enzymatic process [21]. Pec possesses a higher
range of heterogeneity in their structure due to their sources and methods of different
extraction process [22]. Pec is considered as a promising candidate in the drug delivery
field due to its excellent features such as non-toxicity, biocompatibility, biodegradability,
low-cost, antibacterial, and anti-inflammatory properties [23].

To our best of knowledge, recently there have been no reviews published specifically
focusing on “Pec based hydrogel for drug delivery systems”. However, there are two
general reviews on Pec based biomaterials for biomedical applications [23,24]. Thus, this is
a sole mini review where we tried to compile the latest progress and advances specifically
on Pec based hydrogels for drug delivery applications. Thus, this present mini review
could target a wide audience/researchers who exclusively work on Pec and Pec based
hydrogel systems. This mini review details the fabrication of hydrogels from natural Pec
polymers and aims to collectively bring more concise ways such as sources, extraction,
properties, and various forms of Pec based hydrogels in drug delivery applications and
their toxicity concerns. Finally, the possible purposes and challenges based on Pec based
hydrogel drug delivery systems are also discussed.

2. Sources

Some of the sources for Pec are from apple pomace, citrus peels, and, more recently,
sugar beet pulp [25]. Certainly, tropical and subtropical fruit by-products are primarily
a significant source of Pec. Nevertheless, it is important to mention that the Pec yield
and physicochemical properties of Pec are affected by the extraction technique as well as
additional variables such as the extraction time, type of acid, pH, temperature, and the
liquid–solid ratios [26].

3. Pectin Extraction

The yield of extracted Pec as well as the quality can be used to evaluate the suitability
of the extraction method because mass transfer into the extraction solvents governs Pec
extraction. To extract Pec from natural sources, several methods have been used including
traditional hot extraction and advanced procedures such as ultrasound, microwave, and
enzymatic processes. Huge efforts are being made to promote “green” chemistry and
technology. In terms of Pec extraction, hot conventional extraction necessitates a lengthy
protocol, more energy, and the use of strong acids, which is contrary to “green” chemistry
principles. Thus, an outline is depicted in the below section on conventional and non-
conventional extraction methods.

3.1. Conventional Extraction

Extraction temperature, solid–liquid ratio, pH, particle size, and extraction time are
all factors that influence the yield and quality of the extracted Pec. The utilization of
mineral acids for Pec extraction is linked to environmental concerns as well as higher costs.
Concerning the emergent concept of “green” chemistry and the drawbacks associated with
the practice of mineral acids, the emphasis is now shifting to “food” compatible acids [27].

3.2. Ultrasound Mediated Extraction

Ultrasonic waves with frequencies from 20 to 100 kHz are commonly used. It is
important to note that ultrasound frequency influences the extraction process because it
influences the size of the microbubbles and their resistance to mass transfer. Furthermore,
an upsurge in ultrasound frequency results is a decrease in the production and intensity
of cavitation in liquid [28,29]. Several studies backing up the substantial assistance of the
ultrasound-assisted extraction has several merits including low energy, less extraction time,
minimal solvent, and enhanced extraction yield in support of using ultrasound as a “green”
extraction method.
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3.3. Microwave Mediated Extraction

This technique needs less processing time and solvent, and produces a higher ex-
traction yield and generate superior qualities [30]. Microwave extraction is the process of
applying a microwave field to a dielectric material. Ionic conduction and dipole rotation
heat the solvent–sample matrix. Microwave energy initiates the electrophoretic transfer
of ions and electrons, resulting in an electric field that drives particle movement, whereas
dipole rotation is instigated by the substitute movement of polar molecules. Microwave
power, measured in Watts (W), is a key factor in Pec extraction. Increased microwave power
was found to be positively related to extraction efficiency [31].

3.4. Enzyme Aided Extraction

For enzyme-aided Pec extractions, enzymes must be able to display reactions with
precise specificity and selectivity. Enzymes used in Pec extraction disturb features of the
plant cell wall, enabling pectin release and reducing the complete extraction period [32].
There are more additional benefits of using enzyme aided extraction such as avoiding
the corrosion of equipment by acids, reduced energy consumption, and the specificity of
enzymes yield an improved quality of Pec [33].

3.5. Combination of Non-Conventional Technologies

Researchers have looked at how non-traditional extraction techniques combine to
effectively extract Pec from tropical and subtropical fruit waste. Ultrasound-microwave-
assisted extraction, which combines ultrasonic and microwave extraction approaches, is
viewed as an efficient process [34,35]. Ultrasound-microwave-mediated extraction involves
rapid yield and competent Pec extraction at low temperatures at ambient conditions, saving
energy, time, and is economically viable [36].

4. Structure of Pec

Pec is widely present in the cell walls of terrestrial/earthy plants [37]. Pec was
made and explored in the powder form, which is very simple to use and handle [38].
Pec is recognized as a significant component of the middle lamella, which helps to keep
cells organized. Every part of the plant contains different amounts of Pec and chemical
assemblies. In terms of the chemical composition and molecular density, Pec in fruits and
vegetables exists in poly-molecular and poly-disperse forms [39]. The monomeric units of
Pec may vary depending on the sources, procedure used for separation, and successive
examinations. Depending on the origin and method of isolation, diverse properties of
Pec can be used to prepare its innumerable forms [40]. The Pec is comprised of chemical
moieties such as the carboxylic (-COOH) group, ester and amide (-NH2) groups [41], as
shown in (Figure 1). Figure 2 displays the representative overview of rhamnose addition,
which leads to the existence of the galacturonic acid (GA) chain, where S indicates the
presence of neutral sugars [42].

5. Physical-Chemical Properties of Pec

Pec is a class of substances that when it is dissolved in water under certain environ-
ments, it can form gels. It is obtained from protopectin, which is found in the plant cell
middle lamellae [43]. All of Pec’s physical properties are due to its bi-linear poly-anion
configuration (poly-carboxylate) [44]. When it comes to chemical features, the depoly-
merization of dissolved Pec occurs in aquatic classifications, and Pec has the highest
stability at pH 4. The Pec de-esterifies below and above this pH, resulting in decreased
stability. Depolymerization occurs at low pH levels via the acid catalyst hydrolysis of
glycosidic bonds [45].
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Figure 1. (a) The frequent unit of chemical moieties in the Pec chemical structure, (b) carboxylic,
(c) ester, and (d) amide groups. Reproduced with permission [46].

Figure 2. Rhamnose (Rha) insertion occurrence of galacturonic acid (Ga) and nS (neutral sugar).
Reproduced with permission [46].

6. Application of Pec-Based Hydrogels in Drug Delivery

Over the last 50 years, hydrogels based on biodegradable natural polymers have
been widely used in drug delivery systems [47]. Hydrogels have expanded in the drug
delivery field as their three-dimensional structures have exclusive properties such as
being hydrophilic in nature, biocompatibility, biodegradability, moist environments in
surrounding tissues, and low cost [23,48]. Thus, in this section, various forms of Pec-based
hydrogels in drug delivery applications are showcased.

In 2018, a low-density lipoprotein (LDL)-Pec nanogels in the presence of alginate
hydrogel beads was successfully fabricated via the ionotropic gelation process. The de-
signed LDL/pectin nanogels were confined in the core of the alginate-based hydrogel beads
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without affecting the properties of the hydrogel beads. Furthermore, curcumin (CUR) was
encapsulated into the LDL-Pec nanogels to assess their role as pH dependent studies. The
release of CUR was greatly prolonged by adding nanogels to alginate hydrogel beads,
where the release profile of curcumin proved to have a slightly slower rate in the simulated
GI conditions, signifying a role as an oral drug delivery system [49].

In another work, hydrogels were fabricated by graft polymerization and magnetic
nanoparticles (MNPs) comprised in Pec-based hydrogels through the in situ method for
the controlled release of the diclofenac sodium (DS) drug. Due to the presence of MNPs,
there was a substantial enhancement in the mechanical properties, swelling capacity, drug
loading efficiency, and drug release performances. Due to the porous network and high
surface of the MNPs, the MNP-based pectin hydrogels displayed 68.84% of drug loading
efficiency, however, without MNPs, the Pec-based hydrogels showed only 44.84% of loading
efficiency. It was identified that around 95% of the DS drug was released from the MNP
based Pec hydrogels, suggesting that swelling controlled the diffusion mode of the drug
release profiles [50].

Other research investigations have been reported to improve the therapeutic effects
and lessen the toxic effects of the systematic drug administration of vancomycin hydrochlo-
ride (vanco HCl), a hydrogel scaffold of silk fibroin/oxidized pectin (SF/OP) designed
based on the Schiff-base reaction. To obtain a sustained release profile of the drug, electro-
spun fibers of poly(L-lactide) (PLLA) were incorporated into the hydrogel and unveiled
high 97% of drug loading efficiency, followed by a 61% decrease in drug release content.
For the first 24 h, the drug release profile from hydrogel was 39.97% and in the hydro-
gel/fiber system, a 13.83% decrease in the drug release content was observed, followed by
promising sustained release up to 192 h. In addition, the designed hydrogel drug delivery
systems proved to be non-toxic against human adipose derived mesenchymal stem cells
(hAD-MSCs) [51].

It is important to mention that most often, the reagents utilized are generally expen-
sive, toxic, and could lead to allergic effects. Meanwhile, the preparation of hydrogels
using a chemical process with high energy beams (ex: gamma rays/electron beams) has
gained significant attention due to the formation of pure hydrogel products. Thus, when
compared to the gamma ray technique, the electron beam irradiation showed immense
potential due to its rapid speed and a particular beam direction during the production of
hydrogels. However, one of the complications in preparing hydrogels of natural polymers
in an aqueous solution by irradiation is the higher possibility of chain breakage reactions
than crosslinking reactions. Lately, phenolic compounds have been conjugated to natu-
ral polymers trailed by crosslinking with chemical reagents or irradiation. Against this
background, using electron beam irradiation, porous and non-porous Pec-based hydrogel
systems were fabricated using a combination of Pec and 5-hydroxytryptophan (5-HTP)
with or without a surfactant for the delivery of tetracycline (TET). The drug loading for
the porous hydrogel and non-porous hydrogel systems was 103 and 77 mg/g, respectively.
The drug release from the non-porous hydrogel was comparatively less when compared
with the porous hydrogel and showed higher amounts and a faster rate. Consequently, the
biocompatibility and non-toxicity of both hydrogels were within the acceptable limits [52].

Abbasi et al. reported an efficient hydrogel-based controlled drug delivery system
where Pec was grafted with polyethylene glycol (PEG) and methacrylic acid (MAA) via free
radical polymerization (Figure 3) for the treatment of ulcerative colitis. Sulfasalazine (SZ)
was used as a model drug in order to load the designed hydrogel systems. The swelling
and release studies revealed that the hydrogels could release drugs explicitly at colonic pH.
The toxicological studies revealed that they were safe in mouse animal models [53].
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Figure 3. Scheme showing the formation of Pec-g-PEG-MAA hydrogels. Reproduced with permission [53].

Generally, protein administration via the oral route has continued as an appealing
strategy due to less pain, superior suitability, and improved patient compliance. Herein,
calcium carbonate microparticles (CaCO3) were mineralized in situ in a Pec/poly(ethylene
glycol) (PEG) hydrogel blend to shield and release the bovine serum albumin (BSA) pro-
tein drug (Figure 4) at the specific colon site. The BSA encapsulation efficiency for the
blended hydrogels was around 98%. In vitro swelling and protein drug release studies of
a-based hydrogel revealed the drug carrier’s ability to release protein for around 9 h at the
colon site [54].

 
Figure 4. Schematic representation involved in the preparation of Pec-based hydrogels. Reproduced
with permission [54].
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In another work, Pec based lactic acid (LA) hydrogels were fabricated using free
radical polymerizations. As the concentrations of Pec and lactic acid increased swelling,
drug loading and drug release were observed, whereas methacrylic acid (MAA) showed the
opposite effect. The loaded oxaliplatin (OL) to the developed hydrogel systems displayed
around 49% of entrapment efficiency and substantiated with 18, 41, and 47% of drug release
at pH 1.2, 6.8, and 7.4, respectively. Based on the MTT assay, the drug loaded hydrogels
confirmed controlled inhibition against HCT-116 and MCF-7 cells [55].

Other research studies involved amine grafted high methoxy Pec-arabic gum (AG)
incorporated montmorillonite (MMT) composite hydrogels for ziprasidone HCl (ZIP)
delivery (Figure 5). The hydrogels showed around 39–64% of entrapment efficiency for
ZIP and proved that slow ZIP release up to 8 h indicated excellent gastroretention ability
and biodegradable properties. Overall, the designed hydrogels, fabricated using green
synthesis, have the potential to be used as an effective intragastric drug carrier for the
treatment of schizophrenia [56].

 
Figure 5. Scheme for the formation of Pec-based MMT hydrogels and ZIP loading. Reproduced with
permission [56].

Usually, thiolated polymers are used in drug delivery applications due to their bet-
ter permeation features, which provide superior bioavailability. However, the thiolation
process is time intense due to a series of chemical reactions. To address such drawbacks,
2-thiobarbituric acid (TBA) was integrated onto the Pec hydrogels via noncovalent in-
teractions. Importantly, due to the incorporation of TBA, the Pec hydrogels showed an
additional flexible nature and their fragmentation delayed from 4 h to 4 days. Furthermore,
the loaded theophylline (THP) drug to the hydrogel systems showed a loading capacity of
30 mg/g and showed a controlled drug release of up to 400 min [57].

It is significant to mention that injectable hydrogels with self-healing properties are
important for drug delivery. One such work was reported by Li et al. by varying the
ratios of oxidized Pec/chitosan (CS) to nano iron oxides (n-IO) (Figure 6), which showed
remarkable injectable, self-healing, biocompatible, and anticancer features for the loaded
5-flurouracil (5-FU) drug with a drug release profile of more than 12 h [58].
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Figure 6. Proposed scheme (a) oxidation reaction and (b) hydrogel formation process. Reproduced
with permission [58].

Other work have reported a combination of hydroxypropyl methylcellulose (HPMC)
and Pec-based hydrogels fabricated by the free radical polymerization process. Further-
more, loaded galantamine hydrobromide (GHBr) showed varied drug entrapment effi-
ciency in the range from 63 to 95% based on the swelling capacity of the designed hydrogel
systems. The formulated hydrogels exhibited pH dependent behavior and intelligent
response to environmental conditions by controlling the drug release for around 37 h.
Additionally, the toxicity studies conducted on albino male rabbits were proven to have
safe efficacy for hydrogel systems [59].

Gazzi et al. developed a Pec hydrogel comprising imiquimod loaded polymer nanocap-
sules for melanoma treatment. The loaded imiquimod (IQ) drug content was around
0.52 mg/mL and in vitro release study disclosed 63% of imiquimod release from the hydro-
gel systems for 2 h, while 60% of the drug was released after 8 h, followed by controlled
release up to 24 h. In addition, the designed hydrogel systems displayed superior adhesive-
ness and a higher penetration of the drug inside the skin was observed [60].

Another work reported pH responsive hydrogels containing zein protein nanoparti-
cles (ZPN) and Pec biopolymer for the encapsulation of doxorubicin (DOX) and release
studies. It is important to note that the nanoparticles aided in the formation of complete
gel networks for the loading of DOX. Interestingly, DOX loaded hydrogels showed better
cytotoxicity effects against cervical cancer cell lines. In addition, the designed hydrogels
were responsible for the pH dependent release of DOX to the cytosolic acid environment
of HeLa cells. Altogether, this unique combination of zein and Pec-based hydrogels was
favored with controlled release, improved shell life of the drug, and are capable of creating
an intrinsic environment for the drug [61].

Keeping our focus on ulcerative colitis (UC), pH sensitive and enzymatically triggered
hydrogels containing Pec and polyacrylamide (PA) were used to load budesonide (BUD).
Based on the gel fraction and swelling behavior of the optimized hydrogel formulations
revealed 80% of encapsulation efficiency and 8.8% of drug loading capacity. In vitro
release of BUD from the hydrogel unveiled a sustained release behavior with non-fickian
diffusion mechanism over a time period of 1400 min. However, future studies such as
stability, cytotoxicity and in vivo studies should be of focus to prove the potent drug
delivery systems [62].

In another work, cellulose nanofiber (CNF)-alginate (Alg)-Pec-based hydrogel systems
was developed for breast cancer treatments. Furthermore, the 5-FU drug was loaded
to the hydrogel system and for the different hydrogel formulations, the encapsulation
efficiency varied from 62 to 76%. The developed hydrogel formulations were facilitated by
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the initial burst release, followed by controlled drug release up to 24 h. Remarkably, the
developed hydrogel systems enabled modulating the viability of breast tumor cells and
inflammasome activities [63].

Similarly, in another work using nanocellulose fibers (NFs), low methoxy Pec and sodium
alginate-based biocomposite hydrogels were synthesized. For the designed biocomposite-based
hydrogel, clindamycin hydrochloride (CH) was loaded. By varying the ratios of hydrogels and
drug, it could be possible to attain 82–94% of drug loading content. In vitro drug release profile
showed 30–38% of drug release for the first 3 h and 100% of drug release was observed
for 48 h. In addition, a cell viability study revealed superior cytocompatibility for human
keratinocyte cells. It is worthwhile mentioning that these kinds of formulations are highly
required in transdermal drug delivery. However, additional studies need to be carried
out for the complete evaluation of the potential pharmaceutical applications toward the
designed hydrogel systems [64].

One of the significant properties of self-healing hydrogels is pH stimuli and aid to
protect the drug from being destroyed until it reaches the target site. Thus, in this report,
through the Diels–Alder reaction, Pec/chitosan (CS) hydrogel systems were fabricated. The
5-FU drug was loaded to the designed hydrogel systems, which proved to have superior
loading efficiency and sustained drug release profiles. As expected for the series of the
designed hydrogel formulations, varied drug loading efficiency was observed from 53–65%.
In vitro drug release displayed 30% of drug release for the first 4 h, followed by sustained
drug release up to 12 h. Significantly, the developed hydrogel systems were cytocompatible
for fibroblast L929 cells [65].

Lemos et al. developed magnetic (Mag) hydrogel microspheres using Pec coated
chitosan for smart drug release. Herein, magnetic Pec microspheres attained by ionotropic
gelation trailed by polyelectrolyte complexation with chitosan (Figure 7). In this study,
metamizole (MTZ) was loaded and showed an encapsulation efficiency of 85%. In vitro
drug release was performed at pH 1.2 and 6.8, which suggested a pH dependent drug
release profile. Evidently, at pH 6.8, the drug release was favored by attaining 75%, even
after 12 h. The utilization of the magnetic field amplified the drug release to 91% at pH 6.8,
suggesting the role as magnetic reliant [66].

 
Figure 7. Scheme for the illustration and formation of magnetic Pec microspheres coated with
chitosan. Reproduced with permission [66].
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Another motivating work report involves new injectable and self-healing hydro-
gels fabricated using aldehyde terminated Pec with poly(N-isopropylacrylamide-stat-
acylhydrazide) for an improved anticancer, DOX drug release property. In vitro and in vivo
studies showed that the hydrogel had good biocompatibility, biodegradability, reduced
drug toxicity in living bodies, and displayed controlled drug release behavior as synergetic
anti-tumor drug delivery carriers [67].

It is well-known that amphiphilic (Amp) polymer systems have gained more interest
due to their benefit in increasing drug penetration over the skin. Thus, focusing on this
special aspect, an amphiphilic alkylated Pec through glycidyl tert-butyl ether function-
alization was carried out to obtain hydrogels for fusidic acid (FSA) diffusion for topical
treatment. The hydrogels were constructed via ionic interactions of negatively charged Pec
and positively charged crosslinkers with varied 93–95% of FSA drug loading capacity. The
swelling percentage of alkylated Pec hydrogels was lower than that of native Pec, resulting
in a slower fusidic acid release up to 185 min. The effect of pH on the swelling rate and drug
release was also studied, with outcomes showing that higher pH increased the swelling
percentage and drug release. Interestingly, in vitro co-related with HaCaT cells displayed
significantly less cytotoxicity, however, further extensive investigation is required [68].

Cai et al. reported low methoxyl citrus Pec (LMP) hydrogels as an actual drug carrier to
load curcumin (CUR) for colon targeted delivery systems. The encapsulation efficiency (EE)
for the designed hydrogels varied from 37 to 40% and loading capacity (LC) of 2.5–3.0%,
respectively. Due to the better EE, the designed hydrogels displayed improved texture
properties, inhibited premature release in the gastrointestinal (GI) tract, and were able to
release the drug in the colon area at a faster rate, which attained a drug release rate at
around 20 h [69].

In another work, Pec-Alg-based zinc (Zn) alginate hydrogel particles obtained based
on callus culture Pec with varied structures were formed. The development of a Pec-
alginate interpenetrating network was confirmed by the increase in hydrogen bonds be-
tween Pec and alginate. Usually, grape seed (GS) extract displays an anti-inflammatory
outcome for inflammatory bowel disease (IBD) and thus grape seed extract was loaded to
the designed hydrogel systems and revealed 95% of encapsulation efficiency. The drug
release studies were carried out at different pH conditions and showed drug release specifi-
cally in colon conditions, which might be alternative candidates for colon targeted drug
delivery systems [70].

Other findings reported functionalized kappa-carrageenan (K-CRG)-Pec hydrogel
patches for the treatment of buccal fungal treatment. Herein, kappa-carrageenan-g-acrylic
acid was surface functionalized with thiolated agents. Furthermore, in an ex vivo mu-
coadhesion study, a swelling test was extensively carried out to prove the applicability
of the hydrogel patches. The triamcinolone acetonide (TA) was encapsulated within the
poly (lactic-co-glycolic acid) nanoparticles. The EE and drug loading were 79% and 10%,
respectively. The in vitro drug release parameter showed that the amount of drug release
was around 3.28 mg/g polymer after 7 h. The cell culture studies on the hydrogel patches
revealed that none of the patch formulations were toxic. All of these interesting findings
suggest that novel thiolated grafted hydrogel patches could be utilized for buccal drug
delivery systems [71].

Another work showed that to enhance the gel properties, Pec was additionally modi-
fied with phenylalanine (Phe) using an ultra-low temperature supported enzymatic process
(Figure 8). Thus, the designed hydrogels exhibited better mechanical properties and supe-
rior water holding capacity. Due to the good gel features, matrine (MT) was loaded and
showed sustained release properties with swelling properties. In cases of poor drug release,
the ultra-low temperature enzymatic process might be a viable approach [72].
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Figure 8. Scheme for the formation of phenylalanine amidated Pec. Reproduced with permission [72].

Regulating the optimal drug concentration and controlling drug release from hydro-
gels necessitate a large number of experiments and is overall expensive. To address such
issues, in this work molecular dynamics (MD) stimulations were used to envisage the
actual drug concentration to load on the LMP-based hydrogels, which allow for structural
integrity and controlled drug release. When compared to other samples, Pec hydrogels
loaded with 30 mg procaine (PRO)/g had a low hydrogel degradation rate of 0.001 g/min
and a controlled in vitro drug release, releasing all 30 mg of the loaded PRO from the
670 mg hydrogel in 24 h [73].

Another study examined the fabrication of the Pec/chitosan nanoparticle (PEC/CSNP)
beads as nanocarriers by encapsulating quercetin (QR) to overcome the solubility and
sensitivity issues. The fabricated hydrogel beads exhibited 34–56% of EE and 12–24% of
loading capacities. The prepared beads were able to release quercetin in a sustained release
pattern up to 480 mins, as demonstrated in an in vitro drug release study. Furthermore, an
in vitro cytotoxicity study revealed that the designed beads displayed a cell viability above
80% on the L929 cell line [74].

In another part of the work, a self-healing hydrogel was created by cross-linking Pec
acylhydrazide (Pec-AH) with polyethylene glycol dialdehyde (PEG-DA) (Figure 9), and its
use as a doxorubicin (DOX) delivery carrier for operative tumor treatment was examined.
Significantly, the hydrogels demonstrated excellent in vitro and in vivo biocompatibility
and biodegradability, with controlled drug release for around 50 h at varied pH conditions
due to their microporous structure. The xenograft CT-26 tumor model in the mice trial
exposed that the DOX-loaded hydrogel could prevent tumor growth associated with the
direct injection of DOX and eliminate the associated drawbacks [75].

Figure 9. (a) Scheme for the synthesis of Pec-AH and (b) formation of the Pec-AH and PEG-DA
hydrogel. Reproduced with permission [75].
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Another study attempted to develop Pec-based layered zinc hydroxide (LZH) hy-
drogels comprised of baclofen. Through in vitro studies, they revealed that Pec-LZH
containing baclofen (BFN) displayed a lower release rate when compared with BFN loaded
with LZH. An addition, the MTT study suggests that for the HFFF2 cells, the prepared
hydrogel system was biocompatible at 1.564–25μg/mL doses. The developed hydrogel
beads appear to be promising as efficient carriers for targeted delivery to the colon [76].

Due to the lack of accurate drug targets, lung cancer is considered as the most common
malignant tumor. This study involves limonin (LM), which prevents proliferation and
encourages apoptosis in lung adenocarcinoma cells by directing a specific high expressed
TMEM16A ion channel. Furthermore, a new class of self-healing hydrogels was created
using acylhydrazide functionalized carboxymethyl cellulose (CMC-AH) and oxidized
(Pec-CHO) (Figure 10) to decrease limonin’s adverse effects on the body. The hydrogels
demonstrated rapid gelation, better biocompatibility, and long-term limonin release up
to 12 h. The limonin-loaded hydrogel expressively inhibited the development of lung
adenocarcinoma in xenograft mice [77].

Figure 10. Scheme for the limonin loaded hydrogels for lung cancer treatment. Reproduced with
permission [77].

Other work reported with photo-crosslinkable PC-CN formed by functionalizing the
polysaccharide Pec (PC) with the photo-responsive cinnamic acid hydrazide (CNH). The
photo-crosslinked hydrogel was then assessed as a carrier for the encapsulation of aspirin
(AS). The developed hydrogels demonstrated better potential as a drug carrier, allowing for
controlled drug release up to 60 h at different pH conditions by improving both the degree
of cinnamic functionality and the photo-curing time [78]. Overall, Table 1 summarizes
the various types of Pec-based hydrogel systems, the drugs used, and their key features
involved in drug delivery applications.
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Table 1. Summary of various types of Pec-based hydrogel systems, drugs used and their key features.

Serial no. Hydrogel Systems Drugs Used Key Features Reference

1 LDL-Pec-Alg CUR
• Release profile of drug demonstrated with little slower rate in the simulated GI

conditions, signifying role as oral drug delivery systems [49]

2 MNP-Pec DS • Suggesting swelling controlled diffusion mode of drug release profiles [50]

3 SF-OP-PLLA Vanco • Significant sustained release up to 192 h and non-toxic against hAD-MSCs [51]

4 Pec-5-HTP TET • Improved biocompatibility and non-toxicity are in tolerable limits [52]

5 Pec-PEG-MAA SZ • Drug release explicitly at colonic pH and toxicological studies revealed safe efficacy [53]

6 Pec-CaCO3-PEG BSA
• Encapsulation efficiency was around 98% and drug release profile was around 9 h

at the colon site [54]

7 Pec-LA-MAA OL • Controlled inhibition against HCT-116 and MCF-7 cells [55]

8 Pec-AG-MMT ZIP • Slow release and effective carrier for the treatment of schizophrenia [56]

9 Pec-TBA THP • Additional flexible nature and controlled release of drug [57]

10 Pec-CS-n-IO 5-FU • Remarkable injectable, self-healing and biocompatible [58]

11 Pec-HPMC GHBr
• Intelligent response to environmental conditions and toxicity studies conducted

proved with safe efficacy [59]

12 Pec IQ • Displayed superior adhesiveness and higher penetration of the drug inside the skin [53]

13 Pec-ZPN DOX • pH dependent release cytotoxicity effects against cervical cancer cell lines [61]

14 Pec-PA BUD • Sustained release behavior and sustained release of 1400 min [62]

15 CNF-Alg-Pec 5-FU • Enabled in modulating breast tumor cells [63]

16 NF-Pec-Alg (CH) • Superior cytocompatibility [64]

17 Pec-CS 5-FU • Cytocompatible for fibroblast L929 cells [65]

18 Pec-Mag-CS MTZ • Improved drug release and pH dependent [66]

19 Pec-PNIPAAm DOX • Good biocompatibility and biodegradability [67]

20 Amp-Pec-FSA FSA • Proven with less cytotoxicity [68]

21 LMP CUR • Inhibit premature release in GI and able to release drug in colon area [69]

22 Pec-Alg-Zn GS • 95% of encapsulation efficiency and drug release, specifically in colon conditions [70]

23 Prc-K-CRG TA • Cell culture studies revealed that none of the patch formulations were toxic [71]

24 Pec-Phe MT • Sustained release with swelling properties [72]

25 LMP PRO • Improved structural integrity [73]

26 Pec-CSNP QR • Sustained release and cell viability above 80% on the L929 cell line [74]

27 Pec-AH-DA DOX • Xenograft CT-26 tumor model in mice trial aided in preventing tumor growth [75]

28 Pec-LZH BFN • Low release rate and biocompatible [76]

30 Pec-CMC-CHO LM • Inhibited the development of lung adenocarcinoma in xenograft mice [77]

31 Pec-CNH AS • Controlled drug release up to 60 h at different pH [78]

7. Toxicity Concern of Pec-Based Hydrogels

Due to the excellent properties of Pec such as its biocompatibility, biodegradability,
and non-toxic nature, researchers have been attracted to utilize Pec-based hydrogel systems
in drug delivery fields. Prominently, for drug delivery applications, the developed hydrogel
systems must be nontoxic while being able to perform their functions in response to the
host’s action. Based on some research findings, toxic materials can show negative impacts
on the immune system. Some of the preliminary extensive research investigations have
reported that Pec-based hydrogel systems have no such toxicity effects [52,75]. However,
additional pre-clinical and clinical trials remain unresolved and must be prioritized as
future prospects.
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8. Conclusions and Future Perspectives

The present review mirrors based on the advancement of Pec-based hydrogels for
drug delivery applications. The significance of Pec-based hydrogels is augmented by
their unique functional groups, biocompatibility, biodegradability, easy gelling capability,
low-cost, and simple modifications, which allow these systems to be astonishing candidates
for the design and advance of potent drug delivery systems. It is significant to mention
that by using a combination of other polymers and nanomaterials, the overall structural
properties of Pec-based hydrogel systems can be considerably enhanced. Furthermore,
more precise chemical modifications of Pec as well as their combination with other polymers
or integration with other nanobiomaterials will enhance the overall structural behavior of
Pec-based hydrogel systems and aid in tuning the interaction with the drug molecules at
the molecular and nanoscale levels. With these substantial key features and the growing
task of research groups on Pec-based hydrogel formulations, it could be projected that Pec
applications in the drug delivery domain will expand in the near future. To this end, efforts
should be increased to advance Pec-based hydrogel systems into clinical use, with the goal
of dealing with regulatory problems, which are currently regarded as the main impediment.
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Abstract: Efficient drug delivery systems are essential for improving patient outcomes. Acetaminophen
(AP), which is a kind of oral administration, is a commonly used pain reliever and fever reducer.
However, oral administration carries various health risks, especially overdose and frequent use; for
instance, AP is administered approximately 4 times per day. Therefore, the aim of this study is to
develop an efficient delivery system for once-daily administration by combining sodium alginate and
polysuccinimide (PSI) hydrogels to delay the release of analgesic AP. PSI is a biodegradable polymer
that can be used safely and effectively in drug delivery systems because it is eliminated by hydrolysis
in the intestine. The use of PSI also improves the mechanical properties of hydrogels and prolongs
drug release. In this study, hydrogel characterizations such as mechanical properties, drug dissolution
ability, and biodegradability were measured to evaluate the hydrolysis of PSI in the intestine. Based
on the results, hydrogels could be designed to improve the structural mechanical properties and to
allow the drug to be completely dissolved, and eliminated from the body through PSI hydrolysis in the
intestines. In addition, the release profiles of AP in the hydrogels were evaluated, and the hydrogels
provided continuous release of AP for 24 h. Our research suggests that sodium alginate/PSI hydrogels
can potentially serve as biodegradable delivery systems for AP. These findings may have significant
implications for developing efficient drug delivery systems for other classes of drugs.

Keywords: acetaminophen; bioavailability; drug delivery; polysuccinimide; prolonged; sodium
alginate

1. Introduction

Acetaminophen (AP), a commonly used analgesic and antipyretic, is a component of
several prescribed and over-the-counter medicines [1]. However, use of an inappropriate
dosage or continuous use of the drug may lead to patient overdose. The recommended
dosage of this drug is 500–1000 mg every 4–6 h, with a maximum of 4000 mg every 24 h
for both adults and children (≥12 years) [2]. Excess AP can cause acute liver damage.
Moreover, AP is one of the most commonly used medicines causing acute liver injury and
is the leading cause of acute liver failure as its elimination half-life is approximately 2 h for
therapeutic doses [3–6]. Regular use of AP is essential for analgesic and antipyretic support
in patients with fever and discomfort. Although AP is considered a relatively safe drug in
the human gastroduodenum, current epidemiological studies have shown that large doses
of this drug may increase the risk of bleeding and gastric ulcers [7]. AP is also known to be
well absorbed in a wide range of intestinal locations [8]. Therefore, an efficient method for
AP delivery to the intestinal tract that retains its analgesic and antipyretic effects for a long
period is necessary to reduce its continuous intake and prevent the harmful effects of AP
on the body. Nowadays, hydrogels are an interesting class of targeted delivery systems
and have been used in numerous biomaterials, including drug delivery systems [9].
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Hydrogels are three-dimensional polymeric networks that are hydrophilic, insoluble,
and capable of retaining significant volumes of water and biological fluids. They can
be used for various biomedical applications, such as the sustained release of therapeutic
agents, owing to their biocompatibility and biodegradability [10,11]. Hydrogels have been
studied for various biomedical, industrial, and agricultural applications. In the medical
field, hydrogels have also been used to enhance recovery and lessen scarring. Hydrogels
are excellent materials for injury healing since they have been proven to improve the
mechanical and functional properties of animal tissues [12]. They can absorb and store
various drugs and facilitate their release at an appropriate rate over time. They exhibit low
toxicity and high biocompatibility and biodegradability. Hydrogels can also be completely
broken down into monomers or small molecules [13], making them suitable as drug
delivery systems to promote sustained and regulated local drug release, improve the
therapeutic efficacy of drugs, and decrease the adverse side effects of drugs [14]. Multiple
delivery systems based on polymers, such as alginate, are currently being investigated
for intestine-targeted delivery of drugs. Digestive system enzymes degrade and release
drugs [15–17].

Sodium alginate (NaAlg), a natural polymer derived from brown seaweed, is non-toxic
and biodegradable. NaAlg is composed of various quantities of d-mannuronic acid and
L-guluronic acid. NaAlg has been used for controlled drug release as it rapidly creates three-
dimensional networks in the presence of multivalent metal cations [18]. The sodium salt
of alginic acid, composed of d-mannuronic acid and L-guluronic acid, chemically creates
a hydrogel with the addition of crosslinkers, such as calcium chloride, via interactions
with a divalent cation [19]. Under acidic conditions, NaAlg transforms into porous alginic
acid, which becomes a soluble layer in the colon [20]. The prolonged release of AP from
NaAlg-based controlled-release tablets, as investigated by Rubio and Ghaly, has been the
subject of numerous studies on the use of alginate gels for sustained drug release [21].
Sharma et al. tested an in situ quick-gelling formulation for an oral sustained alginate
gel for patients with dysphagia [22]. Furthermore, incorporating organic and inorganic
elements into biopolymer matrices for reinforcement often improves the mechanical and
physical properties of the matrix, which can increase drug encapsulation [23]. Recently,
other bioinorganic components, including montmorillonite and CaCO3 [24–26], have been
applied to alginate matrices to generate various alginate–inorganic composite particles that
support long-term drug release. Therefore, NaAlg is a suitable drug delivery system.

Polysuccinimide (PSI) is a non-toxic aspartic acid (ASP) polycondensation product [27].
PSI is biodegradable and pH responsive [28]. It is stable under acidic pH and is rapidly sol-
uble at neutral pH due to the hydrolysis of PSI in the succinimidyl primary sequence. This
is comparable to the gastrointestinal environment, which has an acidic pH in the stomach
and neutral pH in the intestine [29]. A study on the use of PSI in conjunction with AgNPs
to boost antibacterial activity and extend the paracetamol release period yielded positive
results [30]. PSI nanoparticles (NPs) were shown to hydrolyze slowly under physiological
pH 7.4 conditions while being stable under acidic conditions. The ability of NPs to be
dissolved under neutral conditions while maintaining stability in acidic environments is
a highly desirable property for oral delivery technologies [31]. Therefore, it is considered
that PSI exhibits potential for the development of medication delivery systems. The control
of drug carrier material degradation in the acidic environment of the stomach using the
combination of PSI and NaAlg may aid in prolonging the drug release time in the gastroin-
testinal environment. PSI is mainly hydrolyzed by the intestinal environment. Therefore,
its release in the intestine is important for efficient drug delivery [32]. Furthermore, it is
well known that substances that are biologically persistent or that degrade too slowly can
cause undesirable biological reactions in the long term [33]. As a result, it is also important
to design a drug delivery system that can break it down and release it in the body in a
timely manner. The aforementioned qualities and properties of PSI make it a candidate
for ensuring the ability of a drug delivery system to hydrolyze substances to extend the
drug release time and prevent drug carrier substances from remaining in the body for a
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long period of time. In this study, we developed an efficient hydrogel system using NaAlg
substrate combined with AP-containing PSI to prolong AP release while minimizing drug
release in the stomach and maximizing drug release in the intestine. The NaAlg substrate
was combined with PSI and crosslinked with Ca2+ to form a hydrogel. The biocompatibility
and prolonged AP release efficiency of this hydrogel were further studied and compared
with those of other hydrogels prepared using only a NaAlg substrate.

2. Results and Discussion

2.1. Synthesis and Characterization of Alg-PSI

The hydrogel synthesis process comprises two steps, as shown in Figure 1. In the
first step, PSI was synthesized by the bulk polycondensation of ASP with an o-phosphoric
acid catalyst. 1H NMR spectroscopy was used to confirm PSI production (Figure S1).
The methine proton signal (a) at 5.3 ppm and the methylene proton signal (b) at 2.7 and
3.2 ppm are visible [34]. The molecular weight of PSI was estimated using gel permeation
chromatography (Figure S2). The number average molecular weight (Mn) and weight
average molecular weight (Mw) were 20,867 and 34,724 g mol−1, respectively, with a PDI
of 1.66.

Figure 1. Scheme of hydrogel synthesis using PSI and Alg.

The second step involved the synthesis of the Alg-PSI hydrogel. The color of NaAlg
and PSI precursor solutions changed markedly when dissolved together (Figure 2A–D).
The higher the PSI concentration, the more opaque the NaAlg-PSI mixture. Hydrogel
formation was detected using the tube inversion method (Figure 2A–D). The vials were
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inverted and the flowability of the solution was determined. Gel formation was observed
immediately after adding CaCl2 solution to the mixture (Figure 2A–D).

Figure 2. (A–D) Formation of Alg-PSI hydrogels with different concentrations of PSI: (A) 0%, (B) 0.5%,
(C) 1.5%, and (D) 3% PSI (w/v). (E) Fourier-transform infrared (FT-IR) spectra of PSI, Alg, Alg-PSI,
AP, and AP/Alg-PSI. (F) X-ray diffraction (XRD) patterns of PSI, Alg, and Alg-PSI.

FT-IR spectroscopy was used to examine the functional groups of PSI, Alg, and Alg-PSI
samples (Figure 2E). For the PSI sample, characteristic bands of the C=O and C-N groups
of the imide ring were observed at 1707 and 1389 cm−1, respectively [35]. The peak at
2948 cm−1 represents -CH2 [36]. For the Alg sample, the peaks at 3308, 1596, 1416, and
1306 cm−1 represent O-H, -COO- asymmetric, and C-O stretching, respectively [18]. For the
Alg-PSI sample, the characteristic peak of Alg was shifted from 1596 to 1616 cm−1 and the
peak of PSI from 1707 to 1712 cm−1, illustrating the combination between Alg and PSI. In
addition, the spectra exhibited obvious changes in the characteristic peaks. New peaks at
2980 and 2908 cm−1 indicate the presence of the -CH2. As a result, the incorporation of PSI
into the alginate hydrogel structure is visible. It is noted that when looking into the FT-IR
spectrum of Alg-PSI, all characteristic peaks from NaAlg and PSI are still observed even
though they show some shifts in peak positions. This may illustrate that there are not any
additional chemical reactions between Alg and PSI, but the physical properties have been
changed due to the coexistence of Alg and PSI. Meanwhile, the vibrational peaks for O-H
and CH3 stretching were detected at 3321 cm−1 and 3160 cm−1, respectively, in the FT-IR
spectrum of AP. The vibrational peak at 1649 cm−1 was attributed to C=O. At 1560 cm−1,
the N–H amide II bending was observed. The C–C stretching peak came at 1435 cm−1,
while the asymmetrical bending in the C–H bond appeared at 1504 cm−1 [37]. The AP
spectrum reveals an exceptional absorption at around 3321 cm−1, which is associated with
O–H and not visible in the AP/Alg-PSI spectrum. Rather, a wide peak at 3228 cm−1 can be
observed. Furthermore, the distinctive peaks for both AP and the Alg-PSI hydrogel are still
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visible in the AP/Alg-PSI sample, demonstrating that AP and the hydrogel do not react
chemically to form byproducts or deteriorate the drug, ensuring the medicinal benefits of
AP. It shows that AP was successfully loaded into the hydrogel matrix.

Differences in the structures of PSI, Alg, and Alg-PSI were determined using their
X-ray diffraction (XRD) patterns, as shown in Figure 2F. No peaks for PSI are visible in
the XRD pattern because PSI is an amorphous polymer [38]. XRD patterns of the Alg and
Alg-PSI samples exhibited no significant differences. However, the Alg-PSI sample showed
more noise patterns than Alg, possibly due to the incorporation of amorphous PSI.

Figure 3 shows SEM images of freeze-dried Alg and Alg-PSI at different PSI concentra-
tions. The surface of the Alg sample showed a similar morphology compared to previous
studies (Figure 3A) [39,40]. The Alg surface is rough and contains nanometer-sized particles
due to water separation occurring during the freeze-drying process. This causes the poly-
mer networks to break down, forming a rough surface [41]. Here, the Alg-PSI hydrogels
had rougher surfaces than those of Alg as PSI was blended into Alg. Surface roughness
became more complex as the applied amount of PSI increased from 0.5 to 3% PSI (w/v).
This can be explained by the insolubility of PSI in water. When PSI is exposed to water,
its structure collapses instantaneously, and polymer precipitation is evenly dispersed and
blended in NaAlg before this mixture forms a hydrogel with CaCl2 crosslinking, leading to
a rough surface [31]. This demonstrates that PSI was incorporated into the hydrogel.

Figure 3. Scanning electron microscopy (SEM) images of hydrogels containing different concentra-
tions of PSI: (A) 0%, (B) 0.5%, (C) 1.5%, and (D) 3% PSI (w/v).

2.2. Rheological Properties of Hydrogels

Next, the mechanical properties, stability, and viscosity of the hydrogels were investi-
gated using a rheological test method. Gelation occurred when Ca2+ cations were added
to Alg, forming an Alg-PSI complex. After 24 h of rest and stabilization, the rheological
properties of the hydrogels were analyzed based on the rheological characteristics of the
material and frequency variation. Figure 4A–D shows the storage modulus (G’) and loss
modulus (G′′) of the hydrogels as functions of frequency. G’ was greater than G′′ in all
samples, indicating that Ca2+ cations replaced Na+ ion sites to form a stable hydrogel
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network. The average value of G’ of the hydrogels is calculated in Figure 4E. G’ increased
with increasing PSI concentrations in the complex. Moreover, the combination of PSI with
Alg made the hydrogel structure more solid and stable, increasing its application stability as
a drug delivery system. Figure 4F shows the viscosity of the hydrogels. Viscosity decreased
with increasing cutting speed and increased with increasing PSI concentration in the hydro-
gel network. PSI acted as a thickener in the hydrogel system. PSI may have contributed to
the increase in viscosity by improving the interactions with Alg in the hydrogel matrix and
increasing hydrogel entanglement.

Figure 4. (A–D) Frequency sweep of dynamic moduli (G’: storage moduli; G′′: loss moduli) of
Alg-PSI hydrogels at 37 ◦C. Frequency = 0.1–10 Hz, strain = 0.1%. (A) 0%, (B) 0.5%, (C) 1.5%, and
(D) 3% PSI (w/v). (E) Average G’ values of Alg-PSI hydrogels: (S1) 0%, (S2) 0.5%, (S3) 1.5%, and (S4)
3% PSI (w/v). Significant differences were observed between all of the groups (p < 0.01). (F) Viscosity
curves of Alg-PSI hydrogels: (S1) 0%, (S2) 0.5%, (S3) 1.5%, and (S4) 3% PSI (w/v).

2.3. Drug Loading Efficiency and Degradation Tests to Assess Drug Release

Figure 5B shows the determined loading efficiency of AP in the hydrogel. The loading
efficiency of the S1 hydrogel was ~60%, and the drug loss was mostly caused by the porous

65



Gels 2023, 9, 980

nature of the alginate network which allowed the drug molecules to diffuse rapidly during
the gelation step. On the other hand, the loading efficiency of the S4 hydrogel increased
by ~70% with increasing PSI content in the hydrogel structure. This characteristic is
comparable to other research that used alginate hydrogels to encapsulate calcium phosphate
for boosting medication loading effect [42]. The diffusion ability of the drug was hindered
by the presence of PSI in the alginate matrix. As a result, the loss of the model drug
during the preparation process was reduced, and ultimately, the loading efficiency was
dramatically improved. The drug release rate may be also reduced by such an impact [43].

Figure 5. (A) Images of Alg-PSI hydrogels with different concentrations of PSI as a function of
time: (S1) 0%, (S2) 0.5%, (S3) 1.5%, and (S4) 3% PSI (w/v). (B) Percentage of AP loaded into Alg-PSI
hydrogels with different concentrations of PSI: (S1) 0%, (S2) 0.5%, (S3) 1.5%, and (S4) 3% PSI (w/v).
The symbol * indicates a significant difference (p < 0.05). (C) Drug release profile of Alg-PSI hydrogels
with different concentrations of PSI at pH 1.2 and 7.4: (S1) 0%, (S2) 0.5%, (S3) 1.5%, and (S4) 3%
PSI (w/v).
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The degradation of hydrogels is similar to the two basic processes that lead to the
degradation of polymer-based materials: surface and bulk degradation [44]. Surface
degradation is defined as occurring only at the surface, producing particles of smaller
size while retaining the core of the material [45]. Bulk deterioration, on the other hand,
causes continuous erosion throughout the material, resulting in fragments as byproducts.
Therefore, these two mechanisms can be used together to characterize the degradation
mechanism observed in the hydrogel [46] (Figure 5A). Alg is known to undergo proton-
catalyzed hydrolysis [47]. Thus, the crosslinked Alg substrate, when exposed to an acidic
environment, can be converted to alginic acid, which can lead to a reduced degree of
crosslinking and thus faster decomposition. When the hydrogels were exposed to HCl,
alginate was hydrolyzed to alginic acid, the COO− group was converted to a bonded
carboxylic group, and the electrostatic interactions between the Ca2+ and COO− ions
almost disappeared. Furthermore, ion exchange can occur between the H+ and free Ca2+

ions within the hydrogels [48]. The hydrogels swelled quicker when the solution medium
was changed from HCl to phosphate buffer at pH 7.4 [48]. However, it did not attain a high
water absorption value because of the loose topology of the hydrogels. Furthermore, ion
exchange between H+ ions (produced by carboxylic group ionization in a buffer at pH 7.4)
and Na+ ions present in the buffer may occur, resulting in carboxylic group absorption. In
addition, Alg began to dissolve in the substrate, lowering the weight of the hydrogels and
finally fully dissolving. As a result, hydrogels with greater PSI concentrations have a longer
hydrogel collapse time, as shown in Figure 5A, because PSI promotes the entanglement
of the polymer network. Simultaneously, PSI was not hydrolyzed in the acidic medium,
resulting in PSI partially preventing the hydrogel from converting Alg to alginic acid
during formulation. As a result, when the hydrogel network was in PBS at pH 7.4, it
remained more stable than hydrogels with only Alg substrates. Notably, the hydrogel
exhibited symptoms of collapse even at pH 7.4 owing to the alkaline hydrolysis capabilities
of PSI. This hydrolysis may persist for up to 24 h in hydrogels with higher PSI values
(S3 and S4). The duration for which a material remains in the body is one of the most
critical characteristics of drug delivery methods. Their duration should not be too long
nor too short to have a therapeutic effect. The duration required to extend the active
ingredient and remove the drug delivery material from the body by approximately 24 h is
highly reasonable for a medication delivery system for patients with high fever and pain
alleviation. These results indicate that S3 and S4 hydrogels have great potential as AP drug
delivery systems.

Drug release from the hydrogel was primarily determined by the characteristics of
the Alg-PSI matrix and drug encapsulation in the polymer system. The mechanism of
drug release from the hydrogel system can be divided into two major pathways: drug
release via alginate network breakdown, and drug diffusion via the alginate network [49].
The hydrogels were released differently in media of acidic pH 1.2 and in PBS (pH 7.4), as
illustrated in Figure 5C. The AP release of the released hydrogel S1 was greatest at pH
1.2, reaching 70% at 2 h. Drug release via alginate network degradation to alginic acid
and hydrogel degradation released the drug from the hydrogel structure. In contrast, in
the case of hydrogels S2, S3, and S4, the drug release was somewhat reduced because the
presence of PSI inhibited the structural deterioration of the networks, making the hydrogel
networks more stable and minimizing the rapid release of AP into the environment. When
the medium was changed from pH 1.2 to pH 7.4, the hydrogels had a loose structure due
to degradation in the acidic environment, and they could be dissolved in the medium.
After 6 h, the S1 and S2 hydrogels begin to dissolve completely. This dissolution took
approximately 24 h longer for S3 and over 48 h for S4 due to higher concentrations of PSI
in S3 and S4. It is noted that during the first 2 h in the gastric environment, S4 allows
significantly less AP release than the other hydrogels and allows for higher release when
transported into the intestinal-like environment, improving AP efficacy. Owing to PSI’s
ability to be bio-hydrolyzed, it was added to the alginate hydrogel network to extend the
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time during which AP was released while also assisting in the removal of extra hydrogel
from the body.

2.4. Cell Viability of Hydrogels

An MTT assay was performed to confirm the biocompatibility of Alg-PSI hydrogels at
different concentrations. The hydrogels were stabilized for 24 h after gelation, sterilized,
and adapted to the cell culture medium. Then, the hydrogels were placed in a hanging
insert for indirect interactions with the cells, avoiding direct contact between the hydrogels
and cells. The relative cell proliferation (%) was expressed by dividing the absorbance
of the treatment groups by the absorbance of the control group. Figure 6 shows slightly
higher cell proliferation in the groups treated with Alg-PSI hydrogels than in the control
group. These results suggest that the Alg-PSI hydrogels had no cytotoxic effects on cells.
In particular, Ca2+ ions were used to crosslink the Alg-PSI hydrogels, which altered the
cell culture environment but had no adverse effects on the cells. PSI is non-cytotoxic
and biocompatible with NIH/3T3 cells; therefore, Alg-PSI hydrogels have excellent cell
biocompatibility regardless of the addition ratio [36]. Although not investigated in this
study, the number of M-blocks in the alginate structure has been reported to promote
cytokine production and affect immunogenicity [50]. These effects can potentially be used
to modulate the immunity and control the release behavior of AP and develop new drug
delivery systems in the future.

Figure 6. Effects of Alg-PSI hydrogels on the proliferation of NIH/3T3 fibroblasts after 24 h using
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. (G1) 0.5%, (G2) 1.5%,
(G3) 3% PSI (w/v), and control group. No statistical differences were observed between groups.

3. Conclusions

In this study, we developed an AP analgesic delivery system comprising a PSI-blended
alginate hydrogel network. Alginate- and PSI-based hydrogels can be used as long-lasting
and biodegradable drug delivery systems. Here, MTT assay revealed that the developed
hydrogels were biocompatible. By changing the concentration of PSI, we enhanced the
mechanical properties and controlled the biodegradation and release of AP in the hydrogel
system. AP was released slowly by the developed system and remained stable for approxi-
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mately one day. However, to accurately control the encapsulation and release of the drug,
the study of detailed physical interactions between PSI and Alg is essential, and further
studies through molecular simulations should be performed. This system can reduce the
daily intake frequency while maintaining the pain-relieving effect of drugs. Moreover,
the hydrogel can be easily removed from the body via PSI bio-hydrolysis in the intestine.
Therefore, the developed hydrogel can prolong the analgesic effects of drugs and rapidly
eliminate the drug delivery materials from the body to prevent toxicity. Based on the
studies mentioned above, additional short-term drug delivery methods can be created and
implemented. In the future, it would be possible to further improve the biodegradation
and drug release period of Alg-PSI hydrogels, making them suitable for long-term drug
delivery systems.

4. Materials and Methods

4.1. Materials

AP (98.0–102.0%), ASP (≥99%), dimethyl sulfoxide (DMSO, ≥99.9%), hydrochloric
acid (HCl, 36.5–38.0%), and methanol (CH3OH, ≥99.9%) were purchased from Sigma-
Aldrich (Seoul, Republic of Korea). Calcium chloride (CaCl2.2H2O), Dulbecco’s modified
Eagle’s medium (DMEM), penicillin–streptomycin, and trypsin-EDTA solution were pur-
chased from WelGene, Inc. (Daegu, Republic of Korea). NaAlg, sulfolane (99%), mesitylene
(98%), phosphoric acid (o-H3PO4, 85%), fetal bovine serum (FBS), phosphate-buffered saline
(PBS, pH 7.4), Dulbecco’s phosphate-buffered saline (DPBS), and 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from Thermo Fisher Scientific
(Waltham, MA, USA).

4.2. Synthesis of Alginate (Alg) Hydrogels
4.2.1. Synthesis of Alg

The alginate hydrogel fabrication method was the same as described above, except
for the addition of PSI. Briefly, 2 mL CaCl2 solution (1.5%, w/v) was added to 2.5 mL
NaAlg (1.5%, w/v). The gel was stabilized at room temperature for 24 h and washed with
distilled water.

4.2.2. Synthesis of Acetaminophen-Loaded Alg (AP/Alg) Hydrogels

Briefly, 0.005 g AP was dissolved in the 2.5 mL NaAlg (1.5%, w/v). Then, 2 mL CaCl2
solution (1.5%, w/v) was added, and the gel was washed with distilled water after allowing
it to stabilize for 24 h at room temperature.

4.3. Synthesis of Alg-PSI Hydrogels
4.3.1. Synthesis of PSI

PSI was prepared as previously described [51]. Briefly, 17.5 g ASP and 500 μL o-
phosphoric acid (85%) were added to 34 g solvent (mesitylene/sulfolane, 7:3) in a three-
necked flask and refluxed under nitrogen pressure. After 4.5 h at 162 ◦C, the water created
in the reaction mixture was removed using a Dean–Stark trap, and the obtained solid was
washed with CH3OH and water. PSI was dried at 70 ◦C in an oven. The percentage yield
of PSI was over 90%.

4.3.2. Synthesis of Complex Alg-PSI Hydrogels

NaAlg solution (1.5%, w/v) was prepared in distilled water, and PSI (0.5, 1.5, and 3%
w/v) was dissolved in DMSO. Then, 2 mL NaAlg solution was added to 0.5 mL PSI solution
and stirred for 30 min at 20 ◦C. After homogenization (NaAlg-PSI), the forming gels were
prepared by adding 2 mL calcium chloride (CaCl2; 1.5%, w/v) to 2.5 mL NaAlg-PSI solution.
After allowing the gels (Alg-PSI) to stabilize for 24 h at room temperature, they were washed
with distilled water and dried at room temperature for subsequent experiments. Different
Alg-PSI hydrogels were established using the same steps by immobilizing the NaAlg
concentration and varying the PSI concentration (0.5, 1.5, and 3% w/v).
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4.3.3. Synthesis of AP-Loaded Complex Alg-PSI (AP/Alg-PSI) Hydrogels

After preparing NaAlg-PSI solutions, AP (0.005 g) was dissolved in the solution to
develop an AP/NaAlg-PSI mixed solution. Then, hydrogels containing the drug were
obtained by adding 2 mL CaCl2 solution (1.5%, w/v) to 2.5 mL AP/NaAlg-PSI solution.
The gels (AP/Alg-PSI) were stored for 24 h for stabilization, washed with distilled water,
and dried at room temperature. The hydrogel samples were sterilized by immersing them
in a 70% ethanol solution for 10 min, followed by transfer to DPBS for an additional 1 h.
The characterization was performed after the sterilization process.

4.4. Characterization
1H NMR (Jeol, JNM-ECZR, 500 MHz) was used to characterize PSI. DMSO-D6 was

used as the solvent to prepare the 1H NMR samples. The number average molecular
weight (Mn), weight average molecular weight (Mw), and polydispersity index (PDI) of
PSI were obtained using GPC (Agilent Technologies 1100). Dimethylformamide was used
as the eluent. The Fourier-transform infrared (FT-IR) spectra of Alg, PSI, and Alg-PSI
were recorded separately using an FT-IR spectrometer (PerkinElmer Frontier, Shelton,
USA) in the range of 4000–700 cm−1. X-ray diffraction of PSI, Alg, and Alg-PSI were
collected with X-ray diffractometer (Rigaku (SmartLab), Wilmington, MA, USA) with a
Cu Kα and produced materials in the 2-theta range from 20◦ to 80◦. Scanning electron
microscopy (SEM; Hitachi SU8600, Tokyo, Japan) at the Smart Materials Research Center
for IoT (Gachon University, Republic of Korea) was used to examine the morphologies
of Alg and Alg-PSI. Prior to scanning, the SEM sample was subjected to a platinum ion
coating applied using a sputter coater for 120 s under vacuum.

4.5. Rheological Tests of Hydrogels

The stability of the hydrogels was investigated by their dynamic rheological behavior
using a rheometer (MCR92, Anton Paar, Graz, Austria) equipped with a parallel-plate
geometry and a flat-bottom plate with a diameter of 25 mm. After preparation, the gels of
each group were washed with distilled water, and the water was removed. First, the storage
(G’) and loss (G′′) moduli were measured by a frequency sweep (0.1–10 Hz) under the
linear viscoelastic region (LVR) with a fixed strain (0.1%) at 37 ◦C to confirm the hydrogel.
In addition, the viscosity was confirmed according to the shear rate change (0.001–1 s−1).

4.6. Degradation Analyses of Hydrogels

The degradation rates of the hydrogels were measured in a test medium to correlate
the observed drug release with the rate of hydrolysis. The hydrogels were transferred to a
water bath in a HCl medium (pH 1.2) and subjected to shaking for 2 h. The hydrogels were
then placed in PBS (pH 7.4). All tests were carried out at 37 ◦C. The surface of the hydrogel
was then dried and images of the hydrogel were recorded.

4.7. AP Encapsulation Efficiency

AP encapsulation efficiency was determined by extracting the entire drug from the hy-
drogels. The drug-containing hydrogels were completely dissolved in PBS solution (pH 7.4)
by magnetic stirring for 72 h and then completely sonicated to obtain a homogeneous
solution (to ensure that the hydrogels had completely degraded and released AP into the
PBS solution). The amount of AP was estimated using a UV spectrophotometer at 243 nm
and the drug encapsulation efficiency was calculated according to the following equation.
The results were obtained from three independent experiments.

% Drug encapsulation =
W1

W2
× 100

where W1 is the actual amount of AP in the hydrogel and W2 is the amount of AP theoreti-
cally encapsulated.
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4.8. Acetaminophen Release Tests

The drug release behavior was observed by loading the loaded hydrogels in HCl
(pH 1.2) and PBS (pH 7.4) solutions in an orbital shaker bath at 37 ◦C set at 100 rpm
to simulate the digestive environment. At regular intervals, the extracts (1 mL) were
removed and immediately replaced with an equal volume of fresh solution. AP release
was determined by analyzing the periodic percentage of the extract using UV spectroscopy.
The UV-visible absorbance of AP was measured at 243 nm.

4.9. In Vitro Cytotoxicity

NIH/3T3 cells were obtained from the Korean Cell Line Bank (Seoul, Republic of
Korea). NIH/3T3 fibroblasts were cultured in culture medium (DMEM containing 10%
v/v FBS and 1% v/v penicillin–streptomycin) at 37 ◦C, 5% CO2, and 95% air. The biocom-
patibility of the hydrogels according to the concentration of PSI (0, 0.5, 1.5, and 3% w/v)
was evaluated by MTT assay. Fibroblasts were seeded in 24-well plates at a density of
2 × 104 cells/well and incubated with the culture medium for 24 h. The hydrogel samples
were prepared in a size of 25 μL. After 24 h of seeding, the hydrogels were placed on a
hanging insert to contact the cells. A sufficient amount of the medium was added to the
hanging insert containing the gel to allow it to sink. The control group was not treated
with the hydrogel, whereas the other groups (G1, G2, and G3) were treated with hydrogel,
respectively. After 24 h, the medium was replaced with culture medium containing 10% v/v
MTT solution (6 mg/mL). After 1 h, the formazan crystals were dissolved in DMSO, and
the absorbance was measured using a microplate reader (Agilent Technologies, Santa Clara,
CA, USA). The relative cell proliferation (%) was expressed by dividing the absorbance of
the treatment groups by the absorbance of the control group.

4.10. Statistical Analysis

All data are expressed as mean ± standard deviation. Each experiment was repeated
three times, unless otherwise indicated. Statistical evaluation was performed using one-
way analysis of variance (ANOVA). A p value < 0.05 was considered statistically significant.
Statistical analysis was performed using the statistical software GraphPad Prism 9.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/gels9120980/s1, Figure S1: 1H NMR spectroscopy of PSI; Figure S2:
GPC of PSI.
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Abstract: The oil of the Unani medicinal herb Baboona (Matricaria chamomilla) has shown potential in
the management of pain. However, predicaments such as poor skin penetration, skin sensitization,
liable to degradation, and volatile nature restrict its use. Therefore, our group for the first time
has developed a carrier-based delivery system to facilitate the direct application of chamomile
oil to the forehead. The developed nanogel was characterized for physical parameters such as
compatibility, TEM, and stability studies. Further, it was also evaluated for pH, viscosity, spread
ability, and extrudability, as well as through texture analyses, in vitro studies, and skin irritation
tests. The formulation was successfully developed with all the necessary attributes. The in vitro
studies revealed the enhanced skin penetration of chamomile oil nanogel. The in vivo studies
were also performed in chemically induced pain models, mimicking migraine. The studies show
significant improvement of the pain threshold for chamomile nanogel when compared to the positive
control group and the results were comparable to marketed diclofenac formulations. Finally, the
encapsulation into nanogel reduced the skin irritation property. The nanogel formulation showed
promising effects in the pain management of migraine.

Keywords: Baboona; chamomile; Matricaria chamomilla; migraine; nanogel; nanoemulsion; pain; topical

1. Introduction

Migraine is a common neural condition characterized by chronic, pulsating pain,
mostly experienced on one side of the head, i.e., unilateral attack [1]. The severity of
headaches ranges from moderate to severe, usually persists for 4–24 h, and is associated
with symptoms such as nausea, vomiting, photophobia, or phonophobia. It is most common
in children and younger individuals, especially in women [2].

According to the World Health Organization, migraine affects approximately 12% of
the global population, 17% of women, and 6% of men [3]. It severely affects quality of life
and puts a burden on individuals due to the high treatment costs. Although many treat-
ments are available for pain management, they exhibit limited efficacy due to significant
side effects, toxicity, and unfavorable physicochemical characteristics [4]. In the search for
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alternate therapies, herbal plants and oils have been explored as they contain compara-
tively far safer compounds. The popularity of natural medicine is continuously increasing,
and it has emerged as a globally sought-after approach. Unani is an ancient medicinal
system of medicine that is widely practiced in India as well as in certain other countries.
The application of herbal drugs into nanotechnology is a novel approach to magnify the
solubility, absorption rate, and permeation of herbal medicine, which demonstrates the
high bioavailability and therapeutic potential of these medicinal plants [5].

Baboona (Matricaria chamomilla) is a very promising Unani medicinal herb used orally
as well as locally to treat many disorders including various kinds of headaches, particularly
migraine [6]. Research regarding its formulation and application in medicine is rare, and it
is used for its soothing qualities as a sedative, mild analgesic, and sleep medication. The
main constituents in chamomile essential oil (CO) are chamazulene, apigenin, and bisabolol
which possess properties of pain management. There are many reports which claim that
CO possesses properties for the treatment of migraine [7]. The apigenin and its derivatives
act as a COX-2 inhibitor and possess anti-inflammatory effects due to the inhibition of
endogenous prostaglandin E2 (PGE2) levels in RAW 264.7 macrophages [8]. It also acts as a
neuroprotective agent because of the inhibition of nitric oxide synthase and subsequently
leads to inhibited nitric oxide levels, which play an important role in inducing acute to
chronic migraine attack [9].

However, pure essential oil has irritation potential and cannot be applied directly to
the forehead. Additionally, CO is volatile, with poor tissue permeability and high degra-
dation. Therefore, its beneficial therapeutic properties require a delivery approach that is
able to improve its penetrative power, negate its volatility, and enhance the therapeutic
effectiveness of CO [6]. This could be achieved by delivering CO in a sustained manner
by using a delivery carrier such as nanoemulsion-based gel. Nanoemulsion formulations
possess unique properties such as high biocompatibility, ease of surface modification, and
smaller size [10]. Nanoemulsion-based formulations are effective fortreating migraine, as
they enhance the therapeutic efficacy and tolerability of antimigraine drugs [11]. Moreover,
a nanoemulsion-based nanogel offers high patient acceptability, as it is non-invasive and
easily applicable [12]. Despite the numerous therapeutic benefits of CO in migraine, nobody
has ever attempted to enhance its efficacy using a suitable carrier system.

In our work, we propose the formulation of a CO-loaded nanoemulsion (CON) and
its conversion into gel (COG), which is expected to reduce skin irritation and enhance the
therapeutic activity of CO. The study will be supplemented with characterization studies to
confirm the suitability of the formulation, as well as in vitro release and permeation studies
and in vivo pharmacodynamic studies in order to demonstrate performance attributes,
followed by in vitro skin irritation and stability studies, which will address the physical
stability and acceptability of the formulation.

2. Results and Discussion

2.1. Construction of Pseudo-Ternary Phase Diagrams

All the nanoemulsions were prepared usingthe aqueous titration method, as shown in
Figure 1. The nanoemulsion forming zone was marked on pseudo-ternary phase diagrams.
The pseudo-ternary phase diagrams with the largest nanoemulsion-forming zones were
selected for the preparation of nanoemulsions. It was observed that the Smix, comprising
PEG 400/Tween 20 at a ratio of 1:1, revealed the formation of a nanoemulsion. Further, the
most prominent nanoemulsion zone was seen in the oil:Smix ratio of 1:5.

2.2. Thermodynamic Stability Studies of Developed Nanoemulsion

The stability studies of different chamomile-loaded nanoemulsion formulations are
shown in Table 1. The CONs that were physically unstable showed signs of phase separation
and were therefore rejected.
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Figure 1. Pseudo-ternary phase diagrams of the developed nanoemulsion formulations using dif-
ferent oil:Smix ratios: (a) 1:9, (b) 2:8, (c) 3:7, (d) 4:6, (e) 5:5, (f) 6:4, (g) 7:3, (h) 8:2, (i) 1:2, (j) 1:3,
(k) 1:5, (l) 1:6, (m) 1:7, and (n) 1:8. The figure shows oil, surfactant:cosurfatant, and water in each
corner with 100% of each component. The blue dots indicate clear dispersion, whereas red crosses
denote turbidity. It can be seen that the nanoemulsion forming zone (represented by blue dots) is
larger in images (k–n), suggesting stable formulation.

Table 1. Thermodynamic stability studies of selected nanoemulsion formulations.

Oil:Smix Heating–Cooling Cycles Centrifugation Freeze–Thaw Inference

1:5 Clear Clear Clear Stable

1:6 PS PS PS Unstable

1:7 PS PS PS Unstable

1:8 PS PS PS Unstable
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2.3. Characterization of Selected Nanoemulsion Formulations
2.3.1. Particle Size, Zeta Potential, and Polydispersity Index (PDI)

The particle size, zeta potential, and polydispersity index of the optimized CONs are
22.95 nm, −6.27 mV, and 0.335, respectively, as represented in Figure 2.

Figure 2. (a) Droplet size distribution by intensity; (b) zeta potential graph.

2.3.2. Transmission Electron Microscopy

Transmission electron microscopy (TEM) was performed in order to study the morphol-
ogy and structure of the optimized CONs. The formulations were observed at magnification
45,000× and 11,000× under TEM. From the TEM images, we can conclude that globules
were well-formed and spherical. No aggregation was observed. The globules observed in
the TEM images were found to be less than 100 nm (Figure 3).

 

Figure 3. Transmission electron microscope images of nanoemulsion droplets at a magnification of
(a) 11,000× (scale in the image represents 500 nm) and (b) 45,000× (scale in the image represents
500 nm).
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2.3.3. Compatibility Studies

Structural compatibility was further observed for CON and CO with the help of the
FT-IR spectra (Table 2). The FT-IR spectrum of pure CO was compared with that of CON.
Since there was no major shift in the peaks of CO-loaded nanoemulsion, this indicates no
chemical incompatibility or interactions in the drug-excipient combination, as shown in
Figure 4a,b.

Table 2. FT-IR spectra peaks of chamomile oil and nanoemulsion. The figures represent the wave
number values for different functional groups.

S. No Groups
Actual Value

(cm−1)

Observed Values

Chamomile Oil Nanoemulsion

1. -CH2- (aliphatic asymmetric) 2926 2929.21 2925.55

2. C=O 1730–1750 1731.81 1732.42

3. =C-H (Scissor) Approx. 1465 1456.51 1457.14

4. C-O 1000–1300 1374.96 1355.23

2.4. Preparation and Evaluation of Nanogel

The prepared nanogel was evaluated for various parameters to uncover whether the
final optimized COG was suitable for topical application.

2.4.1. pH Measurement

The pH value of the nanogel was found to be 5.8 ± 0.03, as determined by the
pH meter.

2.4.2. Viscosity

The values for viscosity shown in Figure 5 indicate a decrease in viscosity upon in-
creasing the shear rate from 1 to 100 s−1. This indicates the shear-thinning or pseudoplastic
behavior of the prepared formulations.

(a) 

Figure 4. Cont.
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(b) 

Figure 4. Fourier transform infrared spectra of (a) pure chamomile oil and (b) chamomile oil-loaded
nanoemulsion.

Figure 5. Viscosity vs. shear rate graph of the developed chamomile nanogel.

2.4.3. Spreadability and Extrudability Tests

It was observed that the gel formulation showed good spreadability (21.66 g·cm/s),
which is required for easier topical application. Similarly, the extrudability of the formula-
tion was found to be 89.9%. Sufficient extrudability is an important requirement for the
easy removal of the gel from the tube while it is being used by the patient.

2.4.4. Texture Analysis

The firmness, consistency, cohesiveness, and cohesion function were assessed as
texture parameters of the formulations, as shown in Figure 6, and were found to be
161.14 g, 618.77 g·s, −86.20 g, and −392.94 g·s, respectively.
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Figure 6. Texture profile analysis graph of the developed chamomile oil nanogel. Line 2 indicates
the firmness value when pointing up, and when pointing down, it indicates cohesiveness. The area
between 1 and 2 is consistency and between 2 and 3 is cohesiveness.

2.5. Analytical Method Development

The calibration curve was constructed for apigenin, the major chemical component
present in CO. The linear regression analysis data showed a good linear relationship
(r2 = 0.9979) concerning the peak area in the concentration range of 10–50 ng/μL per spot.
The values of slope and intercept are 0.0006 and 0.0001, respectively.

2.6. In Vitro Drug Diffusion Study

An in vitro diffusion study was carried out in a dialysis membrane bag for 24 h and
showed maximum drug release (99.5 ± 9.1%) for CONs, as shown in Figure 7. When the
formulation was loaded into the gel, then the release was sustained with only a 60 ± 11.3%
release over 24 h.

Figure 7. Cumulative percent drug release vs. time graph of the chamomile oil nanogel (COG) vs.
chamomile oil nanoemulsion (CON) in a phosphate buffer of pH 6.

2.7. Drug-Release Kinetics

In vitro study data were fitted in different models, such as zero-order and first-order,
as well as into a Higuchi plot, Korsmeyer–Peppas plot, and Hixson–Crowell plot. The
Korsmeyer–Peppas plot out of all the above showed the highest linearity, which was
interpreted via regression coefficients, as shown in Table 3. It was observed from the
analysis that an R2 value of 0.9051 was obtained in the Korsmeyer–Peppas plot with an n
value of 0.323, which reveals the Fickian diffusion as shown.

82



Gels 2023, 9, 794

Table 3. Drug-release kinetic analysis of the nanogel formulation using different models.

Zero-Order First-Order Higuchi Korsmeyer–Peppas Hixson–Crowell

K0 (intercept) R2 K1 (intercept) R2 KH (intercept) R2 KKP (intercept) N R2 KHC R2

0.054 0.1065 0.001 0.1124 0.237 0.8763 0.290 0.417 0.9051 0.000 0.1104

2.8. Skin Penetration Study

The skin penetration ability of the CO in the formulation was also assessed. It was
observed that only about 14 ± 2.1 ng of CO was penetrated when used alone(Figure 8).
On the other hand, this number rose considerably when incorporated into a nanogel
formulation, with about 70% of the CO penetrating the skin within 24 h. This shows the
success of the formulation.
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Figure 8. Graph depicting the cumulative amount of pure chamomile oil (CO) and chamomile oil
from nanogel (COG) penetrating excised rat skin vs. time.

2.9. In Vivo Studies
2.9.1. Tail Flick Test

The animals in the control group were subjected to a heat source and the time for
latency was noted throughout the test period. No significant difference in reaction time was
noted. The second group of animals was treated with diclofenac sodium and the latency
time was increased considerably (7.21 ± 0.97), which was suggestive of an increased pain
threshold. Furthermore, the group treated with a topical chamomile formulation was
also tested and showed a significant increase (6.88 ± 0.81, p < 0.001) in tail flick latency,
somewhat similar to the response given by the standard group (Table 4). However, the
insignificant difference between standard treatment and chamomile formulation as depicted
by the percent inhibition in analgesia suggests comparable analgesic activity.

Table 4. The time for latency before treatment and post-treatment using different formulations during
the tail flick test.

Groups Dose
Time (S) Percent

InhibitionPre-Treatment Post-Treatment

Control (saline) 1 mL/kg, IP 2.88 ± 0.75 2.81 ± 1.12 -

Standard treatment
(diclofenac) 20 mg/kg, IP 2.77 ± 0.31 7.21 ± 0.97 36.3

Test treatment
(COG) 100 mg/rat, topical 2.58 ± 0.93 6.88 ± 0.81 34.62
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2.9.2. Acetic Acid-Induced Writhing Test

The administration of acetic acid in Wistar rats induces pain, which had been correlated
with pain suffered in migraine. The irritation generated viaacetic acid in the abdominal
region of rats causes it to constrict their abdomen or stretch their hind limbs, which is
known as writhing. It was observed that there was a significant writhing count after the
rats were exposed to acetic acid during the experiment, confirming the successful induction
of migraine. However, upon treatment with standard and test formulations, the exposed
rats showed a significant decrease (p < 0.001) in writhing count compared to the acetic
acid-exposed group (control), as shown in Table 5. We can conclude that the application of
chamomile oil nanogel resulted in significantly (p < 0.001) reduced writhing, as compared
to the control group. The response shown by the test group was almost similar to the
responses exhibited through application of the standard treatment, diclofenac sodium, as
suggested by their protection percentages.

Table 5. The writhing count exhibited as a result of treatment with different formulations during the
acetic acid-induced writhing test.

Groups Dose No. of Writhes % Protection

Control (saline) 0.3%, 10 mL/kg Ip 24.88 ± 0.98

Standard (diclofenac sodium) 20 mg/kg Ip 11.27 ± 1.1 54.7%

Test (COG) 100 mg/rat, topical 14.75 ± 0.95 40.71%

2.9.3. Light/Dark Box Model

Nitroglycerine exposure to experimental animals showed a marked rise in the time
spent in the dark box (420 ± 18.27; p < 0.01) and a decline in time spent in the light
box (114 ± 18.27; p < 0.001), compared to negative control rats; stating that nitroglyc-
erine successfully induced ananxiolytic effect (Figure 9). However, the administration
of the COG formulation showed a significant decline in the time spent in the dark box
(228 ± 28.65; p < 0.001), as well as a rise in the time spent in the light box (360 ± 28.65;
p < 0.05) upon comparison with the positive control group. The number of transitions dur-
ing the experiment was the highest in the control group and showed a significant decline
in thepositive control group, suggestive of depressive behavior. However, the topical COG
showed a significant elevation in the transitions.

Figure 9. Anxiolytic effect via the light and dark box model. The duration of stay ofthe rats in both
light and dark compartments was tested for different treatment groups. The data represented are
mean ± SEM. Where *** p < 0.001, ** p < 0.01, and * p < 0.05. A two-way ANOVA with Tukey’s post
hoc test was used for statistical analysis.
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2.10. Skin Irritation Test

From the graph (Figure 10), it is clear that maximum viability is observed for negative
control suggestive of negligible skin irritation. On the other hand, positive control showed
a viability of only 5%, which suggests toxicity to human epidermal cells. CO exhibited a
reduced viability score of 36%, which depicts its irritant behavior. The loading of CO into
gel significantly reduced its irritancy, which suggests that it is safe for topical application.

Figure 10. The in vitro skin irritation test expressed as percentage viability for different treatment
groups; NC, negative control; PC, positive control; CO, pure chamomile oil; COG, chamomile
oil nanogel.

2.11. Stability Study

The appearance, phase separation, pH, and percent transmittance of formulated
nanogel were observed to be consistent with no signs of separation and deterioration over
a period of 60 days (Table 6). The results indicated that the optimized formulation was
found to be physically and chemically stable during the study period.

Table 6. Stability studies of optimized nanogel at different time intervals and temperature/humidity
conditions.

Storage Conditions Parameters

Time Temperature/Relative Humidity Appearance Phase Separation pH Percent Transmittance

0 day
25 ± 2 ◦C/60 ± 5% RH Good No 5.9 96.33%

40 ± 2 ◦C/75 ± 5% RH Good No 5.9 96.41%

30 days
25 ± 2 ◦C/60 ± 5% RH Good No 5.8 95.18%

40 ± 2 ◦C/75 ± 5% RH Good No 6.0 95.12%

60 days
25 ± 2 ◦C/60 ± 5% RH Good No 6.1 95.89%

40 ± 2 ◦C/75 ± 5% RH Good No 6.0 95.93%

2.12. Discussion

For the development of nanoemulsion, PEG 400 and Tween 20 were selected as
the surfactants and co-surfactants, respectively, as they exhibited good solubility with
CO. Different Smix ratios and oil:Smix ratios were used for the development of pseudo-
ternary phase diagrams. Only four oil:Smix ratios with an Smix component of 1:1 showed
nanoemulsion formation, namely, 1:5, 1:6, 1:7, and 1:8. The phase diagrams were compared
in order to identify a maximum nanoemulsion region to select the optimized formulation,
which was found to be the 1:5 oil to Smix ratio. The selected formulations were further
screened using thermodynamic stability testing to choose the most stable formulation and
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eliminate metastable formulations. The optimized formulation (1:5) was further subjected
to the characterization of various parameters. The particle size, PdI, and zeta potential were
found to be satisfactory. The nanoemulsion of droplet size 22 nm was further confirmed
with TEM studies. A chamomile oil-excipient compatibility study is a crucial step to decide
the long term stability of the formulation. From the FTIR spectra, it is evident that the
characteristic absorption peaks of chamomile oil were also observed in nanoemulsion, such
as 2925.55 cm−1 (-CH2- aliphatic asymmetric), 1732.42 cm−1 (C=O), 1457.14 cm−1 (=C-H
scissor), and 1355.23 cm−1 (C-O) [13], which strongly suggest that the chemical structure of
chamomile oil is not altered and thus reveals the absence of any interaction.

The next step in formulation development was the preparation of nanoemulsion-based
gel, i.e., nanogel. Carbopol 940 was selected as the gelling agent for the preparation of
gel because of its excellent gel-forming property at low concentrations. Additionally, it
is biodegradable, biocompatible, and non-toxic to the human body [14]. Nanoemulsions
as such are not suitable for topical application because of their higher flowability and
poor viscosity, which may also affect the contact time of the formulation with the skin.
The conversion of a nanoemulsion into gel would improve the viscosity, consistency,
and applicability of the formulation at the site of application. This would also improve
the contact time and the overall penetration of the nanoemulsion formulation into the
skin and ultimately improve the efficacy of the formulation. A 0.5% w/w Carbopol gel
was incorporated into the nanoemulsion at a ratio of 1:1. The viscosity analysis of the
developed nanogel has shown shear thinning behavior, which is favorable. A viscous
gel-like consistency on rubbing action will reduce its viscosity, increase spreadability,
and thus enhanced penetration can be expected which is proven by skin penetration
studies. The nanosize of the carrier system coupled with the skin penetration properties
of nanoemulsion components and Carbopol gel have facilitated enhanced penetration
through the skin barrier. Moreover, the sustained release of CO from the nanoemulsion gel
will enable the longer residence of CO in the skin.

Furthermore, the pharmacological activity of the developed formulation was tested
against migraine. The tail flick method was used as an indication of centrally acting
analgesic activity [15]. Since migraine is associated with throbbing pain, a thermally
induced hyperalgesia method was used to monitor the protective effects of the chamomile
formulation. It can be seen that, in comparison to the control, a significant delay in the
reaction time of with drawing the tail was noted for both standard and test formulations.
This is suggestive of the anti-nociceptive property of chamomile.

Acetic acid is known to induce pain via the release of chemicals that trigger nociceptors,
characterized by episodes of retraction of the abdomen and the stretching of hind limbs.
The signal is transmitted to the central nervous system, which further causes the release of
prostaglandin and contributes to the increased sensitivity to nociceptors [16]. This model
is used for detecting the peripheral analgesic activity. A significantly reduced number
of writhings observed after the application of the chamomile formulation is suggestive
of analgesic activity. It is known that migraine patients are often hypersensitive to light;
therefore, a light–dark box model was a requisite model for studying the anti-migraine
properties of the developed formulation. Nitroglycerine, a known nitric oxide donor,
evokes the trigeminovascular system and develops hyperalgesia and photophobia, which
are characteristic of migraine [17]. During the study, it was found that pre-treatment with
chamomile formulation reduced photophobia as compared to other groups, proving that
chamomile suppresses nitric oxide, which is responsible for the inflammation and induction
of migraine. Our results confirm previous findings that chamomile possesses antimigraine
potential through the inhibition of nitric oxide release [7,18].

Further, chamomile also increased the tolerance to pain via both central and periph-
eral mechanisms. Since migraine is associated with both peripheral and centrally acting
sensitizations [19], topical chamomile nanogel formulation can be effectively used for the
treatment of migraine. However, a major drawback of chamomile oil is skin sensitization
potential. Therefore, the oil was encapsulated in a nanogel formulation. Skin irritation
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potential was tested using a reconstituted human epidermal skin model, as per the OECD
TG 439 protocol. The principle for this test is an MTT assay, where viable cells convert
MTT into blue formazan salt [20]. Therefore, the higher the color intensity at 570 nm, the
higher the viability of cells. The results of the test conclude that the formulation is safe for
topical use.

3. Conclusions

The chamomile oil-loaded nanogel formulation was successfully developed with a
uniform droplet size of less than 100 nm. The release studies show that the incorporation
of chamomile oil intonanoemulsion has improved aqueous solubilization and restricted
release when converted into a gel. This has provided a sustained release of chamomile
oil. Increased skin penetration was observed due to the nanosize of the droplets coupled
with the presence of skin permeation ingredients in the formulation. The shear thinning
properties of the gel facilitated better dermal penetration due to the rubbing action, which
reduced the viscosity. Finally, the in vivo studies revealed significant anti-nociceptive
properties and an increased pain threshold for the developed formulation, suggesting
analgesic activity. It was also observed that the formulation reduced photophobia in
nitrolycerine-induced migraine models, which suggests thatprevents migraine by inhibiting
the release of nitric oxide. However, further studies are still needed to confirm anti-migraine
properties. Nonetheless, the studies conclude that the developed topical chamomile oil
nanogel is safe for application to the forehead and can be used for analgesia in migraine.

4. Materials and Methods

4.1. Materials

Chamomile oil was procured from Vaadi Herbals, Pvt. Ltd. (Delhi, India) Api-
genin, acetic acid, chloroform, toluene, and Tween 20 were procured from Sigma-Aldrich
(St. Louis, MO, USA). Carbopol 940, Polyethylene glycol (PEG 400), triethanolamine, and
methanol were procured from LobaChemie, Pvt. Ltd. (Mumbai, India). The dialysis
membrane (size: 14,000 Da; diameter 17.5 mm) was procured from Hi-Media Laboratories,
Pvt. Ltd. (Kennett Square, PA, USA).

4.2. Method of Preparation
4.2.1. Selection of the Nanoemulsion-Forming Zone viaPseudo-Ternary Phase Diagrams

For the pseudo-ternary phase diagrams, surfactant/co-surfactant mixtures (Smix)
of Tween 80/span 80, Cremophor® RH40/span 80, and PEG 400/Tween 20 at different
ratios (1:1, 1:2, 2:1, 1:3, and 3:1) were prepared. These pseudo-ternary phase diagrams
were composed of fixed ratios of chamomile oil and Smix, namely, 1:9, 1:8, 1:7, 1:6, 1:5,
2:8 (1:4), 1:5, 1:3, 1:2, 3:7 (1:2.3), 4:6 (1:1.5), 5:5 (1:1), 6:4 (1:0.7), 7:3 (1:0.43), 8:2 (1:0.25),
and 9:1 (1:0.1) with water. The mixtures of the Smix ratio were selected based on their
combined HLB values. According to the method, CO and Smix were mixed together at
room temperature to obtain the organic phase. Then, the water was added dropwise
to the organic phase using a vortex shaker and was visualized against a light and dark
background and observations were carried out for transparent formulation [21]. The results
were plotted in pseudo-ternary phase diagrams using PCP-triangular software.

4.2.2. Preparation of Nanoemulsion

Pseudo-ternary phase diagrams that resulted in a maximum nanoemulsion formation
zone were selected for the preparation of nanoemulsions. The composition of nanoemul-
sions in terms of CO:Smix:water ratios were selected from the nanoemulsion forming
zones obtained from the pseudo-ternary phase diagrams. All the CON formulations were
prepared via the aqueous titration method [21].
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4.2.3. Thermodynamic Stability Studies of Developed Nanoemulsions

The thermodynamic stability testing of the developed CONs was carried out via
aheating–cooling cycle, centrifugation, and a freeze–thaw cycle [21].

(1) Heating–cooling cycle: The samples were subjected to six storage cycles at alternate
temperatures, i.e., refrigerator temperatures of 4 ◦C and at 45 ◦C, for 48 h each, and the
formulated CONs were examined for stability (transparent with no phase separation).

(2) Centrifugation test: The formulated CON was centrifuged at 3500 rpm for 30 min
and observed for transparency and the absence of phase separation.

(3) Freeze–thaw cycle: Three freeze–thaw cycles of the CONs between −21 ◦C and
+25 ◦C for 48 h were performed and observed for transparency and the absence of
phase separation.

4.2.4. Characterization of Optimized Nanoemulsion Formulations
Particle Size, Zeta Potential, and Polydispersity Index

The particle size, zeta potential, and polydispersity index (PDI) of samples were
evaluated by the zetasizer apparatus (Malvern zeta sizer; Nano-ZS90). The evaluation was
carried out at 25 ◦C at an angle of 90◦. The droplet size isshownas the z-average diameter
(d.nm) and the particle size distribution wasevaluated via thepolydispersity index (PDI).
Samples were analyzed in triplicate [22].

Transmission Electron Microscopy (TEM)

For morphological aspects, CON formulations were further studied using transmission
electron microscopy (TEM). The samples were placed on a carbon-coated grid and then
stained with 1% phosphotungstic acid, following which theywereleft at room temperature
for drying. Images at different magnifications under TEM were observed [23].

Compatibility Studies

The compatibility between CO and other components of the nanoemulsion was studied
viaFT-IR spectroscopy (Agilent Technologies Cary 630). The spectrum of CO and CON was
recorded as being inthe region of 4000 to 400 cm−1 [24].

4.2.5. Preparation of the Nanogel

A total of 0.5% w/w Carbopol 940 gel was prepared viasoaking in distilled water and
was left overnight. Later, 1–3 drops of triethanolamine were added throughstirring, and
then, the prepared nanoemulsion was incorporated ata ratio of 1:1. Methylparaben sodium
(0.2% w/w) was also added via constant stirring [22].

4.2.6. Characterization and Evaluation of Nanoemulsion-Based Chamomile Nanogel
pH Measurement

The pH of COG was determined using a calibrated digital pH meter.

Viscosity

The viscosity was measured by a Rheolab QC rheometer using Rheoplus/32, v 3.61
software. The viscosity of the developed COG formulations was measured using a shear
rate ranging from 1 to 100 s−1 for 3 min using 5 g of gel at 25 ± 2 ◦C. The shear strain
exerted by the formulations due to the application of shear stress can be calculated using
the following equation [25].

Viscosity = Shear stress /Shear strain
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Spreadability

A sample of 5 g of developed COG was pressed between two slides and left for 5 min.
The diameters of spread circles were measured in cm and the spreadability was calculated
using the following formula:

S = ML/T

where S indicates the spreadability (g·cm/s), M indicates the mass (g), L indicates the
length (cm), and T indicates the time (s) [26].

Extrudability

The developed COG formulations were placedinto clean collapsible tubes with 5 mm
openings. These were then sealed with the help of heat. A constant load of 500 g was
placed on the tube to release the gel from the tube. The amount of the extruded gel was
collected, weighed, and the extrudability percentagewas calculated [26].

Texture Analysis

Texture profile analysis was carried out using a texture analyzer. The textural/mechanical
properties of different COG formulations were measured using a TA.XT PLUS texture
analyzer (Stable Microsystem, Surrey, UK) in texture profile analysis mode. This helps in the
determination of textural parameters, such as firmness, consistency, and cohesiveness [27].

4.2.7. Analytical Method Development

Pre-coated HPTLC plates (silica gel 60 F254) of size 20 × 20 cm were used for chromato-
graphic development. The twin trough glass chamber (CAMAG) was pre-saturated with a
mobile phase consisting of toluene, ethyl acetate, and formic acid at a ratio of 4.5:3.5:0.2
(v/v/v) for 20 min to ensure the uniform distribution of solvent vapors. Samples were
applied using a CAMAG Linomat V applicator viaa microliter syringe, witha capacity of
100 μL as narrow bands of 6 mm in width. The chromatogram was developed to up to 80%
of plate height through the linear ascending development technique at room temperature
(25 ± 2 ◦C) and a relative humidity of 55 ± 5%. The plate was removed, air-dried, and then
derivatized with anisaldehyde sulfuric acid spraying reagent. The prepared chromatogram
was dried in an oven at 60 ◦C for 5 min. Densitometric analysis was performed at 570 nm
with a Camag TLC scanner III. The slit dimensions were 5 mm × 0.45 mm and the scanning
speed of 20 mm s−1. Different volumes of stock solution 2, 4, 6, 8, and 10 μL were spotted
in triplicate on a TLC plate to obtain concentrations of 10, 20, 30, 40, and 50 ng per spot of
apigenin. The data of peak areas and corresponding concentrations were treated via linear
least-square regression analysis [28,29].

4.2.8. In Vitro Studies

The in vitro release of the developed COG and CON was performed using a dialysis
membrane. A beaker placed on a magnetic stirrer was filled with phosphate buffer of pH 6
(150 mL) and kept at 37 ± 1 ◦C. A 1 g gel sample was placed in a dialysis membrane bag.
A total of 1 mL of each sample was removedat 0.5, 1, 2, 4, 6, 8, and 24 h and at the same
time replaced with an equal volume of dissolution medium. All samples were analyzed for
drug content by using HPTLC at a wavelength of 570 nm [30].

4.2.9. Drug-Release Kinetics

The release kinetics of the developed COG was obtained from the in vitro drug-release
data plotted in various kinetic models using the DD Solver add-in program. The drug-
release kinetics were studied for various models and plots, such as zero-order, first-order,
Higuchi, Korsmeyer–Peppas, and Hixson–Crowell [30].
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4.2.10. Skin Penetration Study

The skin penetration study was carried out as per a previously reported procedure
with slight modifications [31]. The study was performed using a Franz diffusion cell with a
diffusion area of 3.3 cm2 and a volume of 60 mL using the dorsal skin of Wistar rats. PBS
of pH 7.4 was used as dissolution medium, at a temperature of 37 ◦C and a stirring speed
of 300 rpm. The excised skin sample was sandwiched between the donor and receptor
compartments. The formulation (1 g) was placed on the donor area and the samples were
withdrawn at pre-determined time intervals and analyzed using HPTLC.

4.2.11. Animal Studies

Adult albino Wistar rats of either sex weighing 200–250 g were selected for the study.
The rats were acclimatized for a week before the initiation of the experiment. The rats
were kept under laboratory conditions, i.e., temperatures of 25 ± 2 ◦C, relative humidity of
45 ± 5%, and a photoperiod of 12 h. For the topical administration of nanogel, the hair of
the interscapular region of rats (3 cm2) was removed using hair removal cream. After the
application of COG to the shaved region, the area was protected using a nylon mesh.

Tail Flick Test

The rats were divided into three groups, with six rats in each group, and adminis-
tered the following respective treatments: the control group received only normal saline
(1 mL/kg I.P.), the standard group received diclofenac gel (5%), and the test group received
topical COG (100 mg/rat). The test was performed with a digital tail-flick instrument
that allowed the automatic recording of the latency of the tail-flick response to radiant
heat [32]. The number of seconds elapsing between the activation of the heat source and the
rat flicking its tail away (latency) was recorded. To minimize tissue damage, a maximum
latency of 15 s was imposed. The test was performed before and 30 min after treatment.
The inhibition percentagein analgesia was calculated using the following formula:

Percentinhibition =
Posttreatmentlatency − pretreatmentlatency

cutofftime − pretreatmentlatency
× 100

Acetic Acid-Induced Writhing Test

The analgesic activity of formulation was evaluated using the acetic acid-induced
writhing method [33]. For the study, twenty four Wistar rats were randomly divided
into three groups and administered the respective treatments: the control group was
administered normal saline (1 mL/kg I.P.), the standard group was administered diclofenac
gel (5%), and the test group was administered topical COG (100 mg/rat). After 30 min,
writhing was generated via acetic acid administration 0.3% (10 mL/kg I.P.). After 5 min, the
number of writhings was counted for a total period of 10 min. The protection percentage
was calculated using the formula:

Percentprotection =
Numberofwrithingsincontrol − numberofwrithingsintest

numberofwrithingsincontrol
× 100

Light/Dark Box Model

There are two compartments in a rectangular box, light and dark. The light compart-
ment was illuminated with a bulb and the top was left uncovered and the dark compartment
was painted completely black and covered on all sides. A gate between the two chambers
allowed the easy movement of rats between the two compartments. The rats were divided
into three groups and the respective treatments were administered: the negative control
group received only normal saline I.P., the positive control group received nitroglycerine
i.v. (10 mg/kg), and the test grouprecieved topical COG (100 mg/rat). After 30 min,
intravenous nitroglycerine (10 mg/kg) was administered to rats to induce migraine [34].
The animals were then placed in the middle of the two chambers and observed in order
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to measure the length of time they remained in the lit compartment. The time spent was
calculated usingthe ratio of time spent by the rat in the lit compartment to the total pe-
riod for which was observed.Furthermore, the number of transitions between the two
compartments during the experiment was also recorded [35].

4.2.12. Skin Irritation Test

The irritation potential of the COG topical formulation was evaluated by an in vitro
skin irritation test. A previously reported method was followed [31], where artificial
human epidermal cells were incubated as per the procedure. The test was performed in
three groups comprising the negative control (using phosphate-buffered saline (PBS)); the
positive control (using 5% SDS and CO) and the test group (using chamomile nanogel). The
treatments were added to epidermal cells and incubated for 42 min at room temperature.
They were then rinsed with PBS and transferred to a growth medium for incubation at
42 h, 37 ◦C, 5% CO2, and ≥95% humidity. The tissues were then placed in MTT solution
for 3 h, 37 ◦C, rinsed with 300μL PBS, and kept in 750 μL isopropanol and left overnight.
The tissues were then transferred to 96-well plate and OD values were obtained at 570 nm.
The mean percent viability was then calculated.

4.2.13. Stability Study

The modified ICH guidelines for stability studies were followed [36].The optimized
formulations of COG were stored at different temperatures and humidity conditions and
assessed for appearance, phase separation, pH, and transmittance percentage.
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Abstract: Periodontitis is an inflammatory disorder associated with dysbiosis and characterized
by microbiologically related, host-mediated inflammation that leads to the damage of periodon-
tal tissues including gingiva, connective tissues, and alveolar bone. The aim of this study was
to develop an in situ gel consisting of piperine. Eight in situ gel formulations were designed by
varying the concentration of deacylated gellan gum cross-linked with sodium tripolyphosphate,
and poloxamer-407. The prepared gels were evaluated for gelation temperature, gelation time,
viscosity, piperine-loading efficiency, and piperine release. Finally, the optimized formula was
evaluated for anti-inflammatory effectiveness among human patients during a 14-day follow-up.
The optimized in situ gel formulation exhibited a gelation temperature of 35 ± 1 ◦C, gelling of
36 ± 1 s, excellent syringeability, and piperine loading of 95.3 ± 2.3%. This formulation efficiently
sustained in vitro drug release for up to 72 h. In vivo studies revealed an efficient sol-to-gel trans-
formation of optimized in situ gel formulation at physiological conditions, permitting an efficient
residence time of the formulation within a periodontitis pocket. Most importantly, a clinical study
revealed that treatment with the optimized formulation elicited a significant reduction in the mean
plaque score (p = 0.001), gingival index (p = 0.003), and pocket depth (p = 0.002), and exerted a
potent anti-inflammatory potential, compared to the control group. Collectively, piperine-loaded
in situ gel might represent a viable therapeutic approach for the management of gingival and
periodontal diseases.

Keywords: anti-inflammatory; anti-plaque; in situ gel; periodontitis; piperine

1. Introduction

Periodontitis, also known as gum disease, is a serious gum infection that damages soft
tissue surrounding teeth. If left untreated, periodontitis can ruin the bone that supports
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teeth and may cause other systemic disorders. According to the database reported by Global
Burden of Disease (GBD), about 1.1 billion cases of severe periodontitis were reported
globally [1]. Periodontitis ranks 77th among the most relevant human conditions which
results in disability. Nevertheless, gum problems are resolvable if timely intervention is
provided [2].

Generally, periodontitis is associated with dysbiosis [3] and characterized by micro-
bially associated, host-mediated inflammation that leads to the damage of periodontal
tissues including gingiva, connective tissues, and alveolar bone [4]. Ultimately, this activates
host-derived proteinases, facilitating the apical migration of the junctional epithelium, the
loss of marginal periodontal ligament fibers, and the anterior spread of the bacterial biofilm
along the root surface [5]. Some techniques, such as guided bone regeneration (GBR), have
been adopted for periodontal regeneration via creating a favorable environment for bone
regeneration by preventing the migration of soft tissue cells into the defect and allowing
space for bone-forming cells to populate the area [6,7]. For instance, periosteum-inspired
composite membranes based on sodium alginate-hydroxyapatite nanoparticles [8] and
chitosan/bioactive glass nanoparticle composite membranes [9] have been investigated
for their potential use in periodontal regeneration. However, GBR represents a complex
proliferation process in which different types of cells including osteoblasts, osteocytes,
osteoclasts, and bone-lining cells should orchestrate to regulate bone formation.

Commonly, conventional periodontal therapy involves oral hygiene instruction, scal-
ing with root planning, and surgical intervention [10]. Nevertheless, periodontal patients
who do not respond to conventional mechanical therapy, or are suffering from acute pe-
riodontal infections with systemic manifestations are usually advised to be treated with
systemic antibiotics. Various antibiotics, such as tetracyclines [11], moxifloxacin [12],
doxycycline [13], etc., have been prescribed for the systemic treatment of periodontitis.
Nevertheless, the usage of these drugs was associated with certain drawbacks such as the in-
ability of systemic drugs to attain adequate gingival crevicular fluid concentration [14], the
development of drug resistance [15], an increased risk of drug-related adverse effects [16],
and questionable patient compliance [17].

Apart from the systemic administration of drugs, localized drug delivery in the form
of fibres, strips, films, and micro-particulate systems has been widely investigated for
the management of periodontitis [18–20]. Nevertheless, they show limited success in the
treatment of periodontitis because of poor patient compliance, poor adhesion properties,
and limited retention time [21]. Most importantly, the difficulty in removing such systems
after the completion of treatment without causing inflammation and gingival redness
adversely limited their widespread usage for the treatment of periodontitis.

Because of their unique biomimetic properties, hydrogels are employed as biomateri-
als in tissue engineering and regenerative medicine to enhance cell adhesion and promote
tissue regeneration. Recently, the use of natural-origin materials, such as collagen, gelatin,
polysccahrides, etc., for the formulation of hydrogels has attracted great attention due to
their ability to mimic the native tissues’ extracellular matrix and their biocompatibility [22].
In situ gelling systems (ISGs) are polymeric viscous hydrogels that, when applied to the
human body, undergo a sol-to-gel transition in response to different stimuli such as ionic
strength, temperature, or pH [23]. Recently, ISGs have emerged as a promising local drug
delivery system for the management of periodontitis because of their ability to attain high
drug levels in the gingival crevicular fluid for long periods of time, promoting the achieve-
ment of the desired therapeutic effect [24]. In addition, in situ gels are easy to administer
and undergo rapid elimination from the cavity through normal catabolic pathways after
the complete delivery of the drug [25]. In situ gel can be categorized into three classes ac-
cording to its phase change performance: pH-sensitive [26], temperature-sensitive [26], and
ionic-strength-sensitive [27]. Among them, ion-sensitive materials such as sodium alginate
is the most commonly used. However, in recent years, deacetylase gellan gum has gained
popularity [27]. Deacetylase gellan gum is an extracellular polysaccharide, produced from
Pseudomonas elodea bacteria. It exhibits very high gel strength, adjustable gel elasticity, high
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gel transparency, and good compatibility. Because of its distinct characteristics, it has been
employed for oral [28], ocular [29], and nasal administration systems [30].

Piperine is the primary alkaloid isolated from long pepper (Piper longum) and black
pepper (Piper nigrum) [31]. Piperine has versatile biological activities including analgesic,
anti-inflammatory, antitumor, anticonvulsant, and neuroprotective activities [32–34]. In
addition, piperine has been screened for its antimicrobial activity against various microbes.
It has been verified to be effective against Escherichia coli, Staphylococcus aureus, Pseudomonas
aeruginosa, and Bacillus subtilis [35]. Furthermore, piperine has been reported to exert
significant protective effects on inflammation, bone and collagen fiber degeneration, and
alveolar bone loss in a rat periodontitis model [36].

The aim of this study, therefore, was to develop and optimize piperine-loaded in
situ gel and clinically evaluate its potential in the treatment of periodontitis. In situ gel
formulations were fabricated using the biodegradable biocompatible polymer, deacylated
gellan gum, cross-linked with sodium tripolyphosphate, and poloxamer-407. The for-
mulated gels were physico-chemically characterized, and the optimized formula was
eventually evaluated for anti-inflammatory effectiveness among human patients suffering
from periodontitis.

2. Results and Discussion

2.1. Pre-Formulation Studies

FTIR spectral analysis was carried out to study piperine compatibility with other
formulation excipients. The FTIR spectra of pure piperine, gellan gum, STPP, poloxamer
407, and the physical mixture of the drug with excipients are depicted in Figure 1. The
characteristic spectral peaks of N-H stretching at 3214.75 cm−1, C=C aromatic stretching at
1489 cm−1, and aromatic -C-H stretching at 2937.3 cm−1 were observed in the spectrum
of pure piperine [37]. In the spectrum of the physical mixture of piperine with various
excipients, no remarkable changes were observed in the absorption peaks at 3213.7 cm−1,
1491 cm−1, and 2940 cm−1, corresponding to N-H stretching, C=C aromatic stretching,
and aromatic -C-H stretching, compared to those of pure piperine. From the FTIR in-
terpretation, it was evident that there was no interaction between the drug and various
formulation excipients. Therefore, this study claimed that piperine was compatible with
various formulation excipients.

2.2. In Situ Gel Formulation

Gellan gum is an ion-sensitive natural polysaccharide, which consists of double
helical segments [38]. These segments can cross-link in the presence of monovalent or
divalent cations to form biocompatible hydrogels [39]. However, the ion content of gingival
crevicular fluid (GCF) in the periodontal pocket was found to be insufficient to initiate
the gelation of the gellan gum. Accordingly, for the formulation of gellan-gum-based
in situ gel, sodium tripolyphosphate (STPP) was adopted as a cross-linking agent that
helps the formation of a stiff gel at the body temperature. The cross-linking process
involves coacervation complexation through electrostatic attraction between negatively
charged gellan gum with the positively charged STPP [40,41]. Therefore, various trials
were conducted by varying the concentration of gellan gum (from 0.5 to 1% w/v) and
STPP concentration (from 0.2 to 1% w/v), and the consistency of the prepared in situ gel
formulations was visually inspected (Table 1). As summarized in Table 1, both gellan
gum and STPP concentrations exerted a significant impact on the sol–gel transition of
the formed in situ gel formulations. Gellan gum at concentrations of 0.5 to 0.75% w/v
and STPP at concentrations of 0.2 to 0.4% w/v succeeded to produce formulations with a
gel-like consistency at 35 ± 2 ◦C. On the other hand, regardless of STPP concentrations,
formulations with gellan gum, at a concentration of 1% w/v, were found to be gel even at
room temperature (non-physiological condition); accordingly, they were excluded from
further investigations.

96



Gels 2023, 9, 577

Figure 1. FTIR spectra of pure piperine and different formulation excipients.
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Table 1. Polymeric combination of gellan gum and STPP and their consistency.

Trials
Gellan Gum

(% w/v)
STPP

(% w/v)
Consistency
at 25 ± 2 ◦C

Consistency
at 35 ± 2 ◦C

1 0.5 0.2 Liquid Gel
2 0.5 0.4 Liquid Gel
3 0.5 0.6 Liquid Liquid
4 0.5 0.8 Liquid Liquid
5 0.5 1.0 Liquid Liquid
6 0.75 0.2 Liquid Gel
7 0.75 0.4 Liquid Gel
8 0.75 0.6 Liquid Viscous solution
9 0.75 0.8 Liquid Viscous solution
10 0.75 1.0 Liquid Liquid
11 1.0 0.2 Gel Gel
12 1.0 0.4 Gel Gel
13 1.0 0.6 Gel Gel
14 1.0 0.8 Gel Gel
15 1.0 1.0 Gel Gel

It is worth noting that physically cross-linked gellan gum hydrogels might lose their
stability under physiological conditions, limiting their in vivo use. Consequently, in
order to enhance the mechanical strength of the gels, the thermo-responsive polymer,
poloxamer 407, was incorporated as a co-polymer during the formulation of in situ gels.
Poloxamer 407 was chosen because it has unique reversible thermo-gelling properties [42].
In addition, it has an excellent safety profile and good mucoadhesive properties [43]. Fur-
thermore, gellan gum along with poloxamer 407 can transform into stiff gel by the combined
effect of body temperature and the ions available in the periodontal fluid. Accordingly,
a total of eight formulations were prepared (Table 2) by incorporating poloxamer 407, at
concentrations of 10 and 12% w/v, into STPP-cross-linked gellan gum, and, eventually,
physico-chemically evaluated for the selection of an optimized formula.

Table 2. Composition and physico-chemical characteristics of piperine-loaded in situ gel formulations.

Formula
Gellan
Gum

STPP
Poloxamer

407

Gelation
Temperature

(◦C)

Gelation
Time (s)

pH Syringeability
Drug

Content
(%)

Viscosity
at 25 ◦C

(cps)

Viscosity
at 37 ◦C

(cps)

F1 0.5 0.2 10 31.6 ± 0.6 113.0 ± 2.1 7.2 ± 0.1 Pass 62.5 ± 1.7 58.7 ± 1.9 287.9 ± 21.3
F2 0.5 0.2 12 35.3 ± 0.6 50.0 ± 1.5 7.0 ± 0.3 Pass 87.6 ± 2.9 58.8 ± 1.4 243.0 ± 19.8
F3 0.5 0.4 10 34.3 ± 1.2 37.0 ± 1.5 7.6 ± 0.4 Pass 92.2 ± 2.1 59.4 ± 2.1 290.2 ± 22.6
F4 0.5 0.4 12 34.0 ± 1.0 35.0 ± 1.0 7.8 ± 0.1 Pass 82.5 ± 3.6 59.3 ± 1.2 287.0 ± 17.8
F5 0.75 0.2 10 30.6 ± 0.6 63.0 ± 1.2 7.0 ± 0.1 Pass 57.5 ± 1.9 59.2 ± 1.6 257.0 ± 13.4
F6 0.75 0.2 12 35.0 ± 1.0 36.0 ± 1.0 7.4 ± 0.3 Pass 95.3 ± 2.3 58.3 ± 1.7 264.0 ± 16.8
F7 0.75 0.4 10 31.7 ± 0.6 69.0 ± 2.5 7.5 ± 0.2 Pass 95.1 ± 1.8 59.6 ± 1.2 280.0 ± 19.4
F8 0.75 0.4 12 36.0 ± 1.0 43.0 ± 0.6 7.6 ± 0.2 Pass 85.1 ± 3.1 59.0 ± 0.9 263.3 ± 14.8

All data represent mean ± SD (n = 3).

2.3. Evaluation of In Situ Gel
2.3.1. Gelation Temperature and Gelation Time

The gelation temperature of in situ gelling systems is one of the critical characteristics
that dictate their in vivo applicability. It is ideal for in situ gelling systems to exist in a
sol state at room temperature to permit easy drug administration, and then be rapidly
converted into a gel state once in the periodontal cavity. Furthermore, these gels should not
dissolve but rather remain in a gel state for an extended period of time [44]. Generally, the
gelation temperatures of in situ gel formulations have been deemed appropriate if they are
within the range of body temperature [45]. The gelation temperatures of different gellan-
gum-based in situ gel formulations are represented in Figure 2A and summarized in Table 2.
As depicted in Table 2, all formulations (F1–F8) showed an acceptable gelation temperature,
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which is higher than room temperature and lower than body temperature, ranging from
30.6 ± 0.6 to 37.0 ± 1.0 ◦C. In addition, it was evident that the gelation temperature of
formulations increased with an increase in the concentration of the thermosensitive co-
polymer poloxamer 407. The gelation temperature of F1 (31.6 ± 0.6 ◦C), prepared with
a poloxamer 407 concentration of 10% w/v, was remarkably lower than that prepared
with a poloxamer 407 concentration of 12% w/v (F2; 35.3 ± 0.6 ◦C) (p < 0.05). Similarly,
formulations F6 and F8, containing poloxamer 407 (12% w/v), showed excellent gelation
compared to F5 and F7, containing poloxamer 407 (10% w/v), respectively, due to increasing
the concentration of poloxamer 407 for the same gellan gum concentration. However, the
gelation temperature of F3 and F4 formulations was not influenced by poloxamer 407
concentration. Similar results were stated by Rencber et al. [46] who verified the positive
effect of increasing the concentrations of the thermosensitive polymer, poloxamer 407, on
the gelation temperature of gellan-gum-poloxamer-based dexamethasone mucoadhesive in
situ gel.

Figure 2. Impact of formulation components on (A) gelation temperature and (B) gelation time of
various piperine-loaded in situ gel formulations. Comparisons were conducted among different
formulations having the same gellan gum and STPP concentration. * p < 0.05.

Gelation time is another crucial characteristic of in situ gel systems. Generally, a
shorter gelation time would be advantageous in minimizing the time necessary for the
implanted dosage to turn into a viscous gel. Therefore, this would reduce the chance of
the implanted formulation to be rapidly diluted by the gingival crevicular fluid and being
lost with salivary secretions. The gelation time of the prepared in situ gel formulations was
represented in Figure 2B and Table 2. As illustrated in Table 2, gelation times of various
formulations fluctuate between 35.0 ± 1.0 s (F4) to 113.0 ± 2.1 s (F1). In addition, it was
inferred that gelation times were dependent on the poloxamer 407 concentration. At the
same gellan gum concentrations, increasing the poloxamer 407 concentration from 10 to 12%
w/v resulted in an obvious reduction of gelation time of different formulations. The gelation
time of F2, prepared with 12% poloxamer 407, was 50.0 ± 1.5 s, which was significantly
lower than that of F1 (113.0 ± 2.1 s) prepared with 10% poloxamer 407 (p < 0.05). Similarly,
formulations F4, F6, and F8, containing poloxamer 407 (12% w/v), showed remarkably
lower gelation time compared to F3, F5, and F7, respectively, containing poloxamer 407
(10% w/v), due to increasing the concentration of poloxamer 407 for the same gellan gum
concentration. Similar findings were reported for levofloxacin-poloxamer 407 gels, where
gelation time were dependent on poloxamer concentrations [47].

99



Gels 2023, 9, 577

2.3.2. Viscosity Measurement

The quantity of the gel that can be introduced into the periodontal pockets is extremely
low due to small crevices. Consequently, the viscosity of the in situ gel must be low at
the time of application to the periodontal pockets to ease formulation application, but
high thereafter in order for the drug to remain for a sufficient amount of time in the
disease site [26]. The viscosities of different formulations at both room temperature and at
elevated temperatures were measured and compared. As anticipated, due to its thermo-
responsiveness, the viscosities of all formulations at room temperature were significantly
lower than those at elevated temperatures (37 ± 0.5 ◦C) (Table 2). The viscosities of test
formulations at room temperature (in the sol form) were within the range of 58.3 ± 1.7 cp
(F6) to 59.6 ± 1.2 cp (F7), while, at 37 ± 0.5 ◦C, the viscosities of test formulations fluctuated
between 243.0 ± 19.8 cp (F2) and 290.2 ± 22.6 cp (F3). Such significant increase in the
formulations’ viscosities might be ascribed to the transition of in situ gel systems from
the sol state at room temperature to the gel state at 37 ± 0.5 ◦C, which is higher than the
gelation temperature of all test formulations. These results confirm that the formulation
can be easily administered into the periodontal pockets where it will be rapidly converted
into the gel state at the physiological temperature.

2.3.3. pH Measurement

In the oral cavity, the pH is maintained near neutrality (6.7–7.3) by saliva. Acidic or
alkaline formulations may cause irritation to the buccal mucosa; consequently, the pH is
considered as a critical parameter in the formulation of buccal dosage forms [4,26]. The
pH of all in situ gel formulations containing piperine was found to fluctuate between
7.0 (F5) and 7.8 (F4) (Table 2). The reason behind the relatively basic pH of the gel is due to
the cross-linking of the gellan gum with STPP. STPP is a basic component, which imparts
an alkaline pH to the formulation. As depicted in Table 2, formulations cross-linked with
0.4% w/v STPP showed relatively higher pH values compared to those cross-linked with
0.2% w/v STPP. Nevertheless, since the pH of periodontal fluid is around 7.2 to 7.8, all
formulations are deemed to be biologically compatible and would avoid irritation upon
application in periodontal cavities.

2.3.4. Syringeability Study

A syringeability test was performed to ensure that the produced formulations had a
good solution flow nature and could be utilized to deliver the formulation to the periodontal
pocket. Syringeablity mainly depends on the concentration of the polymer and viscosity.
Herein, all the developed formulations showed good syringeability as manifested by an
easy and continuous flow through a 24-gauge needle at room temperature (Table 2). These
results verify the easy application of the prepared in situ gel formulation to the disease site
in vivo.

2.3.5. Drug Content Percentage

The drug content is one of the important parameters, which directly influences the
drug release property. The drug content of the formulations was found to be varied from
57.5 ± 1.9% (F5) to 95.3 ± 2.3% (F6) (Table 2). Such variation in drug content percentage
might be ascribed to the degree of cross-linking of gellan gum with STPP. At higher STPP
concentrations, extensive cross-linked gellan gum would occur, resulting in a significant
reduction in the pore size of the gel, which, in turn, would favor piperine retention within
the gel structure.

2.4. In Vitro Drug Release

An in vitro release study is a pre-assessment study to understand the release pattern
of the drug at body conditions. The in vitro release profiles of piperine from different in
situ gel formulations are represented in Figure 3. As depicted in Figure 3, the release of
piperine was in the range of 37.3 ± 2.9% (F8) to 84.3 ± 4.6% (F1) over 72 h. Variations
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in the percentage cumulative drug release at 72 h was directly related to formulation
composition. Increasing gellan gum concentration from 0.5% w/v to 0.75% w/v significantly
retarded drug release from the gel matrix. The percentage cumulative drug release from
F1, prepared with 0.5% w/v gellan gum, was 84.3 ± 4.6%, which was significantly higher
than that from F5 (62.9 ± 3.7%), prepared with 0.75% w/v gellan gum. In the same context,
increasing poloxamer 407 concentration from 10 to 12% w/v remarkably slowed piperine
release from the gel matrix. The percentage of the drug released from F2, prepared with
12% w/v poloxamer 407, was 66.2 ± 4.1%, which was significantly lower than that from F1
(84.3 ± 4.6%), prepared with 10% w/v poloxamer 407. Poloxamer 407 was reported to act as
a release barrier within the gel matrix via reducing the number and dimension of water
channels and increasing the number and size of micelles within the gel structure [24]. This
clearly explains the retarding effect of poloxamer 407 on piperine release from various in
situ gel formulations.

Figure 3. In vitro release profiles of piperine from various in situ gel formulations.

The in vitro release data were kinetically analyzed according to the zero-order, first-
order, and Higuchi model. The relatively high correlation coefficient (R2) values obtained
with the zero-order model suggested the release of fixed drug amounts at fixed time
intervals. Accordingly, it can be anticipated that, among various formulations, F6 would
sustain piperine release under in vivo conditions for up to 7 days, while other formulations,
such as F1, F3, and F4, would be exhausted early and may not sustain drug release for
7 days as desired.

Finally, based on various in situ gel characteristics, formulation F6, which shows rea-
sonable physico-chemical characteristics such as good gelation temperature (35.0 ± 1.0 ◦C),
short gelling time (36.0 ± 1.0 s), appropriate pH (7.4 ± 0.3), high drug content (95.3 ± 2.3%)
along with efficient sustained drug release, was selected as an optimized formula to be
used in further investigations.

2.5. DSC Studies

DSC is an important analytical tool used to study the thermal effect, physical transi-
tions, solid–solid transitions, and compatibility of the drug with formulation ingredients.
The DSC thermogram of the pure drug showed an endothermic peak at 134.9 ◦C, corre-
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sponding to its melting point (Figure 4) [48]. The endothermic peak of the piperine in
the optimized in situ gel formulation (F6) was slightly shifted to 135.6 ◦C (Figure 4). This
result infers that piperine is compatible with the excipients of the formulation, and no
significant interaction or modification in drug properties occurred upon its incorporation
in the formulation.

Figure 4. DSC thermograms of pure piperine and optimized piperine-loaded in situ gel formulation.

2.6. Clinical Evaluation of Piperine Gel in Human Patients

Dental deposits are the major concern for soft tissue inflammation. Recently, herbal
products used in traditional medicine have gained popularity in the field of dental disease
prevention. They can provide safe and long-term solutions for maintaining good dental
health. Hence, in this study, the anti-plaque and anti-gingival effectiveness of piperine-
loaded in situ gel was assessed in vivo. A non-randomized controlled clinical trial was
conducted among 30 subjects, divided into two groups: Group 1 receiving the optimized
piperine-loaded in situ gel formulation (F6) following oral prophylaxis, and Group 2 treated
with oral prophylaxis alone. The demographic characters of the study participants were
presented in Table 3.

Table 3. Descriptive tables of demographic variables.

Group Gender Frequency Percentage
Age

(Mean ± SD)

Group 1 Male 9 60%
46.07 ± 10.6Female 6 40%

Group 2 Male 8 53.3%
44.87 ± 7.1Female 7 46.7%

All the subjects were evaluated for plaque score, gingival index, and pocket depth at
baseline and 14-day follow-up. At the baseline, there was no significant difference between
the two groups in the mean plaque score (Group 1: 1.67 ± 0.49 vs. Group 2: 1.89 ± 0.31;
p = 0.140), gingival index (Group 1: 1.70 ± 0.45 vs. Group 2: 1.99 ± 0.32; p = 0.053),
and pocket depth (Group 1: 5.47 ± 0.52 vs. Group 2: 5.53 ± 0.52; p = 0.483) (Table 4).
On the other hand, at the 14-day follow-up, both groups exhibited a reduction in mean
plaque score, gingival index, and pocket depth, compared to baseline values (Figure 5).
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Interestingly, there was a significant reduction in the clinical parameters on the 14-day
follow-up in Group 1 compared to Group 2. As depicted in Table 4, at the 14-day follow-
up, the plaque score showed a significant reduction in Group 1 compared to Group 2
(p = 0.0001). Similarly, the gingival index was significantly reduced in Group 1 (p = 0.0003).
Most importantly, the pocket depth in Group 1 was reduced to 3.27 ± 0.59 mm at the
follow-up, from 5.47 ± 0.52 mm at baseline, which was statistically lower than that in
Group 2 (p = 0.0002). These results might be correlated with the in vitro release results,
which advocate the sustained release of piperine from in situ gel formulation.

Table 4. Inter-group comparisons between baseline and 14-day follow-up scores.

Parameter
Group Baseline Follow-Up

p Value ‡
Mean SD Mean SD

Plaque score
Control 1.89 0.31 1.55 0.28

0.0001Test 1.67 0.49 1.15 0.23
p value † 0.140

Gingival index
Control 1.99 0.32 1.64 0.29

0.0003Test 1.70 0.45 1.25 0.23
p value 0.053

Pocket depth
Control 5.53 0.52 4.40 0.63

0.0002Test 5.47 0.52 3.27 0.59
p value 0.483

† p-value for inter-group comparisons at baseline; ‡ p-value for inter-group comparisons at 14-day follow-up.

 

Figure 5. (A) Application of piperine in situ gel; (B) gelation of piperine in situ gel inside the socket;
(C) intra-oral image post oral prophylaxis; and (D) follow-up after 14 days.
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Piperine has a well-documented anti-inflammatory effect. However, few researchers
have studied its potential use in periodontitis disease [49]. In this study, we confirmed the
efficacy of piperine-loaded in situ gel in fighting plaque and reducing gingival inflammation
and periodontal pocket depth. Such effects could be attributed to the anti-inflammatory
and anti-bacterial activities of piperine. Piperine has been reported to inhibit nitric oxide
and tumor necrosis factor-alpha production, both of which are known to play roles in
the pathophysiology of inflammation in periodontal disease [50]. In addition, piperine
has been proven to have a substantial anti-biofilm impact on Streptococcus mutans [51].
Nevertheless, it is worth noting that there are few limitations in our clinical study. The
short study duration, along with the limited number of study participants might hinder the
generalization of the study results to the whole population. However, within the limitations
of the study, piperine-loaded in situ gels proved efficient anti-plaque, anti-gingival, and
anti-inflammatory activities in patients with periodontitis (Figure 5 and Table 4). Further
studies are required to assess the long-term benefits of our in situ gel formulation in
treating periodontitis.

3. Conclusions

In this study, in situ gel formulations containing piperine was developed with a combi-
nation of gellan gum and poloxamer 407 and evaluated as a potential drug delivery system
for the treatment of periodontitis. The optimized formulation exhibited an optimal phase
transition temperature, short gelling time, and appropriate viscosity at room temperature,
which enable the easy application of the formulation. In addition, under physiological
conditions, the optimized formulation was efficiently transformed into a hard gel that
could sustain drug release for up to 72 h. Most importantly, a non-randomized controlled
clinical trial revealed a significant decline in mean plaque score, gingival index, and pocket
depth among the test group from baseline to 14 days, whereas this was not significant in
the control group. Collectively, a combination of polymers having different mechanisms of
in situ gelation might represent a viable delivery vehicle for the application of drugs used
for the management of periodontitis.

4. Materials and Methods

4.1. Materials

Piperine and sodium tripolyphosphate were procured from Karnataka Fine Chemicals
(Bangalore, India). Poloxamer-407 was procured from Sigma Aldrich (St. Louis, CA, USA).
Gellan gum (molecular weight 500 kDa, 95% deacylation degree) was a gift from Sisco
Research Laboratories (Mumbai, India). All other reagents were of analytical grade.

4.2. Drug-Excipient Compatibility by Fourier-Transform Infrared (FTIR) Spectroscopy

In order to check the physico-chemical compatibility between piperine and different
formulation excipients, FTIR analysis was conducted. Briefly, piperine was mixed with
formulation excipients at a ratio of 1:1 and examined by BRUKER FTIR spectrometer
(TENSOR; Markham, ON, Canada). The spectra of the samples were recorded and analyzed
at the wavenumber range of 4000 cm−1 to 400 cm−1.

4.3. In Situ Gel Formulation

Gellan gum (0.5–1% w/v) was dispersed in deionized water and then heated to
60–80 ◦C with agitation at 150 rpm for 2 h until total dissolution [52]. Sodium tripolyphos-
phate (STPP; 0.2–1% w/v) was added as a cross-linking agent [53] to the gellan gum solution
and the dispersion was maintained at 65 ◦C with agitation at 150 rpm for 1 h. The obtained
solution was then brought to 8 ± 2 ◦C on ice bath. Polaxomer-407 (10–12% w/v) was added
as co-polymer [54] to the above solution and stirred at 100 rpm for 1 h until solution be-
comes clear. Hydro-alcoholic solution of piperine was finally added to the above dispersion
with stirring for 30 min to obtain the overall concentration of piperine of 0.4% w/v. The
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piperine-dispersed in situ gel was then stored in refrigerator between 2 to 8 ◦C for further
studies (Table 1).

4.4. In Vitro Evaluation of Piperine-Loaded In Situ Gel
4.4.1. Gelation Temperature

Gelation temperature is the temperature at which the preparation becomes thick, stiff,
and resistant to flow. The gelation temperature of the formulation was determined by test
tube inversion method [55]. Briefly, 5 mL in situ gel was placed in a test tube, containing
0.5 mL of 0.1% w/v NaCl, and incubated in a temperature-controlled water bath maintained
at 15± 2 ◦C. The temperature of the water bath was then gradually raised to 40 ◦C, with
an increment of 2 degrees every 5 min. At each set point, the test tube was inverted at 90◦,
and the temperature at which no flow was observed upon inversion was recorded as a
gelation temperature.

4.4.2. Gelling Time

Gelling time of different formulations was measured by test tube inversion method [43].
Briefly, 5 mL of each formulation was added into a glass test tube containing 0.5 mL of
0.1% w/v NaCl. The test tube was incubated in a temperature-controlled water bath set at
35 ± 2 ◦C. The test tubes were periodically inverted at 90◦ and the time taken for the liquid
to transform to gel (no flow) was recorded as gelling time in sec [56].

4.4.3. Gel pH

The pH of developed in situ gel formulation was estimated using calibrated digital pH
meter (Symbiont Life Sciences, Chennai, India). The pH meter was calibrated before its use
with standard buffer solutions. The pH was measured by dipping the electrode sufficiently
into the formulation at room temperature. The evaluation was carried out in triplicate and
results are recorded as average of three trials.

4.4.4. Gel Viscosity

Viscosity of in situ gel formulations was measured using Brookfiled DVE viscometers
(Brookfield Engineering, Middleboro, MA, USA). Various trials were conducted to choose
the appropriate spindle for analyzing the samples. Based on the % Torque value, spindle
61 was selected to measure the viscosity of the liquid and spindle No. 62 to measure gel
viscosity. The viscosity of the liquid was measured at 25 ± 2 ◦C, while the gel was evaluated
at 37 ± 0.5 ◦C.

4.4.5. Syringeability

A constant volume of 1 mL of test formulation, maintained at 25 ± 2 ◦C, was filled
into 1 mL syringe attached with 24-gauge needle. The solution which easily passed from
syringe was termed as “pass” and those which had difficulty passing through were termed
as “fail” [57].

4.4.6. Drug Content of the Gel

The piperine content in the in situ gel formulation was determined by UV spectroscopy
(Agilent Technologies, Santa Clara, CA, USA). Briefly, 1 mL of the gel formulation was
diluted to 10 mL with ethanol and sonicated using bath sonicator until a clear solution is
obtained. Solution was filtered and piperine content in the in situ gel was determined at
343 nm using ethanol as a blank [58].

4.5. Differential Scanning Calorimetric (DSC) Studies

Thermoanalytical curves of piperine and the in situ gel of piperine were obtained
using a METTLER TO-143 LEDO differential scanning calorimeter (Columbus, OH, USA).
Samples (4–6 mg) were placed in hermetically sealed aluminum cells. The samples were
heated and scanned in the range of 20 to 200 ◦C at a heating rate of 10 ◦C min−1 under a
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nitrogen atmosphere with a flow rate of 80 mL min−1. Heat flow versus temperature plots
were developed to obtain the spectra [59].

4.6. Drug Release Studies

In vitro drug release profiles of in situ gel were determined using 250 mL capacity
Franz diffusion cell. The dialysis membrane with an aperture size of 0.45 μ was interfaced
between the donor and receptor cells. Then, 1 mL of in situ gel was placed in the donor
cell. The receptor compartment was filled with 250 mL of phosphate buffer solution (PBS,
pH 7.4) kept at 37 ± 0.5 ◦C and constantly stirred at 25 rpm. At scheduled time points (1, 2,
6, 12, 18, 24, 36, 48, 60, and 72 h), 3 mL samples were withdrawn and replenished with the
same volume of pre-warmed PBS to maintain the sink condition. Drug concentration in
collected samples was quantified spectrophotometrically at λmax 343 nm.

4.7. Randomized Clinical Trial
4.7.1. Ethical Clearance

The study proposal was submitted for approval and clearance was obtained from the
Institutional Human Ethical Committee (No. KIDS/IEC/May2023/27), K.L.E Society’s
Institute of Dental Sciences, Bangalore, India. Written informed consent was obtained from
each of the participating subject.

4.7.2. Study Design and Study Setting

A non-randomized controlled clinical trial was conducted among 30 subjects in the
age range of 20–50 years. The study was carried out on subjects aged 20 to 50 years with
moderate to severe chronic periodontitis (AAP classification, 1999) and at least three nonad-
jacent interproximal sites with a probing pocket depth of 6 mm, and no contraindication to
periodontal treatment were included in the study. Patients had to have not undergone any
periodontal or antibiotic therapy in the previous 6 months and be co-operative and dedi-
cated to maintaining good dental hygiene. Patients who smoked, used tobacco, or drank
alcohol, had a systemic ailment, were pregnant or breastfeeding, had used an antimicrobial
mouthwash in the previous two months, or needed periodontal surgery were excluded
from the trial.

4.7.3. Study Procedure

A total of 30 patients, divided into two groups, were subjected to this study. Prior
to starting the investigation, demographic characters (Table 3) were estimated through
interview method. The clinical parameters including plaque index, gingival index, and
periodontal pocket depth were evaluated in every individual [60]. Group 1 (test group)
included 15 participants who received SRP (scaling and root planning) with piperine gel
intervention. Group 2 (control group) included 15 participants who only received SRP. In
the intervention group (Group 1), after finishing scaling and root planning, the in situ gel
was applied into the pocket depth. For in situ gel application, a syringe with a blunt needle
was used. The gel was gently released while the needle was pushed coronally from the
bottom of the pocket. In the control group, SRP alone was performed, and oral hygiene
instructions were given to subjects belonging to both the groups. Patients were recalled on
14th day. All clinical parameters were recorded during the recall visit.

4.8. Statistical Analysis

Data analysis was achieved using the SPSS 26.0 (SPSS Inc., Chicago, IL, USA). Statistical
analysis was carried out by Student’s t-test, paired t-test, and Wilcoxin test. A p value < 0.05
is considered significant.
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Abstract: The challenges of using VEGF to promote osteoblastic differentiation include a short half-
life and a narrow therapeutic window. A carrier system combining hydrogel and liposomes may
improve the therapeutic efficacy of VEGF for bone regeneration. This study aimed to investigate the
effects of delivery of VEGF via liposomal hydrogel on the osteogenesis of MG-63 cells. Liposomal
hydrogel scaffold was fabricated and then characterized in terms of the morphological and chemical
properties using FESEM and FTIR. In 2.5D analysis, the MG-63 cells were cultured on liposomal
hydrogel + VEGF as the test group. The osteogenic effects of VEGF were compared with the
control groups, i.e., hydrogel without liposomes + VEGF, osteogenic medium (OM) supplemented
with a bolus of VEGF, and OM without VEGF. Cell morphology, viability, and differentiation and
mineralization potential were investigated using FESEM, MTT assay, ALP activity, and Alizarin red
staining. The characterization of scaffold showed no significant differences in the morphological
and chemical properties between hydrogel with and without liposomes (p > 0.05). The final 2.5D
culture demonstrated that cell proliferation, differentiation, and mineralization were significantly
enhanced in the liposomal hydrogel + VEGF group compared with the control groups (p < 0.05).
In conclusion, liposomal hydrogel can be used to deliver VEGF in a sustained manner in order to
enhance the osteogenesis of MG-63 cells.

Keywords: hydrogel; liposomes; MG-63 osteoblast-like cells; osteogenesis; vascular endothelial
growth factor

1. Introduction

The treatment of critical-sized bone defects (CSD) due to traumatic injuries, tumor
resection, or congenital diseases has always been a challenge in the field of medicine and
dentistry because spontaneous healing cannot occur in the absence of bone grafts [1]. One
common example of a congenital bony defect in the orofacial region is the cleft alveolar
and palate, whereby the autograft harvested from the patient’s anterior iliac crest is the
most reliable graft material used for closing the bone defect at the alveolar cleft, with
success rates reported to be as high as 96.2% [2]. Till today, autogenous bone grafts are
still considered the “gold standard”, because they fulfil all the ideal requirements for bone
regeneration by having osteogenic, osteoconductive, and osteoinductive properties [3,4].
However, such autograft is often associated with significant donor-site morbidity and psy-
chological complications, which are quite a lot to endure for school-aged cleft patients [5].
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Non-autogenous bone grafts such as allografts and xenografts are osteoconductive and
mildly osteoinductive, but they lack the osteogenic capacity of autografts and they may
carry the risk of infectivity and immune rejection [6]. To address these issues, bone tissue
engineering (BTE) has developed synthetic bone substitutes as promising strategies in re-
generative therapies. This type of bone substitute generally consists of natural, synthetic, or
composite scaffolds, modified with osteoprogenitor cells and/or incorporated with growth
factors [7,8]. Hence, the “triad” of osteogenic cells, osteoconductive scaffold materials,
and osteoinductive signals (growth factors) successfully recapitulates the properties of
autograft, omitting the need for invasive donor-site surgeries [9].

Nevertheless, BTE is such a complex subject of research that even though countless
studies have been carried out in the field of BTE, there are still many critical variables
yet to be optimized and standardized through in vitro, and subsequently in vivo, animal
studies before BTE can be used safely and effectively in clinical applications [10]. One
such parameter that requires further fine-tuning is the efficacy of osteogenic differentiation.
Thus, it is essential to investigate the choice of signaling factors that may induce a more
efficient cellular expansion and osteogenic differentiation by manipulating the culture
microenvironment [11].

Among the different types of mediators in osteogenesis, vascular endothelial growth
factor (VEGF) is an interesting growth factor that is capable of coupling effects of angio-
genesis and osteogenesis during both bone formation and regeneration. In this coupling
mechanism, VEGF performs a twofold function: inducing angiogenesis by acting on en-
dothelial cells, which is crucial for the recruitment of osteoprogenitor cells, and promoting
osteogenesis by direct action on non-endothelial cells (osteoblasts and osteoclasts) that
express VEGF receptors [12,13]. Nevertheless, the use of VEGF is yet to be implemented in
bone regenerative therapies in a clinical setting. Some of the challenges are the relatively
short half-life and narrow therapeutic window that limit the therapeutic efficacy of VEGF
for bone regeneration [14]. In other words, it is very difficult to sustain the bioavailability
of the growth factor without exceeding the toxicity threshold.

The solution to this problem lies in the selection of a carrier system to improve the
release kinetics of the growth factor (VEGF). Hydrogels, a unique type of extracellular
matrix-like scaffold with excellent biocompatibility, can allow complete encapsulation of
cells and growth factors and facilitate cell expansion and differentiation. Some of the
promising hydrogel systems are chitosan, alginate, gellan gum, and hyaluronan [15–17].
Among them, thermosensitive hydrogel is produced via physical gelation method, utilizing
chitosan, which is a natural polymer derived from the shells of shellfish, an abundant waste
product of the seafood industry (renewable resource). Thus, the fabrication of liposomal
hydrogel is economical and environment friendly without the need for complex chemical
stimuli and expensive equipment [18]. Chitosan has a good biocompatibility property and
forms non-toxic oligosaccharide on degradation [19]. Its thermos-responsive nature allows
the hydrogel to reach the target site with minimum invasiveness to deliver preloaded cells
or biomolecules and then undergo gelation in situ [20]. In addition, nanoliposomes can
function as secondary carriers to further minimize the burst release effect when hydrogel is
used as the sole carrier. Therefore, a potential solution is to combine both liposomes and
chitosan hydrogel, making use of the advantages of both materials. This type of hybrid
hydrogel has already been used for other purposes in the medical field, particularly for
drug delivery [21]. Hence, the aim of the current study was to investigate the application
of liposomal hydrogel as a promising strategy yet to be extended to the field of BTE.

2. Results

2.1. Characterization of Scaffold
2.1.1. Characterization of VEGF-Loaded Liposomes

The particle sizes, PDI, and zeta-potentials of the liposomes measured by the dy-
namic light scattering (DLS) method are summarized in Table 1. Liposomes loaded with
100 ng/mL VEGF were fabricated with an average size of 171 nm, an average polydispersity
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index (PDI) of 0.174, and zeta-potential of +38.5 mV. There were no significant differences
in size, PDI, or zeta-potential between liposomes with and without VEGF (p > 0.05).

Table 1. Characterization of liposomes with and without VEGF. Data are expressed as
mean ± standard deviation. (n = 8).

Formulation
Particle Sizes

(d·nm)
PDI

Zeta-Potential
(mV)

p-Value

Liposomes without VEGF 114 ± 28 0.221 ± 0.01 30.7 ± 12.8 p > 0.05
Liposomes with VEGF 171 ± 31 0.174 ± 0.03 38.5 ± 12.9

The morphology of the liposomes with and without VEGF under transmission electron
microscope (TEM) is shown in Figure 1. The particle sizes correlated well with measure-
ments obtained from the nanosizer. The liposomes demonstrated spherical unilamellar
morphology and dispersed nature.

Figure 1. TEM images of (A) liposomes without VEGF and (B) liposomes with VEGF. (Scale bar: 200 nm).

2.1.2. Microstructure and Porosity of Hydrogels

The gelation time for hydrogel without liposomes was 10.5 ± 0.52 min but only
7.21 ± 0.43 min for liposomal hydrogel according to the test tube inverting method. The
difference was statistically significant (p < 0.05). The transparent hydrogel solutions at 4 ◦C
were transformed into non-transparent semisolid hydrogels (Figure 2a–d).

After gelation, the hydrogel without liposomes and liposomal hydrogel were freeze-
dried and observed under FESEM. The hydrogels demonstrated a porous and sponge-like
microstructure (Figure 3a–f). Successful incorporation of the liposomes in the hydrogel
could be verified through Figure 3f, the size of which agreed with the findings from
the nanosizer.
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Figure 2. Photographs of the process of gelation for hydrogel without liposomes (a,b) and liposomal
hydrogel (c,d). The tube inversion method was used to determine the gelation time (b,d).

Figure 3. Field emission scanning electron microscope images of hydrogel without liposomes
(a–c) and liposomal hydrogel (d–f) at 100×, 300×, and 100k× magnifications. The white arrow
(f) indicates the presence of liposomes in the liposomal hydrogel.

The average pore size and porosity are presented in Table 2. The average pore di-
ameters of hydrogel without liposomes and liposomal hydrogel were 201.4 ± 24.5 μm
and 205.8 ± 25.5 μm, respectively. The porosity of the hydrogel without liposomes was
81.1 ± 3.3%, while the porosity of the liposomal hydrogel was 84.0 ± 2.9%. There were no
significant differences in the pore size and porosity of hydrogels with or without liposomes.

Table 2. Average pore size and porosity of hydrogels with and without liposomes. Data represent
mean ± standard deviation (n = 20).

Hydrogel Formulation Pore Size (μm) Porosity (%) p-Value

Hydrogel without liposomes + VEGF 201.4 ± 24.5 81.1 ± 3.3 p > 0.05
Liposomal hydrogel + VEGF 205.8 ± 25.5 84.0 ± 2.9

2.1.3. Chemical Properties of Hydrogels Using FTIR Spectroscopy

The FTIR spectra are displayed in Figure 4A. In general, the spectra of the hydrogel
without liposomes and the liposomal hydrogel showed similar trends, except in the region
between 2800 cm−1 and 3000 cm−1, in which a peak at 2868 cm−1 was noted in the liposomal
hydrogel spectrum due to the presence cholesterol. The two distinctive absorbance peaks
at 1740 and 1591 cm−1 in the spectrum of chitosan (CS) represented the C=O bonding
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of –NHCO– (amide I) and the N–H bonding of the –NH2 (amide II) functional group,
respectively. The FTIR spectrum of the lyophilized hydrogel without liposomes showed
reduced absorption frequencies of amide I (1657 cm−1) and amide II (1556 cm−1). A similar
trend was observed with regard to liposomal hydrogel, in which the intensities of the amide
bands were 1568 cm−1 and 1411 cm−1, respectively. No new peaks could be observed in
either hydrogel spectra.

Figure 4. (A) The FTIR spectra of hydrogel without liposomes and liposomal hydrogel: (B) The cu-
mulative release profile of VEGF from hydrogel with and without liposomes over 21 days. The cumu-
lative release of VEGF in ng/mL was determined as a function of time by VEGF ELISA kit at 450 nm.
Each value is expressed as mean ± SD (n = 3 per group). Chitosan, CS; β-glycerophosphate, BGP.

2.1.4. Release Profile of VEGF from the Hydrogels

The cumulative release graph (Figure 4B) shows an initial burst release of 32.3 ± 3.5%
of VEGF in the first 24 h in the hydrogel without liposomes group. Afterward, a fast release
of 81.9 ± 3.8% of the total VEGF occurred over 21 days. On the other hand, in the first
24 h, the liposomal hydrogel group had a lower initial release of 13.5 ± 4.6%, followed by a
sustained delivery of 31.0 ± 5.9%, resulting in a cumulative release of 44.5 ± 3.8% VEGF
after three weeks. The findings confirmed the potential use of liposomal hydrogel in the
sustained release of VEGF for an extended period of at least three weeks.

2.2. In-Vitro Characterization of Cell–Hydrogel 2.5D Culture
2.2.1. Effect of Sustained Delivery of VEGF on Cell Morphology

The cellular morphology and interaction of t hydrogels were observed under FESEM
on days 0, 7, 14, and 21 of culture. The FESEM images in Figure 5 demonstrate that cells
with both spherical and spindle-shaped morphology were visible 24 h after seeding (day 0).
On day 7, the cells displayed a spindle-like appearance, with cytoplasmic extensions con-
tacting each other to form a network structure. On day 14, the cells became more polygonal
and better spread, typical of differentiated osteoblastic phenotype. On day 21, calcium
mineral nodules of varying sizes could be observed. Comparing the two hydrogel groups,
it was revealed that the number of cells in both groups increased continuously from day 7
to day 21. The cells in the liposomal hydrogel + VEGF group spread more extensively, even-
tually covering the whole surface of the hydrogel, resulting in significantly higher deposits
of apatite nodules by day 21 compared with the hydrogel without liposomes group, which
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exhibited more sparse mineral deposits. This result suggest that the liposomal hydrogel
scaffold was most superior in the induction of cell differentiation and mineralization.

 

Figure 5. Surface cellular morphology viewed under FESEM at ×1000 magnification: Both spherical
(black arrows) and spindle shaped cells (yellow arrows) were seen on day 0 (a,e). The presence
of cytoplasmic extensions (white arrows, broken line) was observed on day 7 (b,f). Polygonal and
flattened cells (black arrows, broken line) were seen on day 14 (c,g). On day 21, the liposomal
hydrogel + VEGF group (h) showed denser cellular network and higher accumulation of mineralized
nodules compared with the hydrogel without liposomes group (d). White arrows indicate deposition
of calcium nodules.

2.2.2. Effect of Sustained Delivery of VEGF on Cell Viability

The impact of VEGF on cell viability using MTT assay is displayed in Figure 6. All
the experimental groups demonstrated a time-dependent increment in the cell viability
of MG-63 cells. On days 7, 14, and 21 of culture, the cell viabilities of the two hydrogel
groups (hydrogel without liposomes and liposomal hydrogel) were significantly greater
than the two control groups (OM and OM + VEGF) (p < 0.05). Between the control groups,
the OM + VEGF group demonstrated significantly higher cell viability than the OM control
group on day 7 of incubation (p < 0.05), due to the supplementation of VEGF as a bolus
for one week. Nevertheless, from day 14 onwards, there were no significant differences
between the control groups (p > 0.05). Between the two hydrogel groups, the cell viability in
the liposomal hydrogel + VEGF group was significantly higher than the hydrogel without
liposomes + VEGF group on days 14 and 21 of culture (p < 0.05). This finding indicated
that the controlled delivery of VEGF via liposomal hydrogel significantly increased the cell
viability of MG-63 cells over the 21-day culture period.

2.2.3. Effect of Sustained Delivery of VEGF on ALP Activity

The effect of VEGF on ALP activity is displayed in Figure 7. The ALP activity of MG-63
cells in all the experimental groups climaxed on day 14 of cultivation but reduced on day 21.
Between the control groups, on day 7 of incubation, the OM + VEGF group demonstrated
significantly higher ALP activity than the OM-negative control group (p < 0.05). Never-
theless, no significant differences were noted between the control groups from day 14
onwards (p > 0.05). This is because VEGF was delivered as a bolus for one week. On day 7,
14, and 21 of culture, the ALP activities of the two hydrogel groups (hydrogel without
liposomes and liposomal hydrogel) were significantly higher than the two control groups
(OM and OM + VEGF) (p < 0.05). Between the two hydrogel groups, the ALP activity in
the liposomal hydrogel + VEGF group was significantly greater than the hydrogel without
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liposomes + VEGF group on days 14 and 21 of culture (p < 0.05). This finding suggested
that the sustained delivery of VEGF via liposomal hydrogel significantly enhanced the ALP
activity of MG-63 cells over the 21-day experimental period.

Figure 6. The effects of sustained delivery of VEGF on cell viability was determined with MTT
assay on days 0, 7, 14, and 21 of cultivation. Each value was expressed as mean ± SD (n = 3 per
group). * denotes statistical significance between different culture time points of each group (p < 0.05).
** denotes significant differences between groups at each time point (p < 0.05).

 

Figure 7. The effects of sustained delivery of VEGF on ALP activity assayed on day 0, 7, 14, and 21 of
cultivation, and the ALP activity is expressed as nmol/ng. Each value is expressed as mean ± SD
(n = 3 per group). * denotes statistical significance between different culture time points of each group
(p < 0.05). ** denotes significant differences between groups at each time point (p < 0.05).
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2.2.4. Effect of Sustained Delivery of VEGF on Matrix Mineralization

In the later stages of the matured osteoblasts, calcium ions were incorporated into
ECM, resulting in matrix mineralization. The calcium deposits formed were stained by
Alizarin Red S after three weeks of culture and quantitatively assayed. The quantification
results are shown in Figure 8.

 

Figure 8. The effects of sustained delivery of VEGF on mineralization: Alizarin Red S staining was
quantitatively assayed at 570 nm on day 21. Each value is expressed as mean ± SD (n = 3 per group).
** denotes significant differences between groups at each time point (p < 0.05).

The calcium deposits in the cell-seeded liposomal hydrogel + VEGF group were the
highest (p < 0.05). The mineral deposition in the hydrogel without liposomes + VEGF
group was significantly greater than the control groups but lesser than the liposomal
hydrogel + VEGF group (p < 0.05). The calcium deposition in the positive control group
(OM + VEGF) was slightly greater than the negative control (OM), but the difference was
not significant (p > 0.05). This result indicates that the sustained release of VEGF via
liposomal hydrogel significantly enhanced the matrix mineralization of MG-63 cells over
the three-week experimental period.

3. Discussions

The existing literature confirmed that 21 days of continued induction was necessary
for the complete osteogenic process to take place [22]. Among the different carrier systems
available, Ruel-Gariépy et al. (2000) [23] reported that preloading of bioactive molecules
into microparticles or liposomes is necessary to achieve sustained delivery over more than
one week from thermosensitive chitosan gels. The double encapsulation strategy using
liposomal hydrogel in this study successfully fulfilled the requirement of sustained delivery
of VEGF for at least three weeks.

3.1. Characterization of Scaffold

The liposome formulation may influence the drug release profile. According to previ-
ous laboratory studies, the addition of cholesterol to liposome bilayers can prevent lipid
exchange, thus providing an additional stabilizing effect [24]. In the current study, we
followed an optimized formulation for the preparation of the liposomes, with dipalmi-
toylphosphatidylcholine (DPPC), dimethyldioctadecylammonium bromide (DDAB), and
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cholesterol (CH), at a molar ratio of 2:0.01:1 [25]. This formulation is in agreement with the
proportions employed in most studies, i.e., 2:1 ratio (two parts of lipids and one part of
cholesterol). However, the underlying reason for using these ratios is still unknown [24,26].

The parameters that determine the quality and suitability of a nanocarrier formulation
for drug delivery include the average particle size/diameter, polydispersity index (PDI),
and zeta-potential. The average particle size influences the drug release profile and bioavail-
ability. This is because particle sizes on the order of 100 nm have a large surface-to-volume
ratio, thus leading to a more controlled substance release [27,28]. The polydispersity index
(PDI) measures the heterogeneity of size distribution of nanoparticles. PDI values smaller
than 0.3 are deemed suitable for drug delivery purposes [29]. Zeta-potential measures the
surface charge of nanoparticles in solution, and it is indicative of the colloidal stability.
Zeta-potential values greater than +25 mV or less than −25 mV typically have a high level
of stability [30]. Therefore, the VEGF-loaded liposomes with average particle size of 171 nm,
PDI of 0.174, and zeta-potential of +38.5 mV in the current study were considered optimum
for drug delivery. On average, the VEGF-loaded liposomes demonstrated a slight increase
in particle size, PDI, and zeta-potential. However, the differences between liposomes with
and without VEGF were statistically insignificant (p > 0.05). These findings showed that
the loaded VEGF did not significantly alter the physical properties and morphology of
the liposomes.

The presence of liposomes within the polymeric chitosan hydrogel matrix did not
disturb the gelation process. However, the gelation time for the hydrogel system was
shortened after the liposomes were loaded. This was due to the alteration in the rheological
properties of the hydrogel in the presence of secondary carriers (liposomes) [31]. The
resultant liposomal hydrogel maintained the optimal microstructure (pore size and poros-
ity), which was appropriate for cell attachment and growth. The average pore diameter
of 100–325 μm was considered ideal for bone-tissue-engineered scaffolds according to
Murphy et al. (2010) [32]. Previous studies found that bigger pore diameters (100–200 μm)
favored bone regeneration after implantation, while smaller pore sizes below 100 μm
resulted in fibrous tissue formation [33]. Porosity within the range of 80–90% was rec-
ommended for the cell penetration and vascularization of implanted scaffolds in bone
defects [34]. Highly porous scaffolds (>90%) were associated with higher permeability and
surface area for cell–biomaterial interactions. However, this resulted in inferior mechanical
properties and higher degradability [35]. Therefore, the liposomal hydrogel with a pore di-
ameter of 205.8 ± 25.5 μm and porosity of 84.0 ± 2.9% in this current study was acceptable
for cell culture.

The FTIR analysis is a spectroscopic technique that uses infrared light to identify
the chemical properties of scanned samples [36]. The FTIR result for hydrogel without
liposomes from our study was similar to the study by Qin et al. (2018) [37]. The spectra
of the lyophilized hydrogels with and without liposomes showed similar trends. This
showed that the addition of liposomes did not alter the chemical structure of the hydrogel.
Nevertheless, an absorbance peak at 2868 cm−1 was observed in the liposomal hydrogel
spectrum, which corresponded to the tensile vibrations of C-H bonds and carbon cyclic
rings. The region between 2800 cm−1 and 3000 cm−1 is a hallmark of the presence of
cholesterol in liposomes [38]. Reduced wavenumbers of amide I and amide II bands as
compared with the spectrum of chitosan were observed in both the hydrogel spectra. The
FTIR results indicate that the sol–gel transition was due to the electrostatic interaction
between negatively charged β-glycerophosphate and positively charged chitosan [39,40].
No new peaks could be observed in both hydrogel spectra, confirming the absence of
chemical bonds between chitosan and β- glycerophosphate [39].

It was perceived that owing to the presence of liposome, the liposomal hydrogel had a
lower initial release of about 13.5% in the first 24 h, with a cumulative release of 44.5% VEGF
over 21 days, nearly half of that observed in the hydrogel without liposomes group. These
results suggest that the presence of liposomes as secondary carriers provided a continuous
release of VEGF below 40 ng/mL over 21 days, as required for the complete osteogenic
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process to take place. This result corroborates the findings of other studies, in which the
sustained delivery of bioactive molecules was accomplished using liposomes [41,42]. Due
to liposome leakage, VEGF first escaped from the liposomes into the hydrogel matrix. Later,
VEGF was discharged into the culture medium, first through diffusion and then through
degradation of the hydrogel matrix.

3.2. Effects of Liposomal Hydrogel on Cell Viability, Differentiation, and Mineralization

Osteogenesis comprises three major stages, proliferation, differentiation, and mineral-
ization, taking place under continuous osteogenic induction for at least 21 days. Throughout
these phases, expressions of specific osteogenic markers are temporally and sequentially
organized [43,44]. Previous studies only compared the effects of VEGF-containing hydrogel
without any secondary nanocarrier with negative controls over 14–21 days [45,46]. There-
fore, in order to further investigate the effects of VEGF on osteogenesis in this study, three
methods of delivery of VEGF, namely bolus delivery (OM + VEGF group), burst release (hy-
drogel without liposomes + VEGF), and sustained delivery (liposomal hydrogel + VEGF),
were conducted, and the effects on cell proliferation, differentiation, and mineralization
were evaluated for 21 days.

The findings of the current study showed that the effect of sustained delivery of VEGF
from liposomal hydrogel was the most superior compared with the hydrogel without
liposomes carrier system reported by Wu et al. (2019) [45] and Elango (2023) [46], as well as
the bolus delivery of VEGF without carrier [47]. This is explained by the sustained delivery
of VEGF over the 21-day culture period. These results are in agreement with a previous
study, in which the sustained delivery of bioactive molecules was accomplished using
liposomes as secondary carriers [41].

The MG-63 cells exhibited favorable cell–material interaction on the hydrogels due
to the presence of chitosan. The surface of chitosan promoted cell attachment by being
positively charged, to which the negatively charged cell surfaces are naturally attached [48].
The porous and sponge-like microstructure of the hydrogels also facilitated cell attachment
and proliferation [49]. While both hydrogels were proven to be non-cytotoxic and biocom-
patible, the liposomal hydrogel + VEGF was shown to be superior in the induction of cell
differentiation and mineralization compared with hydrogel without liposomes + VEGF, as
demonstrated by the more densely packed differentiated osteoblastic cells with a higher
amount of calcium mineral deposits in the liposomal hydrogel + VEGF group.

VEGF stimulated the proliferative and differentiation potential of cells in a time-
dependent manner, similar to other studies [47,50]. Increased proliferation and differen-
tiation were due to the direct interaction of VEGF with the receptors expressed by the
osteogenic cells, as proven by the presence of VEGFR-1 and VEGFR-2 receptors and VEGF
binding proteins, Neuropilin-1 and -2 [51]. The study by Lee et al. (2012) showed that
VEGF did not have a significant effect on the proliferation of human periodontal ligament
stem cells, which was not in agreement with this study. However, the effects of VEGF were
studied for a short period of time which did not extend beyond 5 days. In the current
study, the proliferation stimulative effect of VEGF was no longer significant after the cell
differentiation was initiated on around day 14. This current observation is consistent with
the results in other studies also reporting that cell proliferation declines after two weeks
of the osteogenic induction [46,52,53]. Both the hydrogels, with and without liposomes
groups, exhibited higher ALP activities than the OM and OM + VEGF groups, consistent
with the findings by Takagishi et al. (2006) [54], in which the promotion of osteogenic
differentiation was reported in MG-63 cells cultured on gelatin hydrogels. The liposomal
hydrogel + VEGF group expressed the highest ALP activity on day 14, because the os-
teoblastic differentiation was initiated in the MG-63 cells during this period, allowing the
effects of persistent exposure of VEGF on osteoblastic differentiation to be fully expressed.

Following the rise in ALP activity, matrix mineralization takes place. ALP breaks
down pyrophosphate and inorganic phosphate, which results in the deposition of calcium
minerals in the collagen fibers of ECM to form hydroxyapatite crystals from approximately
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the 14th day of culture [55]. Being a weak base, BGP was able to induce thermo-sensitive
gelation when it was added to the acidic chitosan solution. At the same time, BGP also
served as a source of organic phosphate for mineralization [56]. A previous study found
that the sustained release of organophosphates from CS/BGP hydrogel may result in
significantly greater calcium deposition [43]. Calcium mineral deposition exhibited the
same trend as cell differentiation assays. The liposomal hydrogel + VEGF group induced
the highest level of mineralization in MG-63 cell cultures. The current result again indicated
that the synergistic effect between OM and sustained delivery of VEGF was the most
effective in the induction of terminal differentiation and mineralization, supported by other
studies conducted on human dental pulp stem cells [47,57].

Nevertheless, the optimal concentrations of VEGF for enhanced osteogenesis are
controversial. The heterogeneity between studies may be influenced by the cell type,
culturing conditions, and duration of time exposure of cells to VEGF. A recent study showed
enhanced osteogenesis in human bone mesenchymal stem cells cultured for 21 days on a
collagen–hydrogel scaffold [46]. However, the study by Aksel et al. (2017) on dental pulp
stem cells showed that the highest levels of mineralization and expression of the osteogenic
gene were seen when VEGF was given only during the first week of incubation, instead of
continuous supplementation over 21 days [57]. Song et al. (2011) [58] reported that higher
concentrations of VEGF over a longer incubation period could induce the upregulation
of the inhibitor of DNA-binding 1 protein (Id1), which may retard terminal osteoblast
differentiation and mineralization.

An in vitro study on human dental pulp stem cells demonstrated the highest level of
mineralization when 40 ng/mL VEGF was used [47]. Another study showed enhanced
osteogenesis of human periodontal ligament stem cells in vitro and in vivo in the presence
of 25 ng/mL of VEGF [59]. The study by Wu et al. (2019) on dental pulp stem cells (DPSCs)
reported that the odontogenic effect of 100 ng/mL VEGF loaded in a hydrogel delivery sys-
tem was significantly greater than 100 ng/mL VEGF supplementation without carriers [45].
This finding was supported by the most recent study by Elango (2023), in which the differ-
entiation and mineralization were accelerated when human bone mesenchymal stem cells
were cultured on a collagen–hydrogel carrier system loaded with 100 ng/mL VEGF [46].
On the other hand, the studies by Behr et al. (2011) [60] and Aksel et al. (2017) [57] showed
that different concentrations of VEGF (5–200 ng/mL) did not appear to induce significantly
different osteoinductive effects on human adipose-derived stem cells and human dental
pulp stem cells, respectively. Due to the varying results of the studies, until further con-
firmatory studies are conducted, the cumulative release of VEGF around 40 ng/mL over
3 weeks via chitosan hydrogel loaded with 100 ng/mL VEGF in the current study appears
to be justified, because it would be safer to maintain the release of VEGF at a minimal level
to avoid the undesirable side effects of excessive local concentrations of VEGF, such as
hypertrophic bones and defective angiogenesis [61,62].

3.3. Limitations and Recommendations for Future Research

Although the MG-63 cell line is a useful cell model in bone research, it does not fully
emulate the behavior of primary human osteoblast cells or induced osteoblasts from human
pluripotent stem cells. For the determination of gelation time, rheological analysis using
storage and loss modulus would be more accurate than the conventional tube inversion
method. In addition, the parameters that are essential to maximize bone formation, such as
the loading concentration and duration of delivery of VEGF, require further optimization.
The 2.5D culture design could be upgraded to a 3D culture system with the usage of stem
cells to further investigate the possibility of cell encapsulation combined with liposomal
delivery of VEGF in bone regeneration. The release profile of VEGF from liposomes alone
without hydrogel could be added in future studies for more thorough characterization of
the release kinetics of VEGF.

120



Gels 2023, 9, 562

4. Conclusions

Besides functioning as a scaffold in BTE, liposomal hydrogel is a very promising
vehicle to deliver VEGF in a sustained manner in order to enhance the osteogenesis of
osteoblast-like cells, as demonstrated by the increase in cell attachment, proliferation, dif-
ferentiation, and mineralization. The liposome-loaded, 2% w/v chitosan, 6% w/v BGP
hydrogel also displayed a unique thermosensitive profile for use in injectable form. The
potential of this double encapsulation strategy in bone regeneration can be further investi-
gated in preclinical in-vivo studies using human MSCs.

5. Materials and Methods

5.1. Materials

VEGF165 Protein (Human Recombinant Animal Free) was obtained from Merck (Darm-
stadt, Germany). Chitosan (low molecular weight, 85% deacetylated) was acquired from
Thermo Fisher Scientific (Waltham, MA, USA). Dipalmitoylphosphatidylcholine (DPPC),
cholesterol (CH), dimethyldioctadecylammonium bromide (DDAB), beta-glycerophosphate
(BGP), and other materials were bought from Sigma-Aldrich (Schnelldorf, Germany).

5.2. Preparation of Scaffold
5.2.1. Preparation of VEGF-Loaded Liposomes

Liposome nanocarriers with encapsulated VEGF were fabricated using the thin lipid
film hydration method [25]. DPPC, CH, and DDAB were mixed with chloroform at a weight
ratio of 5 mg:1.31 mg:0.021 mg. Rotary evaporator was used to evaporate the chloroform
at 55 ◦C under controlled low pressure until a dry lipid film was produced. Recombinant
human VEGF165 was reconstituted in phosphate-buffered saline (VEGF/PBS). Liposomes
with VEGF were produced by hydrating the thin lipid films with VEGF/PBS. After that,
the sonication technique was used to produce liposomes in the form of small unilamellar
vesicles. The liposome samples were kept in an ice-cold bath and sonicated using a probe
sonicator with the following settings: 10 s ON, 10 s OFF intervals, 40% amplitude, and
750 W, for a total period of 15 min [63].

5.2.2. Preparation of Thermoresponsive Hydrogels

An amount of 10 mL of hydrogel was prepared following the protocol mentioned
in the study by Qin et al. [37]. Chitosan (CS) solution was made by mixing 200 mg CS
powder in 8 mL acetic acid solution (0.75% v/v) at room temperature for 3 h. Subsequently,
the dissolved CS was kept at 4 ◦C for 24 h to reduce the bubbles inside. BGP solution
was prepared by adding 600 mg BGP in 2 mL distilled water and kept chilled at 4 ◦C.
The chilled BGP was added drop by drop into the CS solution under continuous stirring
in an ice bath for 10 min. The volume ratio of CS:BGP was 4:1. After that, liposomal
hydrogel (liposomal hydrogel + VEGF) was obtained by adding the appropriate amount
of VEGF-loaded liposomes into the CS/BGP mixture under gentle stirring for another
10 min to attain a final concentration of 100 ng/mL (w/v) VEGF [45,46]. Hydrogel without
liposomes (hydrogel without liposomes + VEGF) was obtained by adding VEGF/PBS to
attain the same final concentration of 100 ng/mL (w/v) VEGF. Gelation times for both
hydrogels were ascertained using the tube inversion method in 37 ◦C water baths. The
gelation point was established when there was no flow over 30 s, with the glass bottles
being turned upside down [64].

5.3. Characterization of Scaffold
5.3.1. Characterization of Physical Properties and Morphology of Liposomes

The particle sizes, polydispersity indexes (PDI), and zeta-potentials of liposomes
(with and without VEGF) were ascertained in triplicates with the dynamic light scattering
(DLS) method using a Zetasizer Nano ZS ZEN 3500 instrument (Malvern Instruments
Ltd., Worcestershire, UK). The morphology of the liposomes with and without VEGF was
observed by using a Talos-L120C transmission electron microscope (TEM, Thermo Scientific,
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Waltham, USA) at an accelerating voltage of 100 kV. The liposomes were stained with 1%
ammonium molybdate (pH 7) on carbon-coated copper grids and analyzed under TEM.

5.3.2. Morphological Characterization of Hydrogel Using FESEM

After gelation, the hydrogels were lyophilized in a freeze drier overnight at −80 ◦C.
After that, the samples were sectioned and analyzed under field emission scanning electron
microscope (FESEM) (Merlin VP Compact, Zeiss, Oberkochen, Germany) to obtain the
surface microstructure images of the hydrogels. The mean pore diameter of each sample
was measured using the software Image-J by considering 20 pores [37].

5.3.3. Porosity Determination of Hydrogels

The percentage of porosity was measured using the Archimedes method [65]. Initially,
the dry weights of the lyophilized hydrogels (Wdry) were measured and recorded. Then,
the hydrogels were prewet with dehydrated alcohol and soaked in water. The submerged
weights (Wsub) were recorded when the hydrogels were submerged under water. After
removal from the water, the weights were measured again (Wwet). The porosities of the
hydrogels were calculated with the formula below [65]:

Porosity (%) = [(Wwet − Wdry)/(Wwet − Wsub)] × 100%

where Wwet is the wet weight, Wdry is the dry weight, and Wsub represents the weight of
the submerged hydrogel.

5.3.4. Characterization of Chemical Properties of Hydrogels Using FTIR Spectroscopy

Chemical properties of the lyophilized hydrogels and raw materials (CS and β-GP)
were characterized using a SPECTRUM 400 FTIR spectrometer (Perkin Elmer, Waltham,
USA) equipped with an attenuated total reflectance (ATR) accessory. All FTIR spectra
(32 scans per spectrum) were collected within the wavelength range of 4000–500 cm−1 at a
resolution of 4.0 cm−1 [37].

5.3.5. Release Profile of VEGF from the Hydrogels

An amount of 2 mL of phosphate-buffered saline (PBS) was added to the hydrogels
and incubated at 37 ◦C for 24 h. The leachate was collected and immediately frozen at
−80 ◦C every 2 days over 3 weeks. After each leachate collection, the same volume of PBS
was replenished. The concentrations of VEGF in the leachate were quantified utilizing the
human VEGF enzyme-linked immunosorbent assay (ELISA) kit (FineTest, Wuhan, China).
The cumulative release of VEGF (in ng/mL) was plotted as a function of time [45].

5.4. Cell–Hydrogel 2.5D Co-Culture

The cell line used for this study was the MG-63 cell line. The cell line was procured
from the American Type Culture Collection (ATCC, Bethesda, MD, USA) (ATCC No. CRL-
1427™). Complete medium (CM), containing Eagle’s minimum essential medium (EMEM),
10% (v/v) fetal bovine serum (FBS), and 1% (v/v) penicillin–streptomycin (Gibco, Grand
Island, NY, USA), was used to culture the cells. Osteogenic medium (OM) composed of
complete medium supplemented with 50 μg/mL L-ascorbic-2-phosphate (AAP) was used
for osteogenic induction [66].

Hydrogels were prepared in aseptic environment according to the protocol mentioned
previously. The sterile hydrogels were added into 24-well plates (500 μL/well). The
hydrogels were incubated at 37 ◦C for 15 min for gelation to occur. MG-63 cells were seeded
at 1 × 104/cm2 seeding density on the hydrogel without liposomes + VEGF and liposomal
hydrogel + VEGF scaffold groups and cultured in CM. After 24 h, the CM was discarded
and replaced with OM. This marked day 0 of the analysis. In the positive control group,
MG-63 cells were cultured without hydrogel in OM, initially supplemented with a bolus of
100 ng/mL (w/v) VEGF (OM + VEGF group). The VEGF was not replenished after one
week to simulate the burst release effect. As a negative control, MG-63 cells were cultured
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without hydrogel in OM with no VEGF supplementation (OM group). The medium was
replaced with fresh OM every 72 h. Subsequent experiments were performed in triplicates.

5.5. In Vitro Characterization of Cell–Hydrogel Co-Culture
5.5.1. Cell Morphology Analysis Using FESEM

The cell attachment and morphology of the hydrogels were assessed using a field
emission scanning electron microscope (FESEM) on day 7, 14, and 21. The samples were
first fixed overnight in 2.5% v/v glutaraldehyde. Then, the samples were washed with
PBS, followed by dehydration in a freeze drier for 24 h at −80 ◦C. After that, the samples
were examined under FESEM (Merlin VP compact, Zeiss, Oberkochen, Germany) after
sputter-coating.

5.5.2. Cell Viability Analysis Using MTT Assay

MTT assay was used to investigate the cell viability on day 0, 7, 14, and 21. MTT
solution and complete medium (volume ratio of 1:9) were added to each well and incubated
at 37 ◦C for 4 h. Dimethyl sulfoxide (DMSO) in glycine buffer at pH 7.4 was used to dissolve
the formazan crystal generated as a result of mitochondrial dehydrogenase activity. The
solubilized formazan product was then transferred to a 96-well plate, and the optical
density reading at 570 nm was recorded using an ELISA microplate reader (Varioskan
Flash, Thermo Scientific, Waltham, USA). Each experiment was performed in triplicate.
Number of cells/cm2 was plotted against the day of analysis.

5.5.3. Cell Differentiation Analysis Using Alkaline Phosphatase (ALP) Assay

Alkaline phosphatase (ALP) is the key marker for determining osteoblastic phenotype.
At the end of the 0-, 7-, 14-, and 21-day incubation time points, ALP activity was assayed
using a Sensolyte® pNPP alkaline phosphatase assay kit (AnaSpec, California, USA), as per
the manufacturer’s protocol. In the presence of ALP, p-nitrophenol was released from p-
nitrophenyl phosphate (PNPP) solutions. The concentration of p-nitrophenol was assayed
in triplicate by recording the light absorbance at 405 nm using an ELISA reader (Varioskan
Flash, Thermo Scientific, Waltham, USA). The result of the ALP assay was presented by
plotting a graph of ALP activity (ng/mL) against the day of culture.

5.5.4. Mineralization Analysis Using Alizarin Red S Staining Quantification

Alizarin Red S (ARS) staining was carried out to detect the calcium mineral deposit
present. On day 21, the cell layers were washed with PBS, fixed with 10% formalin,
and stained with 1% ARS (Sigma-Aldrich, Schnelldorf, Germany). Quantification of the
calcium mineral deposition was performed by eluting the alizarin red stain with 10% (w/v)
cetylpyridinium chloride. The absorbance was recorded at 570 nm using a microplate
reader (Varioskan Flash, Thermo Scientific, Waltham, USA).

5.6. Statistical Analysis

The data analysis was conducted using the SPSS version 26. Descriptive data is
expressed as mean ± standard deviation (SD). Normality of the data distribution was
checked with Shapiro–Wilk test. An independent t-test was used for the comparison
of microstructural characteristics between liposomes with and without VEGF. A Mann–
Whitney U test was used for the comparison between hydrogel with and without liposomes.
One-way analysis of variance (ANOVA) with the Bonferroni’s post hoc test was used to
compare the differences between experimental groups in 2.5D co-culture. For the MTT
and ALP results, one-way repeated measure ANOVA (Bonferroni post hoc) was used to
compare the differences between experimental time points within the same group. A value
of p < 0.05 was considered statistically significant.
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Abstract: The aim of the present study is to formulate highly permeable carriers (i.e., transetho-
somes) for enhancing the delivery of prednisolone combined with tacrolimus for both topical and
systemic pathological conditions. A Box–Behnken experimental design was implemented in this
research. Three independent variables: surfactant concentration (X1), ethanol concentration (X2), and
tacrolimus concentration (X3) were adopted in the design while three responses: entrapment effi-
ciency (Y1), vesicle size (Y2), and zeta potential (Y3) were investigated. By applying design analysis,
one optimum formulation was chosen to be incorporated into topical gel formulation. The optimized
transethosomal gel formula was characterized in terms of pH, drug content, and spreadability. The
gel formula was challenged in terms of its anti-inflammatory effect and pharmacokinetics against oral
prednisolone suspension and topical prednisolone–tacrolimus gel. The optimized transethosomal gel
achieved the highest rate of rat hind paw edema reduction (98.34%) and highest pharmacokinetics
parameters (Cmax 133.266 ± 6.469 μg/mL; AUC0-∞ 538.922 ± 49.052 μg·h/mL), which indicated
better performance of the formulated gel.

Keywords: prednisolone; tacrolimus; Box–Behnken design; transdermal delivery; transethosomes

1. Introduction

For many years, prednisolone (PRED) has been utilized extensively in the treatment of
inflammatory illnesses (both acute and chronic). For many rheumatic illnesses, a long-term
remedy with these medications is frequently required to manage the symptoms. Long-
term use of PRED in therapy has a number of negative consequences on the heart and
metabolism of bones. One of the most common adverse effects of long-term PRED use is
bone loss. The anti-inflammatory effect of PRED is underpinned by very intricate processes
that obstruct the operation of numerous systems. In addition to the risks connected to
the prolonged use of PRED at a super-physiological dose, there are issues connected to
stopping the steroid medication. Reduced unfavorable side effects would be extremely
beneficial for therapeutic usage of PRED, which is the greatest anti-inflammatory medicine
currently on the market. For patients, worry regarding their safety has always been the
main barrier to the use of oral PRED [1,2]. One of the means to reduce the side effects of
PRED is to shift the route of application to the transdermal route.
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Recently, the name “trans-ethosomes” was given to lipid-based nanovesicles that
include an edge activator and ethanol. The benefits of both ethosomes and transfersomes
are present in transethosomes (TETSMs). TETSMs provide a number of advantages over
other drug delivery methods because of the inclusion of these components. Ethanol
improves medication penetration through the minute holes created in the stratum corneum
as a result of fluidization by enhancing the lipid’s fluidity and decreasing the density
of the lipid bilayer [3]. These vesicles’ edge activator weakens the phospholipid bilayer,
making them ultradeformable and extremely elastic [4]. Therefore, it is anticipated that
these drug-loaded nanovesicles will have a positive effect on therapeutic activity.

Tacrolimus (TAC) alters the humoral and cell-mediated immune reactions linked to in-
flammation in a number of different ways. The key method of action involves reducing the
immunophilin FK506 binding protein 12’s ability to activate calcineurin as a phosphatase,
preventing the generation of interleukin (IL)-2, and inhibiting the signal transduction
pathway that activates T cells. Although cyclosporin also inhibits calcineurin by forming a
compound with a different immunophilin, in vitro and in vivo research shows that TAC
has 10–100 times greater immunosuppressive activity than cyclosporin. Additionally, nitric
oxide synthase activation and apoptosis may be inhibited by TAC, which may also enhance
the effects of corticosteroids in these processes [5].

Many sources in the literature confirmed that combining corticosteroids therapy with
TAC leads to lower required doses of corticosteroids in renal transplant operations [6]. This
could be beneficial in terms of fewer side effects from steroids.

The aim of this research is to examine the possibility of combining PRED and TAC
in TETSMs carriers and utilizing the transdermal route to increase the anti-inflammatory
effect and pharmacokinetics of PRED.

2. Results and Discussion

2.1. Effect of Formulation Variables on EE%, Vesicle Size, and Zeta Potential

The chief objective of this study was to assess the effectiveness of TETSMs in improving
the penetration of PRED through the skin for the management of inflammatory disorders.
TETSMs are capable of effectively penetrating the stratum corneum due to their high
alcohol content and surfactant properties [7]. Additionally, the study also examined the
impact of TAC on the delivery of PRED to the skin.

An analysis was conducted to examine the impact of various formulation variables,
including concentration of surfactant (X1), concentration of ethanol (X2), and concentration
of TAC (X3) on EE% (Y1), vesicular size (Y2), and zeta potential (Y3). The results of the
regression analysis, which were used to determine the best fitting model for each response,
are summarized in Table 1.

Table 1. Composition of PRED-TAC TETSMs Formulations and the results of different responses (mean ± SD).

Formula Code

Independent Variables Dependent Variables

Surfactant
Concentration

w/v % (X1)

Ethanol
Concentration

v/v % (X2)

Tacrolimus
Concentration

w/v % (X3)
EE% (Y1)

Vesicles Size
(nm) (Y2)

Zeta Potential
(mv) (Y3)

PDI

1 1 20 0.065 87.6 ± 2.14 330.5 ± 10.12 −32.2 ± 0.92 0.132 ± 0.08
2 1 40 0.065 80.4 ± 1.87 307.8 ± 8.75 −36.1 ± 0.87 0.315 ± 0.09
3 1 30 0.1 84.4 ± 1.46 320.7 ± 7.35 −33.8 ± 1.01 0.326 ± 0.11
4 0.2 20 0.065 62.4 ± 2.01 253.6 ± 6.54 −19.3 ± 1.17 0.321 ± 0.12
5 0.6 30 0.065 72.3 ± 3.27 283.5 ± 5.43 −30.4 ± 1.28 0.276 ± 0.03
6 0.6 30 0.065 72.1 ± 2.98 283.2 ± 6.98 −30.1 ± 0.84 0.376 ± 0.11
7 0.2 30 0.1 58.4 ± 1.54 242.1 ± 4.33 −22.1 ± 0.58 0.123 ± 0.02
8 0.6 30 0.065 72.4 ± 1.63 282.9 ± 7.21 −30.3 ± 0.23 0.265 ± 0.06
9 0.2 30 0.03 56.7 ± 3.21 231.5 ± 3.75 −21.8 ± 0.67 0.225 ± 0.14

10 0.6 20 0.03 75.6 ± 2.19 290.4 ± 7.25 −27.3 ± 0.95 0.431 ± 0.10
11 0.6 30 0.065 72.6 ± 1.92 283.7 ± 3.98 −30.5 ± 0.26 0.259 ± 0.07
12 0.6 20 0.1 76.5 ± 1.64 302.6 ± 9.43 −28.1 ± 1.11 0.239 ± 0.13
13 0.6 40 0.1 68.7 ± 2.54 278.5 ± 5.38 −32.7 ± 0.83 0.185 ± 0.05
14 0.2 40 0.065 51.3 ± 2.73 230.4 ± 6.27 −24.8 ± 0.63 0.173 ± 0.16
15 0.6 30 0.065 71.9 ± 3.81 283.3 ± 4.79 −30.6 ± 0.27 0.265 ± 0.08
16 1 30 0.03 83.2 ± 1.26 307.6 ± 10.3 −33.1 ± 1.03 0.439 ± 0.14
17 0.6 40 0.03 66.5 ± 1.87 266.7 ± 7.83 −31.8 ± 0.68 0.286 ± 0.12
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2.1.1. Effect of Formulation Variables on EE%

EE% data of the formulated TETSMs are shown in Table 1. Model fitting showed
a fairly good fit with a quadratic interaction model, with a correlation coefficient R2 of
0.9994, adjusted R2 of 0.9986, and predicted R2 of 0.9932. The small difference (less than 0.2)
between the adjusted and predicted R2 confirms the validity of the model [8]. Additionally,
the model showed high adequate precision of 125.84 (greater than 4), indicating the ability
of the model to navigate the design space [9], as represented in Table 2. ANOVA in
Table 3 showed that EE% was significantly affected by all independent variables (p < 0.05)
with the following equation representing the combined effect of independent variables
on EE% of TETSMs:

EE% = +72.26 + 13.35X1 − 4.40X2 + 0.7500 X3 + 0.9750X1X2 − 0.1250X1X3
+0.3250X2X3 − 1.49X12 − 0.3425 X22 − 0.0925X32

(1)

where X1 is the concentration of surfactant, X2 is the concentration of ethanol, and
X3 is the concentration of TAC. The response surface curves of the EE% values from the
interaction of different independent variables are shown in Figures 1A and 2A.

Table 2. Output data of Box–Behnken design for optimization of PRED–TAC-loaded TETSMs.

Dependent Variables R2 Adjusted R2 Predicted R2 Adequate
Precision

Y1: % EE 0.9994 0.9986 0.9932 125.8424
Y2: Vesicle size (nm) 0.9999 0.9998 0.9990 325.6015

Y3: Zeta potential (mV) 0.9988 0.9974 0.9877 89.5319

Table 3. ANOVA for Box–Behnken design of PRED–TAC-loaded TETSMs.

Dependent
Variable

Source SS Df Mean Square F Value p Value

Y1

Model 1599.74 9 177.75 1313.87 <0.0001 significant

A-Surfactant concentration 1425.78 1 1425.78 10,539.03 <0.0001

B-Ethanol concentration 154.88 1 154.88 1144.84 <0.0001

C-Tacrolimus concentration 4.50 1 4.50 33.26 0.0007

AB 3.80 1 3.80 28.11 0.0011

AC 0.0625 1 0.0625 0.4620 0.5185

BC 0.4225 1 0.4225 3.12 0.1205

A2 9.38 1 9.38 69.33 <0.0001

B2 0.4939 1 0.4939 3.65 0.0977

C2 0.0360 1 0.0360 0.2663 0.6217

Y2

Model 13,537.78 9 1504.20 9232.25 <0.0001 significant

A-Surfactant concentration 11,942.85 1 11,942.85 73,301.15 <0.0001

B-Ethanol concentration 1106.85 1 1106.85 6793.48 <0.0001

C-Tacrolimus concentration 288.00 1 288.00 1767.65 <0.0001

AB 0.0625 1 0.0625 0.3836 0.5553

AC 1.69 1 1.69 10.37 0.0146

BC 0.0000 1 0.0000 0.0000 1.0000

A2 145.21 1 145.21 891.22 <0.0001

B2 41.18 1 41.18 252.77 <0.0001

C2 16.80 1 16.80 103.11 <0.0001
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Table 3. Cont.

Dependent
Variable

Source SS Df Mean Square F Value p Value

Y3

Model 345.94 9 38.44 671.83 <0.0001 significant

A-Surfactant concentration 278.48 1 278.48 4867.32 <0.0001

B-Ethanol concentration 42.78 1 42.78 747.74 <0.0001

C-Tacrolimus concentration 0.9112 1 0.9112 15.93 0.0053

AB 0.6400 1 0.6400 11.19 0.0123

AC 0.0400 1 0.0400 0.6991 0.4307

BC 0.0025 1 0.0025 0.0437 0.8404

A2 21.84 1 21.84 381.72 <0.0001

B2 0.0000 1 0.0000 0.0005 0.9835

C2 0.6821 1 0.6821 11.92 0.0106

Y1: % EE, Y2: Vesicle size (nm), Y3: Zeta potential (mV), SS: sum of squares, Df: degree of freedom.

Figure 1. A 3D response surface graph for the effect of independent factors: surfactant concentration,
Ethanol concentration, and Tacrolimus concentration on the dependent responses, EE% (A), vesicle
size (B), and zeta potential (C) of PRED–TAC-loaded TETSMs. Red dots indicate the replicates
in our design.
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Figure 2. Contour graph for the effect of independent factors on different responses, EE% (A), vesicle
size (B), and zeta potential (C) of PRED–TAC-loaded TETSMs. Red dots indicate the replicates in
our design.

Increasing the surfactant concentration led to an increase in EE% of PRED as confirmed
by the positive sign of the correlation coefficient in Equation (1). This could be explained
based on the low HLB value of span 60, which increases the lipophilic domain of the lipid
bilayer and hence increases the entrapped PRED in this hydrophobic domain [10,11].

Ethanol concentrations have a negative effect individually on the EE% of PRED in
TETSMs, as represented by the negative sign of the correlation coefficient in Equation (1).
The decrease in the EE% may be due to the increase in the fluidity and the leakage of the
vesicles [12–15]. This result is in contrast to the previous research, which reported that
enhancing the concentration of ethanol from 20 to 40% will have a positive impact on the
EE% [16]. In addition, TAC showed an improvement in EE% by increasing its concentration
from 0.03 to 0.1%, which aids the solubilization of drugs in the lipid mixture. Including
lipid soluble TAC could increase the solubility of PRED.
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2.1.2. Effect of Formulation Variables on TETSMs Vesicle Size

The vesicle sizes of different formulated TETSMs are shown in Table 1. Model fitting
revealed a quadratic interaction between independent variables, with R2 of 0.9999, adjusted
R2 of 0.9998, and predicted R2 of 0.9990. There was a small difference (less than 0.2) between
the adjusted and predicted R2. Additionally, the model showed high adequate precision of
325.6, as represented in Table 2. The data from ANOVA in Table 3 revealed that vesicle size
of different formulations was significantly affected by all independent variables (p < 0.05)
with the following equation representing the combined effect of independent variables on
vesicle size of TETSMs:

Vesicles size = +283.32 + 38.64 X1 − 11.76X2 + 6.00X3 + 0.1250 X1X2 + 0.6500 X1X3
+0.0000X2X3 − 5.87X12 + 3.13X22 − 2.00X32

(2)

where X1 is the concentration of surfactant, X2 is the concentration of ethanol, and
X3 is the concentration of TAC. Figures 1B and 2B show the surface response curves of
the combined effects of prepared independent variables on vesicle size. Generally, the
surfactant concentration range in ethosomal formulations is 0.2–1% [17]. It was observed
that increasing the surfactant (span 60) ratio resulted in a slight or moderate increase in
vesicle size. The positive effect of surfactant on the vesicle size agrees with the earlier
outcomes and can be due to the reduction in the hydrophilic portion of the surfactant in
the presence of low HLB surfactant at high concentrations [10,11]. In addition, TAC had
a positive impact on the vesicle size values, meaning that increasing TAC concentration
from 0.03 to 0.1% resulted in a simultaneous increase in vesicle size. This condition was
observed parallel to the increase in span 60. In contrast, the concentration of ethanol was
found to have a negative impact on the vesicle size values and this is confirmed by the
negative sign of the correlation coefficient (X2) in Equation (2). This observation agrees
with the earlier literature [18].

Ethanol has been found to be a potent penetration enhancer. Ethanol concentration
has been reported in the literature to be in the range of 10–50% [7,19]. Enhancing the
concentration of ethanol resulted in a decrease in vesicle size, as stated in the previous
works [7,15,20–32].

2.1.3. Effect of Preparation Variables on Zeta Potential

Zeta potential is an indicator for the stability of nanosystems as it gives information
about the magnitude of attraction and repulsion between nanoparticles. As zeta potential
values increase, the repulsion between nanoparticles increases, and therefore there is
improvement in the system stability. As shown in Table 1, the zeta potential values of all
TETSMs formulations ranged from −19.3 ± 1.17 to −36.1 ± 0.87, indicating high stability
for the fabricated formulations.

The model fitting of the combined effects of TETSMs variables on zeta potential
proposed a quadratic model with R2 of 0.9988, adjusted R2 of 0.9974, and predicted R2 of
0.9877. There was a small difference (less than 0.2) between the adjusted and predicted R2.
In addition, the model showed high adequate precision of 89.53 as represented in Table 2.

The data from ANOVA in Table 3 revealed that the zeta potential of different formula-
tions was considerably affected by all independent variables (p < 0.05) with the following
equation representing the effect of independent variables on zeta potential of TETSMs:

Zeta potential =+ 30.38 + 5.90X1 + 2.31X2 + 0.3375X3 − 0.4000X1X2 + 0.1000X1 + 0.0250 X2X3
−2.28X12 − 0.0025X22 − 0.4025X32

(3)

where X1 is the concentration of surfactant, X2 is the concentration of ethanol, and X3 is
the concentration of TAC. As clear from the above equation, all independent variables
caused an increase in the zeta potential values. Increasing the zeta potential is so beneficial.
The increase in zeta potential values with the increase in span 60 concentration may be
attributed to the low HLB value (hydrophilic lipophilic balance) of span 60 resulting in
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high adsorption of OH ions from the hydration medium on the nanoparticles causing an
increase in zeta potential values [15].

The positive impact of ethanol concentration on zeta potential values may be due to
the negative charge imparted by ethanol on the particles’ surfaces. Ethanol’s effect on zeta
potential is well documented in the literature [17,33–35].

The effect of different independent variables on zeta potential is shown in Figures 1C and 2C.

2.2. Formulation Optimization and Validation

A numeric optimization was performed by Design Expert software to select the
optimum formula based on the highest desirability value. The optimum formula was
found to consist of 0.999 (w/v %) span 60, 39.99 (v/v %) ethanol, and 0.03 (w/v %) TAC.
The predicted responses of EE%, vesicle size and zeta potential were 79.308%, 298.929 nm,
and −35.047 mV, respectively, with a desirability of 0.704 as represented in Table 4 and
Figure 3. Validation of the optimum formula resulted in a % relative error less than 5% for
all predicted responses, confirming the fitness of the model [36].

Table 4. The composition and validation of the optimized formula with its expected responses.

The
Optimized

Formula

Independent Variables Predicted Responses Desirability

Surfactant
Concentration

w/v % (X1)

Ethanol
Concentration

v/v % (X2)

Tacrolimus
Concentration

w/v % (X3)
EE%

Vesicle Size
(nm)

Zeta Potential
(mv) 0.704

0.9999 39.998 0.03000 79.3083 298.929 −35.0471

Validation of the Optimum Formula

Responses Predicted value Experimental value % Relative error
EE% 79.3083 81.892 3.258
Vesicle size
(nm) 298.929 305.325 2.139

Zeta potential
(mv) −35.0471 −34.46 1.675

Figure 3. Cont.
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Figure 3. Desirability plot of the numerical optimization of PRED–TAC-loaded TETSMs.

2.3. In Vitro Release of Prednisolone from Optimized TETSMs Containing Gel

The release profile of PRED is illustrated in Figure 4. The release profile showed that
the PRED–TAC-loaded TETSMs gel achieved higher released PRED (82.93% ± 2.75) than
the PRED-loaded gel (42.56% ± 3.11) and PRED suspension (50.45% ± 2.12). The higher
release achieved could be attributed to the increased thermodynamic activity of PRED
solubilized in the TETSMs lipid bilayers, and to the nanosize of the vesicles that led to
higher release [37]. All gel formulations exhibited Higuchi diffusion model release.

Figure 4. In vitro release profile of PRED from the optimum PRED–TAC-loaded TETSMs gel com-
pared to PRED suspension and the PRED-loaded gel.

2.4. PRED Permeation from Optimized Formula

The permeation profile of PRED from the optimized-formula-loaded gel compared
to PRED-loaded gel and PRED suspension is illustrated in Figure 5, while permeation
parameters are presented in Table 5. Preparations of PRED–TAC-loaded TETSMs gels
showed the highest percent of PRED (62.65% ± 2.87) permeated through the skin, compared
to PRED-loaded gels and PRED suspension (26.5% ± 2.21 and 36.76% ± 1.98, respectively),
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and this is due to the lower rigidity of the vesicles, which permits their squashing between
cells. The combined effect of the presence of both ethanol and edge activator (i.e., surfactant)
enhanced the transepidermal flux of the gel formulation (45.27± 2.87 × 104 μg/cm2·h−1)
compared to the PRED-loaded gels and PRED suspension.

Figure 5. Ex vivo permeation of prednisolone from the optimum-formula-loaded gel compared to
PRED suspension and the PRED-loaded gel.

Table 5. Ex vivo permeation parameters of PRED from the optimum-formula-loaded gel compared
to PRED suspension and PRED-loaded gel (n = 3, mean ± SD).

Formulation
Code

Flux (Jss)
(μg/cm2 h−1) × 104

Permeability Coefficient
(P) (cm/h) × 10−6

Partition Coefficient
(KP) × 104

PRED–TAC-loaded
TETSMs gel 45.27 ± 2.87 9.21 ± 2.87 242 ± 2.87

PRED suspension 27.87 ± 2.43 5.11 ± 2.43 95.41 ± 2.43

PRED-loaded gel 19.32 ± 3.12 3.42 ± 3.12 38.54 ± 3.12

2.5. Morphological Examination of PRED–TAC-Loaded TETSMs

The transmission electron image of the optimum formula is represented in Figure 6.
The image shows spherical vesicles with large aqueous cores. The vesicles are smooth, well
defined, and non-aggregated, confirming their stability. The image is also in agreement
with the size analysis data.

Figure 6. TEM image of the optimum formula.
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2.6. Characterization of Gel Formulations

Gel formulations of PRED were characterized regarding pH, % drug content, and
spreadability. The data of these characterizations are shown in Table 6. Regarding pH, all
formulations showed a pH around 6.5 which is dermatologically acceptable according to
the literature [38]. All formulations kept a good % drug content meaning good compatibility
of the mixed ingredients.

Table 6. Characterization of PRED containing gel formulations.

Formula pH %Drug Content Spreadability

PRED–TAC-loaded
TETSMs gel 6.92 ± 0.014 96.53 ± 1.34 4.23 ± 0.12

PRED-loaded gel 6.54 ± 0.015 98.23 ± 0.42 3.87 ± 0.23
PRED–TAC-loaded gel 6.73 ± 0.009 97.48 ± 1.51 3.92 ± 0.15

The spreadability has a substantial role in patient agreement and aids in uniform gel
administration to the skin. An acceptable gel needs less time to spread over the skin and
will have great spreadability. The values of spreadability (4.23–3.87 (g cm)/s) confirm that
the gels spread without difficulty by application of a sheer minimum and have satisfactory
bioadhesion [39].

2.7. In Vivo Evaluation of Anti-Inflammatory Effect of PRED Containing TETSMs Gels

The rat hind paw edema model is one of the most used anti-inflammatory models to
study the effect of topically applied anti-inflammatory agents. The percent edema inhibition
of PRED-loaded gel, PRED–TAC-loaded gel, and PRED–TAC-loaded TETSMs gel are shown
in Table 7 and Figure 7. It was noted that PRED–TAC-loaded TETSMs gel achieved the
highest rate of percent inhibition (p < 0.05) among the other gel formulations (98.34% in
180 min), followed by PRED–TAC-loaded gel (63.26%), and PRED-loaded gel (41.25%).

Table 7. % Edema inhibition of PRED gel formulations.

Time (min)

% Edema Inhibition

PRED-Loaded Gel PRED–TAC-Loaded Gel
PRED–TAC-Loaded

TETSMs Gel

30 5.34 10.12 21.56
60 9.34 16.24 33.25
90 14.67 31.27 62.87

120 22.11 43.24 78.43
150 34.32 55.32 91.2
180 41.25 63.26 98.34

Figure 7. % Edema inhibition of PRED gel formulations.
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PRED, as one of the corticosteroids, has the ability to suppress every step of the
inflammatory cascade including synthesis of inflammatory mediators and cell-mediated
immunity [40]. The TETSMs gel formulation enhanced the permeation of PRED and
its localization in skin layers due to both ethanol and edge activator (surfactant) effects.
Additionally, TAC has a synergistic effect on the inflammatory process due to its effect on
inhibiting the production of cytokines involved in the inflammatory cascade [41,42].

2.8. Comparative Pharmacokinetic Study of Prednisolone Gel Formulations against Oral PRED Suspension

Pharmacokinetic parameters of PRED-containing gel formulations and oral PRED
suspension are shown in Table 8. Plasma PRED profiles are illustrated in Figure 8. It is
noticed that PRED–TAC-loaded TETSMs gel achieved higher pharmacokinetic parameters
(p < 0.05) compared to PRED-loaded gel (topical) and PRED oral suspension in terms of
Cmax and AUC 0-∞ (133.266 ± 6.469 μg/mL, 538.922 ± 49.052 μg·h/mL), (1.3 and 2.2-fold
increase in Cmax and 1.47 and 1.88 fold increase in AUC 0-∞ compared to oral suspension
and PRED gel, respectively), with significance (p < 0.05) according to ANOVA results in
Table 9. The higher systemic concentration of PRED after application of PRED–TAC-loaded
TETSMs gel than after oral administration could be attributed to the presence of edge
activators in the TETSMs composition which increase skin penetration by enhancing the
fluidity of the TETSMs phospholipid bilayer, making them ultradeformable and extremely
elastic, and therefore facilitating their squeezing into the skin pores [43,44]. Additionally,
the presence of ethanol in TETSMs improves drug penetration through the minute holes
created in the stratum corneum as a result of fluidization by enhancing the lipids fluidity
and decreasing the density of the lipid bilayer [11]. Moreover, the addition of TAC to
TETSMs gel formulations resulted in higher pharmacokinetic parameters of PRED, as
TAC is previously reported to increase corticosteroids accumulation [45]. These findings
support the fact that transdermal delivery bypasses first-pass metabolism for many active
ingredients including corticosteroids.

Table 8. Pharmacokinetic parameters of PRED formulations (mean ± SD).

Pharmacokinetic
Parameters

PRED Suspension
(Oral)

PRED-Loaded Gel
(Topical)

PRED–TAC-Loaded
TETSMs Gel

Cmax 103.333 ± 5.686 61.7 ± 6.564 133.266 ± 6.469
Tmax 1.00 ± 0.000 2.00 ± 0.000 1.96 ± 0.057
t1/2 3.449 ± 0.413 4.926 ± 0.344 3.665 ± 0.428

AUC 0-t 341.080 ± 33.666 240.056 ± 36.342 490.233 ± 32.855
AUC 0-inf_obs 365.769 ± 42.054 285.776 ± 45.123 538.922 ± 49.052
MRT 0-inf_obs 4.120 ± 0.480 6.293 ± 0.348 4.852 ± 0.466

Figure 8. Plasma concentration time profiles of PRED formulations.
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Table 9. One way ANOVA of pharmacokinetic parameters of PRED formulations.

Pharmacokinetic
Parameters

SS Df MS F p-Value F Crit

Cmax 7751.127 2 3875.563 99.13899 0.017047 5.143253
Tmax 1.935556 2 0.967778 871 0.001355 5.143253
t1/2 3.816098 2 1.908049 12.09148 0.007855 5.143253

AUC 0-t 95040.8 2 47520.4 40.34386 0.000332 5.143253
AUC 0-inf_obs 100463.8 2 50231.89 24.26347 0.001332 5.143253
MRT 0-inf_obs 7.33255 2 3.666275 19.28791 0.002439 5.143253

3. Conclusions

The present research proved that incorporating TAC with PRED in TETSMs and
transdermal application increased the efficacy and optimized the pharmacokinetics of
PRED, thus improving the efficacy of the therapy for both topical and systemic pathological
conditions. These findings focus the spotlight on a way to decrease the proposed doses of
corticosteroids, utilizing the benefits of both changing the route of administration and the
incorporation of TAC. This will lead to better management of inflammatory conditions and
fewer side effects linked to the use of corticosteroids.

4. Material and Methods

4.1. Materials

Prednisolone (PRED) and tacrolimus (TAC) were kindly gifted by Aljazeera Phar-
maceuticals Company. Phosphatidylcholine from soy lecithin (Phospholipon 90G, pure
phosphatidylcholine stabilized with 0.1% ascorbyl palmitate and max 0.3% tocopherol)
was a gift from LIPOID GmbH, Germany. Ethanol, span 60, and hydroxypropyl methyl
cellulose were purchased from Sigma-Aldrich.

4.2. Experimental Design Setup

A Box–Behnken design was utilized to optimize the formulation variables for creating
PRED-loaded TETSMs with the goal of achieving high encapsulation efficiency, small
vesicle size, and high zeta potential. Experiments were conducted using Design Expert
software, with 17 total experiments conducted, including 13 at the midpoint of each edge
of a multidimensional cube and 4 replicates of the cube’s center point. Three independent
variables were estimated, including surfactant concentration, ethanol concentration, and
tacrolimus concentration. The dependent variables were encapsulation efficiency, vesicle
size, and zeta potential. The study design and composition of the prepared PRED-loaded
TETSMs are presented in Tables 1 and 10. The optimized formula was selected by Design
Expert software based on the highest value of desirability for achieving our goal of high
encapsulation efficiency, high zeta potential, and small particle size. The selected optimized
formula was fabricated and assessed again for different responses to detect the accuracy of
the model.

Table 10. Dependent and independent variables in Box–Behnken design.

Independent Variables
Levels

Low High

Surfactant concentration w/v % (X1) 0.2 1
Ethanol concentration v/v % (X2) 20 40
Tacrolimus (TAC) concentration (X3) 0.03 0.1

Dependent values (Responses) Desirability

EE% (Y1) maximize
Vesicle size (Y2) minimize
Zeta potential (Y3) maximize
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4.3. Preparation of PRED-Loaded TETSMs

Fabrication of PRED-loaded TETSMs was performed according to the thin film hydra-
tion method [46]. Briefly, the accurate weight of phosphatidylcholine, PRED (100 mg), TAC,
and span 60 were dissolved in 10 mL organic solvent, which consisted of 2:1 chloroform:
methanol in a rounded flask. Then the organic solvent was evaporated under vacuum
using a rotary evaporator (Buchi Rotavapor R-200, Switzerland) at 60 ◦C and 100 rpm. The
formed film was then hydrated with 10 mL of a certain ethanol concentration as specified
in Table 2. The hydration step was carried out at 60 ◦C to be higher than the lipid transi-
tion temperature [11]. Finally, the formulated dispersions were kept in a refrigerator for
further analysis.

4.4. Characterization of Formulated PRED-Loaded TETSMs
4.4.1. Entrapment Efficiency Estimation

The entrapment efficiency (EE%) of PRED in the fabricated preparations was calculated
by determining the percentage of PRED found in the fabricated preparations. To separate
unentrapped drug, cooling centrifugation was performed at 16,000 rpm and 4 ◦C using a
Sigma cooling centrifuge from Sigma Laborzentrifugen GmbH. The clear supernatant was
then analyzed for PRED content at λ max 254 nm using a Jasco UV–Vis spectrophotometer
from Jasco, Japan. The EE% can be computed by subtraction of the quantity of PRED
present in the supernatant from the initial quantity of PRED added [47].

4.4.2. Vesicle Size and Zeta Potential Analysis

The zeta potential, polydispersity index (PDI), and average vesicle size of all fabri-
cated preparations were measured using photon correlation spectroscopy with a Zetasizer
2000 (Malvern Instruments Ltd., Malvern, UK) [48]. The nanodispersions were exposed
to dilution before analysis and experiments were conducted in triplicate at a 90-degree
scattering angle and a temperature of 25 degrees Celsius prior to taking measurements.

4.4.3. Formulation Optimization

The optimized formulation for PRED was selected using Design Expert® software
(Ver. 12, Stat-Ease, Minneapolis, MN, USA), with the goal of achieving the highest EE%
and zeta potential, while minimizing vesicle size. The selected optimized formulation was
then fabricated and tested in triplicate to validate the accuracy of the model by comparing
the predicted responses from the software with actual measurements, using the equation
for relative error [49,50].

% Relative error = ((predicted value − actual value)/predicted value) × 100 (4)

4.5. Preparation of Gels Containing Optimized TETSMs:

The optimized formula was amalgamated into a gel base using hydroxypropyl methyl-
cellulose (HPMC, K4M) as a gelling agent at 2.5% (w/v). Briefly, the accurate weight of
HPMC (0.25 g) was dispersed in 10 mL distilled water while stirring at 1000 rpm to obtain
homogenous dispersion. Then the optimum TETSMs formula was dispersed into the
gel base with continuous stirring to obtain a final gel formulation with 5 mg PRED per
1 g gel [36].

4.6. Evaluation of Gel Formulations
4.6.1. pH Evaluation

A 100 mg sample of the TETSMs-loaded gel formulation was weighed and added
to a 50 mL volumetric flask. The volume was then filled to 50 mL with double-distilled
water. The pH of the HPMC gel loaded with TETSMs was noted down using a glass
microelectrode (Mettler Instruments, Giessen, Germany) by measuring the pH after 1 min
of equilibration. The experiments were repeated three times to confirm the neutralization
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of the gel from different batches. The pH was measured on the first, 15th, and 30th day
after preparation to check for any changes in pH over time.

4.6.2. Spreadability

A modified instrument called the spreadability apparatus was used to test spreadabil-
ity. It consisted of two glass slides with gel in the middle, with the upper slide attached to a
balance by a hook and the lower slide fixed to a wooden plate. On the basis of the gel’s slip
and drag characteristics, spreadability was measured [51]. Spreadability was computed
using the following equation:

s = m × l/t (5)

where s represents the spreadability, m is the weight in pan (g), l is the fixed distance moved
by the slide and t is the time.

4.6.3. Drug Content Determination

The created gels were given 48 h to rest before 1 g of each was taken in a 10 mL
volumetric flask, dissolved in methanol, and the remaining 10 mL was filled with water.
For PRED, maximum absorbance values were determined spectrophotometrically using
the Jasco V530, Tokyo, Japan at 254 nm. From a standard calibration curve in methanol,
concentrations of PRED were determined [52].

4.6.4. In Vitro Drug Release Studies

The release of PRED from the PRED–TAC-loaded TETSMs gel, PRED-loaded gel, and
PRED suspension was tested in vitro using a dialysis bag method. An amount of 3 mg of
PRED was placed in a dialysis bag with a molecular weight cut-off of 12,000 Da and released
into 50 mL of Sorensen’s phosphate buffer at pH 7.4. Samples were taken from the medium
at various intervals and replaced with fresh medium over a period of 6 h [53]. The samples
were analyzed using spectrophotometry at a wavelength of 254 nm (using a Jasco V530
from Tokyo, Japan). The release kinetics were determined by applying Korsmeyer–Peppas,
Zero-order, First-order, Higuchi, and Hixson models to the data obtained.

4.6.5. In Vitro Permeation Studies

The barrier membrane samples of hairless rat skin were used to conduct the study after
approval by the Institutional Animal Ethical Committee (IAEC) number SCBR-055-2022,
Prince Sattam Bin Abdulaziz University. Firstly, the animals were anesthetized by ether
and sacrificed; then the abdominal hair was cautiously shaved off. Secondly, skin samples
were excised, and the subcutaneous tissues were detached carefully and finally washed
with saline and stored at −20 ◦C until use. The membrane samples were placed in vertical
Franz diffusion cells, consisting of a receptor compartment with a capacity of 5 mL and
a diffusion surface area of 1 cm2. Isotonic phosphate buffer saline (1.55 M, pH 7.4) was
placed in the receptor compartments and stirred at 600 rpm in a temperature-controlled
water bath. Before starting the experiment, phosphate buffer saline was added to the donor
compartment at 37 ◦C to equilibrate the biological membranes for thirty minutes. After this
time, the phosphate buffer saline was cautiously detached from the donor compartment.
Afterward, a suitable quantity of TETSMs gel equivalent to 3 mg PRED was added to the
donor compartment and spread over the membrane. To maintain occlusive conditions
in the skin, glass slips were put on the donor compartments during the experiment. The
in vitro permeation studies were conducted for 6 h and, at different time intervals, 1 mL
samples were withdrawn from the receptor compartment and substituted with the same
quantity of buffer. All experiments were repeated five times [53,54].

The cumulative amount permeated was computed using Equation (3) by taking into
account the volume of the receptor phase (VR), the volume of the sample at each time point
(Vs), and the quantified concentration of the sample taken at the nth time point (Cn). This
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cumulative amount calculated at each time point was then divided by the diffusion area of
the Franz cells (measured in cm2) to obtain the final result.

Cumulative amount = VR × Cn +
⌊
Vs

(
∑ C1 + · · ·+ Cn−1

)� (6)

4.6.6. Data Analysis for Permeation Studies

The different parameters of the skin permeation test were studied and assessed. The
steady state flux (Jss) of the drug in μg·cm−2·h−1 at time t was computed from the slope
of the linear portion of the plot representing the cumulative amount of PRED permeated
per unit area over time. The cumulative amount of PRED in the receptor compartment
after 6 h was known as Qcum (μg·cm−2). The permeability coefficient (kp) of PRED in each
formulation was computed by dividing the steady state flux (Jss) by the initial concentration
of PRED in the donor compartment (which is considered the saturated solubility of PRED
in each formulation) (Co) as presented in Equation (4). The results were represented as
mean ± S.D. [55].

kp =
Jss

Co
(7)

ANOVA was used to analyze the data of flux and to compare the data of flux with
the cumulative amount of the drug in the receptor compartment of different formulations,
followed by a Tukey’s honestly significant difference test using IBM SPSS® version 23 for
Windows®. A probability of less than 5% (p < 0.05) was considered significant.

4.7. In Vivo Estimation of Anti-Inflammatory Effect of PRED-Loaded TETSMs Gels

Using adult male albino rats, the anti-inflammatory effectiveness of the best formu-
lation of PRED–TAC-loaded TETSMs gel was compared to PRED–TAC-loaded gel and
PRED-loaded gel. The study was conducted according to the guidelines of the Declaration
of Helsinki and approved by the Institutional Animal Ethical Committee (IAEC) number
SCBR-055-2022 of CPCSEA (Committee for Control and Supervision of Experiments on
Animals), Prince Sattam Bin Abdulaziz University. Rats ranged in weight from 100 to 185 g.
Before beginning the tests, they were housed for a week at the animal house at 25 ± 2 ◦C
and a light: dark cycle of 12:12 h. Rats were fed a conventional rat pellet diet, which was
removed 12 h before the experiment, although water was still available. All studies were
conducted in accordance with the ethical standards for research using experimental animals
as well as the guidelines for the care of laboratory animals. In the present investigation,
24 rats were separated into four groups of six rats each (n = 6), and the following study
protocols were used.

First group: served as a positive control and received PRED-loaded gel.
Second group: received PRED–TAC-loaded gel.
Third group: received PRED–TAC-loaded TETSMs gel.
Fourth group: served as a negative control group.

4.7.1. Carrageenan-Induced Acute Inflammation

By using carrageenan-induced paw edema, the anti-inflammatory effect of the best
formulation of PRED–TAC-loaded TETSMs gel was compared to PRED–TAC-loaded gel
and PRED-loaded gel. The right paw of each animal was massaged 50 times with 0.5 g
of each treatment’s optimal formulation of PRED–TAC-loaded TETSMs gel, PRED–TAC-
loaded gel, and PRED-loaded gel an hour before carrageenan administration to allow
formulation penetration through the skin. Acute inflammation was generated in all groups
an hour after treatment by injecting 0.1 mL of 1% w/v carrageenan saline solution into each
rat’s right hind paw’s sub-plantar tissue. Following carrageenan administration, the rats
were monitored for three hours [56,57].
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4.7.2. Comparative Pharmacokinetics

Blood samples of 0.5 mL were collected at 1, 2, 4, 8, and 12 h from the abdominal aorta
after application of oral PRED suspension, topical PRED-loaded gel, and topical PRED–
TAC-loaded TETSMs gel at a dose of 50 mg/kg. To separate the plasma from different
blood samples, all blood samples were centrifuged at 2000× g for 15 min. Then plasma
was instantaneously conveyed into clean tubes and stored at –20 ◦C for further analysis.

4.8. HPLC Conditions
HPLC assay of Prednisolone in Plasma

To prepare the plasma samples for the HPLC assay, all samples were vortexed; then
aliquots of 300 μL of plasma were put into falcon tubes. After that, 40 μL of 1 μg/mL
dexamethasone (internal standard) was added to the plasma samples. For Prednisolone
extraction, 1 mL of ethyl acetate was added and vortexed for 10 min then centrifuged at
2500× g for 10 min (4 ◦C) to allow phase separation. Finally, the upper layer was transferred
to a glass tube and evaporated at 45 ◦C to dryness then reconstituted with 300 μL of mobile
phase and injected into the HPLC system.

For quantitative determination of prednisolone in plasma samples, 100 μL aliquots
were injected in a Shimadzu HPLC system (SHIMADZU 1200 series HPLC system (Kyoto,
Japan) equipped with a quaternary pump, an online degasser, and an autosampler (SHI-
MADZU1200, Kyoto, Japan). a Ther-mosil® C-18 column (250 mm × 4.6 mm i.d., 5 μm
particle size) was used and operated at 30 ◦C. The system was equipped with UV–Vis
detectors set at 254 nm. Isocratic elution was performed using acetonitrile and water (36:64)
as the mobile phase (1) with a flow rate of 1.2 mL/min and a total time of 12 min. The liquid
chromatography instrument was interfaced with a computer software using Microsoft
Windows 7 [58].

4.9. Pharmacokinetic Analysis

Pharmacokinetic parameters were calculated using WinNonlin software (version 1.5,
Scientific Consulting, Inc., Rockville, MD, USA). Pharmacokinetic parameters include C
max (maximum plasma concentration), Tmax (time required for peak concentration), AUC
(area under the curve), T1\2 (half-life), and MRT (mean residence time). The obtained
parameters were subjected to analysis by ANOVA and Fisher’s PSLD test for multiple
evaluations among groups. Results were considered significant if the p value was less than
0.05. All results were reported as the mean ± SD.
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Abstract: The aim of this study was to evaluate the effect of vehicle and chemical modifications of
the structure of active compounds on the skin permeation and accumulation of ibuprofen (IBU). As
a result, semi-solid formulations in the form of an emulsion-based gel loaded with ibuprofen and
its derivatives, such as sodium ibuprofenate (IBUNa) and L-phenylalanine ethyl ester ibuprofenate
([PheOEt][IBU]), were developed. The properties of the obtained formulations were examined,
including density, refractive index, viscosity, and particle size distribution. The parameters of release
and permeability through the pig skin of the active substances contained in the obtained semi-solid
formulations were determined. The results indicate that an emulsion-based gel enhanced the skin
penetration of IBU and its derivatives compared to two commercial preparations in the form of a gel
and a cream. The average cumulative mass of IBU after a 24 h permeation test from an emulsion-based
gel formulation through human skin was 1.6–4.0 times higher than for the commercial products.
Ibuprofen derivatives were evaluated as chemical penetration enhancers. After 24 h of penetration,
the cumulative mass was 1086.6 ± 245.8 for IBUNa and 948.6 ± 87.5 μg IBU/cm2 for [PheOEt][IBU],
respectively. This study demonstrates the perspective of the transdermal emulsion-based gel vehicle
in conjunction with the modification of the drug as a potentially faster drug delivery system.

Keywords: carbomer; increasing drug permeability; nonsteroidal anti-inflammatory drugs; ibupro-
fen; transdermal drug delivery; structural modification of ibuprofen

1. Introduction

Administering drugs through the skin, or transdermal drug delivery, has many advan-
tages over other routes of administration, such as oral or injection routes [1–6]. In particular,
it is a non-invasive method of drug administration that does not require punctures or
incisions, which is especially important for patients who are afraid of needles [7,8]. It
can also be used for patients who have difficulty taking oral medications. Transdermal
drug delivery can provide continuous drug delivery over a longer period of time, which
can improve therapeutic efficacy and reduce the need for frequent dosing. In addition,
transdermal administration of the drug avoids the first-pass effect, which allows for higher
concentrations of the drug in the blood. This route of administration allows for continuous
drug delivery, which may improve patient compliance as it reduces the need for frequent
dosing and may prevent missed doses. In this case, we can target the delivery of the drug
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to specific areas of the body, such as joints, providing local therapeutic effects. Overall,
transdermal drug delivery offers a convenient and effective method of drug administration
with the potential for improved therapeutic efficacy and patient compliance [1,7,9–11].

One of the main challenges in developing topical drug products is achieving adequate
penetration of the drug through the skin. The skin is a complex barrier that provides
protection against external threats but also hinders the penetration of many therapeutic
agents. The outermost layer of the skin, called the stratum corneum, is composed of dead skin
cells that are tightly packed together [8,12–14]. This layer acts as a barrier to the penetration
of molecules larger than a few hundred Daltons, preventing the absorption of many drugs.
In addition to the stratum corneum, other factors such as skin thickness, hydration, and the
presence of hair follicles and sweat glands can also impact the penetration of drugs through
the skin [15–17].

Various approaches have been developed to overcome these challenges and enhance
drug penetration through the skin. In general, various methods of increasing the permeabil-
ity of the stratum corneum are distinguished, including methods related to the modification
of drug molecules, selection of the appropriate carrier and drug form, and incorporation
of the drug into the carrier; methods related to the modification of the stratum corneum
properties—hydration, agents that increase chemical penetration; electrically assisted meth-
ods and devices—iontophoresis, electroporation, ultrasounds; methods related to bypassing
or removing the stratum corneum—microneedles, jet injections, and ablations [1,17–19].

In this publication, we will use two parallel methods related to the modification of the
drug molecule and the development of the emulsion-based gel formulation.

Emulsion-based gels allow for greater stability of the resulting emulsion due to the
presence of an emulsifying agent, which allows for a longer shelf life and better stability of
the drug. Furthermore, this form of the drug allows for increased bioavailability, in particu-
lar for hydrophobic drugs, by increasing their solubility in the oil phase. In addition, it can
prevent drug degradation in the aqueous phase. In addition, these types of formulations
can increase drug penetration through the skin, allowing for a more even distribution of
the drug over the skin surface and extending the time the drug is in contact with the skin.
The gelling agent contained in the formulation can also control drug release over a longer
period of time, providing a lasting therapeutic effect and reducing the need for frequent
dosing. In addition, emulsion-based gels are easy to apply and spread evenly on the skin,
providing a convenient way to administer medications [20–25].

The aim of this research will be the development of the composition of the emulsion-
based gel as a ready-to-use pharmaceutical formulation and an assessment of its properties.
Furthermore, these studies aim to develop a delivery system for a poorly water-soluble
model drug, ibuprofen, to increase its solubility by developing a microemulsion system as
a matrix and then introducing it into the gel phase. Additionally, changes in the structure of
ibuprofen were also introduced in order to increase the solubility of the drug in water, and
the obtained compounds were introduced into the preparations obtained for application to
the skin.

2. Results and Discussion

The stratum corneum, which consists primarily of lipids, inhibits the penetration of top-
ically applied drugs [26]. Consequently, in the penetration study, the selection of a suitable
substrate may be the key to increasing penetration and achieving a rapid therapeutic effect
in the subcutaneous tissues. The physicochemical properties of the compound, such as
its lipophilicity, solubility, and molar mass, and the type of pharmaceutical base have a
significant impact on its ability to penetrate the stratum corneum [27]. The ingredients of
the formulation are responsible for the physicochemical properties of the pharmaceutical
form and affect the penetrating ability of a given substance. The modification of the active
ingredient, consisting primarily of an increase in its lipophilicity, is an additional method
for enhancing penetration [28,29].
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In our previous publication, we showed that amino acid alkyl ester ibuprofenates
have increased skin permeability compared to ibuprofen [28,30]. The possibility of cre-
ating formulations with two commercially available, modern pharmaceutical bases—
Pentravan® [31] and Celugel® [32]—were also tested.

As is known, the selection and use of the appropriate vehicle are crucial for the degree
of absorption and therapeutic effectiveness of the drug. An ideal pharmaceutical vehicle
should meet the following conditions: have the right consistency, be easy to mix with
therapeutic agents, keep the active substance in constant dispersion, not react with the
drug and other excipients or external factors, not cause allergies or irritations of the skin or
mucous membranes, even if they are of a short-term nature, and not decompose rapidly.

2.1. Ibuprofenate of Ethyl L-Phenylalanine Ester

As a result of the 3-stage reaction shown in Scheme 1, an ibuprofen derivative—L-
phenylalanine ethyl ester ibuprofenate—was obtained with a total yield of 91%. The
identity of the obtained compound was confirmed based on the analysis of 1H NMR,
13C NMR, and FT-IR spectra. Signal assignments, their interpretation, and all spectra are
shown in Figures S1–S3. In addition, a full characterization of the obtained compound was
performed.

 

Scheme 1. Scheme of synthesis of L-phenylalanine ethyl ester ibuprofenate used in studies.

The signal for the amino group (NH3
+), confirming the ionic structure of the obtained

compound, is 5.09 ppm. Furthermore, the ionic structure of L-phenylalanine ethyl ester
ibuprofenate was confirmed according to the presence of two distinct absorption bands—
asymmetric v(COO−)as at 1609.07 cm−1 and symmetric stretching vibrations v(COO−)sym
at 1382.20 cm−1. The difference in frequency values between these two bands was greater
than 200 cm−1, confirming the presence of the carboxylate anion COO- and the ionic
structure of the obtained ibuprofenate [30,33].

The properties of the obtained structural modification of ibuprofen ([PheOEt][IBU])
were compared with the properties of unmodified ibuprofen (IBU) and sodium salt
(IBUNa).

As can be seen in Figure 1, the diffractograms of the derivatives obtained are different
from those of the starting ibuprofen. The obtained results confirmed the crystalline nature
of both unmodified ibuprofen and its derivatives.

The thermal stability of drugs is an essential property necessary to control the formu-
lation method of the finished drug. Ibuprofen, sodium ibuprofen, and L-phenylalanine
ethyl ester ibuprofenate thermal stabilities were assessed and contrasted. Figure S4 dis-
plays the TG, DTG, and c-DTA curves of [PheOEt][IBU]. Both the temperature at which
decomposition begins (Tonset) and the temperature at which mass loss accelerates to its
maximum (Tmax) were identified. As seen in Table 1, [PheOEt][IBU] is the least stable
(Tonset = 160.8 ◦C), while the [IBUNa] compound is the most stable (Tonset = 265.4 ◦C). The
temperatures of the decompositions of ibuprofen and ibuprofen salt are similar. However,
differences in the stages of decomposition are visible. Ibuprofen decomposes in one step,
[PheOEt][IBU]—in two stages, and IBUNa—in several stages.

148



Gels 2023, 9, 391

Figure 1. Diffractograms of IBU, IBUNa, and [PheOEt][IBU].

Table 1. Thermal stability results of the tested APIs.

Compound Tm (◦C) Tonset (◦C) Tmax (◦C) T5% (◦C) T50% (◦C)

IBU 79.6 193.2 223.8 162.1 210.3

IBUNa 194.6 265.4 444.4 285.4 445.1

[PheOEt][IBU] 82.3 160.8 215.6 141.6 221.7
Tm, melting point; Tonset, the onset temperature of the thermal degradation; Tmax, the temperature of the maxi-
mum mass loss rate; T5%, decomposition temperature, corresponds to 5% weight loss of the initial mass; T50%,
decomposition temperature, corresponds to 50% weight loss of the initial mass.

The melting point was determined from the DSC curves. The melting point for IBU is
79.6 ◦C, and for [PheOEt][IBU] it is 82.3 ◦C. It demonstrates that the obtained [PheOEt][IBU]
has a higher melting point than IBU. Since L-phenylalanine ethyl ester ibuprofenate has an
ionic structure, which has already been confirmed, and a melting point below 100 ◦C, it
can be classified as an ionic liquid. As is well known, obtaining ionic liquids has several
advantages, including avoiding the phenomenon of polymorphism.

The solubility of a substance in water is used to assess the bioavailability and effective-
ness of a drug. Therefore, the solubility of IBUNa (9.297 ± 0.672 g/L; 8.402 ± 0.607 g IBU/L)
and [PheOEt][IBU] (0.716 ± 0.080 g/L; 0.370 ± 0.045 g IBU/L) was determined and com-
pared to the solubility of ibuprofen (0.076 g/L). As can be seen, converting the drug to a
salt form increases the solubility of the drug in water, which is a common method.

Lipophilicity is essential for predicting the hydrophobicity and partitioning of drugs
in biological systems. Therefore, the test was prepared using the shake-flask method. IBU
and [PheOEt][IBU] showed a positive log p of 2.758 ± 0.014 and 1.336 ± 0.046, respectively.
On the other hand, IBUNa’s negative log p-value (−0.341 ± 0.176) indicates it is the most
hydrophilic. Therefore, [PheOEt][IBU] is more hydrophilic than IBU but less hydrophilic
than IBUNa.

2.2. Pre-Formulation Studies: Selection of Formulation Components

Pre-formulation studies are essential to selecting the best emulsion composition and
the ingredient in which ibuprofen is most soluble. The results of ibuprofen solubility in
various oils and surfactants are summarized in Table 2. It was shown that among the tested
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oils, ibuprofen was the most soluble in hemp oil (95.44 mg/mL), while among hydrophilic
surfactants, Tween 60 (519.63 mg/mL). Furthermore, Span 80 was selected as the lipophilic
surfactant, and the solubility of ibuprofen was 56.89 mg/mL. Furthermore, no interaction
was observed between ibuprofen and the formulation ingredients, i.e., unplanned and
unintended changes in the physicochemical properties (e.g., appearance, smell, and colour).
This means that the chosen surfactant and auxiliary substances are the most appropriate
for the formulation of an emulsion-based gel.

Table 2. Solubility of ibuprofen in various oils and surfactants at 25 ◦C (mean ± S.D., n = 3).

Components Solubility (mg/mL)

Oils

Sunflower oil 65.10 ± 1.92

Hemp oil 95.44 ± 0.03

Primrose oil 76.74 ± 0.35

Surfactants

Span 80 56.89 ± 0.15

Tween 40 466.13 ± 1.71

Tween 60 519.63 ± 0.69

Tween 80 411.10 ± 4.18

2.3. Preparation of Base Formulations

As a result, four emulsions with different ratios of the water phase to the oil phase
were obtained (Table 3), which resulted in different amounts of surfactants being used. The
ratio of hydrophilic and lipophilic surfactants was determined for the required HLB of
the oil.

Table 3. Amount of ingredients in basic emulsions.

Formulation
Amount of
Water (g)

Mass of Surfactant 1
(Tween 60) (g)

Mass of Surfactant 2
(Span 80) (g)

Mass of Oil
(Hemp Oil) (g)

F1 25.32 2.69 2.38 25.02

F2 30.02 2.16 1.86 20.02

F3 35.02 1.62 1.40 15.01

F4 40.40 1.25 0.92 10.03

The stability of each of the four obtained formulations was studied at an elevated
temperature of 40 ◦C and in a freeze-thaw stability test. There were no physical changes
in color, and the appearance of F1, F2, and F3 then changed by showing separate physical
phases after seven days of the testing period, leaving F4 to be the emulsion without any
physical change in appearance. In the freeze-thaw test, the remaining emulsions stratified
after the first cycle. In the freeze-thaw test, the emulsions F1–F3 stratified after the first
cycle. The F4 emulsion was stable in all five cycles. Therefore, F4 was the most suitable
formulation.

2.4. Preparation of Formulation with Carbomer

Since all the base formulations had inadequate consistency and were low-viscosity
liquids, it was decided to refine the composition of the formulation. In order to prepare a
suitable formulation, a formulation containing carbomer as a rheology-improving agent and
triethanolamine as a pH regulator was developed. As a result of the work, a formulation
with the desired consistency was obtained, similar to commercial pharmaceutical gel
preparations for use on the skin.
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2.5. API-Loaded Emulsion-Based Gel Formulation

According to the preparation of the emulsion, the active pharmaceutical ingredient
(IBU, IBUNa, and the obtained [PheOEt][IBU]) was added, and there was no physical
change in color or appearance. However, it was noticed that the addition of IBUNa
significantly reduced the viscosity of the preparation. In the case of other active compounds,
no differences were noticed compared to the formulation without API.

2.6. Determination of Physicochemical Properties of Obtained Emulsion-Based Gel Formulations
2.6.1. Microscopic Examinations

The prepared formulations were observed under an optical microscope (Delta Optical,
with a MC500-W3, 5 MP camera). The images presented below in Figure 2 are for the
formulation without API (MEG) and with API, which contained IBU (MEG_IBU), IBUNa
(MEG_IBUNa), and [PheOEt][IBU] (MEG_[PheOEt][IBU]). The result shows that the prepa-
ration was perfectly homogenous, and there are no separate phases in the formulations
with different APIs.

 
MEG 

 
MEG_IBU 

 
MEG_IBUNa 

 
MEG_[PheOEt][IBU] 

Figure 2. Microscopic images of (micro)emulsion-based gel loaded without and with ibuprofen and
its derivatives.

2.6.2. Density and Refractive Index

The densities of all the resulting formulations ranged from 0.9610 to 0.9855 g/cm3, as
seen in Table 4. This result shows that the gel has a relatively lower density than water.
This is due to the fact that the oil droplets in the gel are less dense than the continuous
water phase, which results in a lower overall density. Compared to MEG_IBUNa, which
had the highest density value, MEG_IBU displayed the lowest density. The density values
are similar overall.
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Table 4. Density and refractive index results of tested formulations without and with different APIs.

Formulation Density (g/cm3) Refractive Index

MEG 0.9826 ± 0.0008 1.3952 ± 0.0003

MEG_IBU 0.9610 ± 0.0006 1.4226 ± 0.0005

MEG_IBUNa 0.9920 ± 0.0009 1.3910 ± 0.0010

MEG_PheOEtIBU 0.9855 ± 0.0007 1.4129 ± 0.0006

The refractive indices for all the resulting formulations ranged from 1.3952 to 1.4129.
Compared to MEG_IBU, which has the highest refractive index value, MEG_IBUNa has
the lowest refractive index. There is a negligible difference between the refractive index
values of each MEG with and without API. The obtained formulations were transparent,
indicating very small particle sizes. The refractive index of the formulations was just a little
bit higher than that of water (1.3325).

2.6.3. Viscosity

Figure 3 shows that the emulsion-based gel formulations exhibited non-Newtonian
shear-thinning pseudoplastic flow. From the utility point of view, the most important are
the values of the flow limit at 20 ◦C, which can be associated with the administration of the
formulation; the viscosity at low (10–100 s−1) shear rates accompanying the application of
the formulation on the skin; and the viscosity at shear rates in the range of 102–103 s–1 at
body temperature, which characterize the rubbing of the formulation. The highest viscosity
is found in MEG. However, the viscosity of the MEG decreases when API is added. The
viscosities of the obtained formulations for MEG_IBU and MEG_PheOEtIBU are similar
but two times lower than MEG. When IBUNa is added, the viscosity of the formulation
decreases ten times more. The same relationships were found for the two temperatures
used (20.0 and 36.6 ◦C). Was chosen as the application temperature of 20.0 ◦C because it is
the typical storage temperature, and 36.6 ◦C is the typical body temperature. It can also be
seen that the viscosity decreases slightly as the temperature rises.

 
(a) (b) 

Figure 3. The viscosity profile of MEG_IBU, MEG_IBUNa, and MEG_[PheOEt][IBU] at temperatures
(a) 20 ◦C and (b) 36.6 ◦C.

2.6.4. Particle Size Distribution

The particle size distribution of the emulsion-based gel was determined by a particle
size analyzer. Figure 4 shows the particle size distribution of MEG with and without API
expressed as a volume fraction (%). The emulsion droplets range from 0.3 μm to 19.89 μm
for MEG, 0.3 μm to 6.3 μm for MEG_IBU, 0.3 μm to 5.6 μm for IBUNa, and 0.2 μm to 4.9 μm
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for [PheOEt][IBU]. The highest volume fraction for particle sizes of 2.0 μm was for MEG,
MEG_IBU, and MEG_IBUNa, compared to MEG_[PheOEt][IBU], for which it was 1.8 μm.
This range indicates that the MEG with and without API is of very small globule size. The
addition of IBU, IBUNa, or [PheOEt][IBU] affects the size and distribution of the droplets
or particles in the emulsion-based gel. This results in a narrower size distribution, as the
droplets or particles are less likely to aggregate and form larger sizes.

Figure 4. The particle size profile of MEG_IBU, MEG_IBUNa, and MEG_[PheOEt][IBU].

2.6.5. Release of the Active Substance from the Drug Form

The release of the API from the emulsion-based gels was also determined. For com-
parison, the release of ibuprofen from two commercial formulations in the form of gel
and cream was also carried out. Figure 5 depicts the cumulative release in μg IBU/cm2

as a function of time and the permeation rates of ibuprofen and its derivatives from the
emulsion-based gel through pig skin. The first 180 min show the greatest release of API,
which is then inhibited. As a result, the MEG formulations obtained limit the amount
of active ingredient released over time. The highest statistically significant release was
observed for the two ibuprofen derivatives placed in MEG formulations (Figure 6). In the
release study, a statistically significant difference was observed between IBU derivatives
(MEG_IBUNa and MEG_[PheOEt][IBU]), pure IBU (MEG_IBU), and two commercial prepa-
rations. No statistically significant difference was observed between MEG_IBU and CP gel.
The lowest statistically significant release was observed for the commercial preparation of
CP gel.

 
(a) (b) 

Figure 5. Time course of the cumulative mass of IBU and its derivatives during the 24 h release (a)
and permeation rates of IBU and its derivatives from the emulsion-based gel through pig skin (b).
Values are the means with a standard deviation; n = 3. The statistically significant difference was
estimated using the ANOVA test.
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(a) (b) 

Figure 6. The cluster analysis graph (a) and the box plot (b) for the cumulative mass of ibuprofen
and its derivatives after a 24-h study of release. The preparations with the highest release are marked
with a red circle.

2.6.6. Permeation of the Active Substance through the Skin

Figure 7 depicts individual permeation profiles for ibuprofen and its derivatives.
Table 5 summarizes the cumulative mass of ibuprofen after 24 h of permeation measurement.
MEG_IBUNa had a higher permeability than MEG_IBU and MEG_[PheOEt][IBU]. The
total amount of substance that permeated over the course of the 24-h study was, in this case,
1086.6 ± 245.8 μg IBU/cm2 (Table 5). The formation of structural modifications of ibuprofen
in charged compounds with lower lipophilicity has an influence on better permeability
compared to more lipophilic ibuprofen. After 24 h of permeation, the cumulative mass of
ibuprofen derivatives in the acceptor phase was significantly higher than that of ibuprofen
and significantly higher compared to commercial preparations (Figure 8). In the pig skin
penetration study, a statistically significant difference was found in the μg IBU/cm2 of
testing for IBU derivatives (MEG_IBUNa and MEG_[PheOEt][IBU]) in comparison with
commercial preparations. However, there was no significant difference between pure IBU
(MEG_IBU) and CP gel. The lowest penetration, statistically significantly different, was
observed for the commercial formulation of CP cream.

 
(a) (b) 

Figure 7. Permeation profiles (a) and permeation rates (b) of ibuprofen and its derivatives from the
emulsion-based gel through pig skin. The values are the means with standard deviation; n = 3. A
statistically significant difference was estimated using the ANOVA test.
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Table 5. Skin permeation parameters for ibuprofen and its derivatives from obtained formulations;
n = 3.

Formulation
Cumulated

Mass,
μg IBU/cm2

Jss,
μg IBU/cm2·h Kp·104, cm/h LT, h D·104, cm2/h Km Q%24 h EF

MEG_IBU 909.6 ± 45.3 43.439 ± 2.262 8.688 ± 0.452 0.461 ± 0.099 9.371 ± 2.294 0.048 ± 0.012 1.82 ± 0.09 4.09

MEG_IBUNa 1086.6 ± 245.8 43.741 ± 3.258 8.749 ± 0.652 0.422 ± 0.036 9.929 ± 0.808 0.045 ± 0.016 2.17 ± 0.49 4.89

MEG_
[PheOEt][IBU] 948.6 ± 87.5 44.445 ± 3.501 8.889 ± 0.700 0.427 ± 0.081 10.009 ± 1.938 0.046 ± 0.012 1.90 ± 0.18 4.27

CP gel 577.9 ± 90.2 43.339 ± 7.893 8.668 ± 0.579 0.324 ± 0.044 12.834 ± 1.048 0.033 ± 0.008 1.15 ± 0.18 2.60

CP cream 222.2 ± 33.3 14.897 ± 1.236 2.979 ± 0.247 0.298 ± 0.024 13.926 ± 1.111 0.011 ± 0.002 0.44 ± 0.07 1.00

Jss—steady-state flux; Kp—permeability coefficient; LT—lag time; D—diffusion coefficient; Km—skin partition
coefficient; Q—the percentage of the applied dose; EF—enhancement factor.

± 
±

(a) (b)

Figure 8. The cluster analysis graph (a) and the box plot (b) for the cumulative mass of ibuprofen
and its derivatives after a 24 h study of permeation. The preparations with the highest penetration
are marked with a red circle.

The permeation parameters were obtained from the typically J-shaped profiles using
Equations (1) and (2) and are listed in Table 5. The lowest ibuprofen cumulated mass was de-
termined for a commercial product in the form of cream, and it was 222.2 ± 33.3 μg IBU/cm2.
The commercial preparation in the form of a cream used in the study was based on triglyc-
erides of saturated fatty acids, glycerol monostearate, macrogol-30-glycerol monostearate,
macrogol-100-glycerol monostearate, and propylene glycol. While for the commercial
preparation in the form of a gel, the cumulative mass value was higher and amounted
to 577.9 ± 90.2 μg IBU/cm2. In this case, the commercial preparation used is a gel based
on isopropyl alcohol, 2,2-dimethyl-4-hydroxymethyl-1,3-dioxalan, poloxamer 407, and
triglycerides of saturated fatty acids. In the case of the obtained emulsion-based gel for-
mulation, a higher value was obtained for ibuprofen, and it was 909.6 ± 45.3 μg IBU/cm2.
As can be seen, the use of sodium salt and phenylalanine ethyl ester had a beneficial
effect on the amount of ibuprofen permeated. In this case, it was 1086.6 ± 245.8 and
948.6 ± 87.5 μg IBU/cm2, respectively. The remaining permeability parameters were com-
parable, and only the cream-based commercial sample showed very low values for all
parameters. The highest percentage of the dosed dose was obtained using preparations
containing ibuprofen salts: MEG_IBUNa and MEG_[PheOEt][IBU], which resulted in an
almost fivefold increase in the permeability of the active substance. In both commercial
preparations used in the comparative studies, the producers used additional promoters
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for the penetration of the active substance through the skin. In both cases, they were
essential oils—lavender and orange oil, due to the high content of terpenes. Compared
to the obtained formulations, in which no additional penetration promoters were used,
drug transport through the skin was enhanced due to changes in the drug structure and/or
appropriate selection of formulation ingredients.

2.6.7. Stability of Obtained Formulations

The stability of each formulation obtained with different APIs (IBU, IBUNa, [PheOEt][IBU])
was studied at an elevated temperature of 40 ◦C in a freeze-thaw stability test. There were
no physical changes in color or appearance of each formulation with a different API during
the seven days of the testing period and the five freeze-thaw cycles.

3. Conclusions

The selection and use of the correct vehicle are crucial for the degree of absorption
and therapeutic effectiveness of the drug. An ideal vehicle should meet the following
conditions: have the right consistency, be easy to mix with therapeutic agents, keep the
active substance in constant dispersion, not react with the drug or other excipients or
external factors, not cause allergies or irritations of the skin or mucous membranes, even
if they are of a short-term nature, and not decompose rapidly. It was found that the use
of transdermal carriers with a modified drug molecule can be an excellent method of
increasing the permeability and achieving a faster therapeutic effect, as well as a method of
supplementing the action of ibuprofen with the action attributed to amino acids. As a result
of the work, emulsion-based gel formulations with increased permeability of the active
substance through the skin were obtained, both in comparison to commercial preparations
and analogous formulations containing unmodified ibuprofen. It has been shown that
the permeability of the active compound through the skin can be controlled by structural
changes in the active substance and by the appropriate selection of the formulation base.
It was established that to obtain drugs with increased permeability through the skin, it is
most advantageous to combine various methods of increasing permeability, including drug
molecule modifications and the selection of the appropriate drug form.

4. Materials and Methods

4.1. Materials

All reagents used in the study were commercially available and used without prior
purification. L-Phenylalanine (99%) was provided by Alfa Aesar (Ward Hill, MA, USA).
Chlorotrimethylsilane (TMSCl) (99%), ibuprofen sodium salt (98%), and acetonitrile for
HPLC (99%) were provided by Sigma-Aldrich (Darmstadt, Germany). Pol-Aura (Morąg,
Poland) provided ethanol (96%). The ammonium hydroxide (25%) was provided by P.P.H.
Stanlab (Lublin, Polska) sp. j. Diethyl ether (99.5%) and anhydrous sodium sulfate (Na2SO4)
(99%) were provided by Chempur (Piekary Śląskie, Polska). Ibuprofen (98%) was sup-
plied by AmBeed (Arlington Heights, IL, USA), chloroform (≥99.9%) and triethanolamine
(≥99.9%) were supplied by Eurochem BGD sp. z.o.o (Tarnów, Poland), and Efavit provided
hemp oil. Span 80 and Tween 60 were purchased by Croda. Carbomer (Carbopol® 940
NF Polymer) was purchased from Lubrizol (Wickliffe, OH, USA). The commercial prod-
ucts (in gel and cream form) were purchased (Dolorgiet Pharmaceuticals, Sankt Augustin,
Germany).

4.2. L-Phenylalanine Ethyl Ester Ibuprofenate Synthesis

L-Phenylalanine ethyl ester ibuprofenate [PheOEt][IBU] used for the research was syn-
thesized using the methodology described in our previous publication [30]. In the studies,
an Ibuprofen derivative in the form of an ion pair in which the anion was ibuprofenate
and the cation was the ethyl ester of L-phenylalanine. The synthesis and structure of the
compound used in the research and its acronym are presented in Scheme 1.
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4.3. Pre-Formulation Studies: Selection of Formulation Components

Based on ibuprofen solubility studies in individual components, the compounds used
to produce the formulation were selected. The following oils were used in the research:
hemp oil, evening primrose oil, and sunflower oil, as well as the following surfactants:
Tween 40, Tween 60, Span 80, and Tween 80. For this purpose, 1 mL of the appropriate
ingredient was added in portions of 100 mg ibuprofen, obtaining a supersaturated solution.
The study was carried out in screw-cap vials with continuous magnetic stirring at 100 rpm
at 25 ◦C for 48 h. A supersaturated solution was obtained and filtered through a syringe
filter with MCE (Mixed Cellulose Ester) membrane (0.45 μm,  47 mm). The content of the
compound in the solution was determined by HPLC. The HPLC analyses were performed
using a Shimadzu (Kyoto, Japan) Nexera-i LC-2040C 3D High Plus liquid chromatograph
equipped with a DAD/FLD detector and Kinetex® F5 column 100 Å (2.6 mm; 150 × 4.6 mm;
Phenomenex, Torrance, CA, USA) maintained at 35 ◦C. The mixture of acetonitrile and
water 60/40 (v/v) was used as the mobile phase under isocratic conditions, with a flow rate
of 0.5 mL/min. The detection wavelength was 210 nm. The collected data were acquired
and processed using LabSolutions/LC Solution System. Each measurement was performed
in triplicate, and the results were averaged. The concentrations of ibuprofen and its salts
were calculated based on peak area measurements using the calibration curve method.

4.4. Preparation of Base Formulations

A total of four emulsions were formulated, and a stability test was carried out to
choose the best formulation out of the four emulsions. Table 3 shows the amount and mass
of each ingredient. The amounts of surfactants were selected based on the HLB of the oil
layer (HLB = 9) and the amount of oil phase used.

Hemp oil was combined with Span 80 to make the oil phase, while water and Tween
60 were combined to form the water phase; both mixtures were heated to 80 ◦C. The water
phase was stirred with a homogenizer provided by Janke and Kunkel IKA Labortechnik at
8000 rpm. Then the oil phase was slowly added to the water phase, and both phases were
vigorously mixed until the temperature of the mixture dropped to 30 ◦C and an emulsion
was formed.

4.5. Preparation of Formulations with Carbomer

According to the result of the stability test, formulation 4 (F4) was determined to be the
most stable and was therefore selected for further study. Due to the very low viscosity of
the formulation (the resulting formulation was pourable at room temperature, like water),
it was decided to change the rheology of the sample by adding an appropriate rheological
regulator, carbomer 940. For this purpose, the oil layer and water layer of the emulsion
were prepared analogously to the base preparation (F4), with the difference that 0.17 g of
carbomer 940 was added to the aqueous layer. The amounts of ingredients used are shown
in Table 6 (MEG). After both phases of the emulsion had been heated to 80 ◦C, the oil phase
was added in portions to the water phase while stirring. Stirring was continued until the
resulting emulsion cooled to below 30 ◦C. Then, 0.2 g of triethanolamine was added to the
resulting formulation as a pH regulator.

Table 6. Amount of ingredients in an emulsion-based gel loaded with APIs.

Formulation
Amount of
Water (g)

Mass of
Surfactant 1

(Tween 60) (g)

Mass of
Surfactant 2
(Span 80) (g)

Mass of Oil
(Hemp Oil) (g)

API Mass of API
(g)

MEG 23.05 0.62 0.32 5.77 - -

MEG_IBU 23.05 0.62 0.32 5.77 IBU 0.6280

MEG_IBUNa 23.05 0.62 0.32 5.77 IBUNa 0.6639

MEG_[PheOEt][IBU] 23.05 0.62 0.32 5.77 [PheOEt][IBU] 1.1760
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4.6. API-Loaded Emulsion-Based Gel Formulation

Formulations containing pharmaceutically active ingredients (IBU, IBUNa, and
[PheOEt][IBU]) were then prepared. The formulations were prepared analogously, as
described in Section 4.5. API was added to the finished formulation, and then the system
was mixed using a homogenizer. Table 6 shows the composition of formulations loaded
with different APIs. The active substance was used at 5%, calculated as ibuprofen, com-
parable to commercially available preparations. Ibuprofen, sodium ibuprofenate, and
L-phenylalanine ethyl ester ibuprofenate were used as active substances.

4.7. The Microscopic Examinations

The prepared formulations were observed under an optical microscope (Delta Optical,
with a MC500-W3 5 MP camera). The camera attached to the microscope captured images
at magnifications of 25×. The measurement was performed at room temperature.

4.8. Stability of Base Formulations

A stability test was conducted to select the most stable formulation. The first test was
carried out by placing a sample of the preparation on a magnetic stirrer with a speed of
rotation of 250 r/min at a temperature of 40 ◦C for 7 days. During the measurement, the
behavior of the sample was monitored organoleptically, including color change and the
separation of individual phases of the emulsion.

Another stability test was the freeze-thaw stability test. This stability test was per-
formed by freezing the sample at about −4 ◦C for 24 h and then allowing the sample to
thaw at room temperature for 24 h. The freezing-thawing process was repeated five times.
During the measurement, the behavior of the sample was monitored organoleptically,
including color change and the separation of individual phases of the emulsion.

4.9. Density

The density of formulations with and without API was measured using a densimeter
(Densito 30px from Mettler Toledo). The test was performed at ambient temperature,
repeated five times, and the value was averaged.

4.10. Refractive Index

Refractive index measurements were used to evaluate the four emulsions: those
without API and those with API. One drop of each emulsion was placed on a slide, and
refractive indices were measured using a refractometer (Refracto 30GS, Mettler Toledo).
The test was repeated five times, and the value was averaged.

4.11. Viscosity

The rheological measurements of flow curves and apparent viscosity were made using
a rotational rheometer, MCR 102 (Anton Paar), equipped with a cone-plate measuring
system (CP50-1/S), with a sandblasted surface and roughness ranging from 4 to 7 μm. The
sandblasted measuring spindle was used to avoid slipping the sample on its surface. The
spindle diameter was 50 mm, the cone angle was 0.994◦, and the taper was 103 μm. The
test sample size was 0.57 mL.

During the rheological tests, the temperature of the samples was kept constant using
the Peltier temperature module and was 20.0 or 36.6 ◦C, respectively. Measurements were
carried out for a logarithmically increasing range of shear rates, γ = 0.01–1000 s−1, using
10 measurement points for each decade. In total, 51 measurement points were obtained for
one measurement.

Measurements for each sample were made twice, and the presented results are the
average of the two measurements. Due to the repeatability of the measurement results, a
larger number of repetitions was not necessary.
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4.12. Particle Size Distribution

A Mastersizer 3000 particle size analyzer was used for the measurements, enabling
particle size measurement by laser diffraction (Malvern Instruments Ltd., Malvern, UK),
equipped with a Hydro EV adapter for wet dispersion of samples. Measurements were
carried out with the assumption of sphericity in accordance with the Mie theory. As a
dispersant, demineralized water at a temperature of 20 ◦C with a refractive index of 1.33
was used, which was constantly stirred with a propeller stirrer at a constant speed of
1200 rpm.

Prior to the measurements, a standard cleaning of the apparatus based on three cycles
was performed. Then, 600 mL of demineralized water was poured into a glass beaker
placed in the Hydro EV attachment, automatic alignment of the system was performed,
and the measurement background was recorded. The next step was to add the test sample
with a known light scattering coefficient to the dispersant in a small amount, enabling
the determination of obscure in the range of 5–10% (according to the manufacturer’s
recommendations for such particle size). Then the measurement was performed by the red
laser (632.8 nm) for 20 s and by the blue laser (470 nm) for the next 20 s. The number of
repetitions for one sample was 160.

The results are presented as single curves as volume fraction (%) in relation to particle
size (μm) and tabulated data for successive repetitions with the calculated mean, standard
deviation, and relative standard deviation.

4.13. Release of the Active Substance from the Drug Form

The release was carried out utilizing the Franz diffusion cell (Phoenix DB-6, ABL&E-
JASCO, Vienna, Austria) with diffusion regions of 1 cm2 in accordance with the modified
method [34]. The diffusion areas were covered with a dialysis tubing cellulose membrane
(D 9777-100FT, Sigma Aldrich), and the prepared formulation was mounted over the
membrane.

The acceptor chamber, with a capacity of 10 mL, was filled with PBS (pH 7.4). In the
donor chamber, 1 g of each formulation was dosed directly onto the cellulose membrane.
The release medium was maintained at 37 ◦C, and the experiment was carried out for
24 h. After 10, 20, 30, 40, 50, 60, 70, 80, 100, 120 min, and 24 h of stirring, the samples
were reported. For this purpose, aliquots of the acceptor fluid (0.5 mL) were removed,
and freshly buffered samples with the same pH were added. The concentration of the
compounds in the acceptor fluid was determined using HPLC.

The Smartline model 2600 UV detector, model 1050 pump, and model 3950 autosam-
pler with ClarityChrom 2009 software made up the HPLC system (Knauer, Berlin, Ger-
many). At 264 nm, the detector was in operation. A chromatographic column measuring
125 × 4 mm loaded with Hyperisil ODS (C18), particle size 5 μm, was employed. With a
1 mL/min flow rate, the mobile phase contained 0.02 M potassium dihydrogen phosphate,
acetonitrile, and methanol (45/45/10 v/v/v).

4.14. Permeation of the Active Substance through the Skin

The permeation tests were performed using the same procedure as the release tests,
except that a different membrane was used. Pig skin was used as the membrane in these
studies since porcine skin has a similar level of permeability to human skin [35,36]. Fresh
abdominal pig skin from the neighborhood slaughterhouse was repeatedly washed in PBS
buffer, pH 7.4. The 0.5 mm of skin thickness was dermatomed, and the pieces were each
2 cm × 2 cm in size. Analogously, assessing the skin’s impedance, as previously described,
was used to assess the skin’s integrity [37,38]. Only skin samples with impedances greater
than >3 kΩ, which roughly correspond to the electrical resistance of human skin, were
used [38]. On the skin, 1 g of each formulation was dosed. The experiment was conducted
over 24 h. After 0.5 h, 1 h, 2 h, 3 h, 4 h, 5 h, 8 h, and 24 h from the start of the permeation
experiment, 0.5 mL samples of the acceptor fluid were taken out, and the acceptor chamber
was refilled with fresh PBS solution. The amounts of IBU and its salts in the acceptor
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fluid were determined using HPLC. Based on this concentration, the cumulative mass
(μg IBU/cm2) was computed [39].

The kinetic profiling of in vitro infinite dose steady-state percutaneous absorption
has been most often characterized by Fick’s Laws of Diffusion [40–45], as shown in
Equations (1)–(3). The flux (in μg/cm2·h) through the pig skin into acceptor fluid was
determined as the slope of the plot of cumulative mass in the acceptor fluid versus time.

The permeation parameters—fluxes of ibuprofen and its derivatives through the skin
(Jss), the diffusion coefficient (Kp), and the time required to reach steady-state permeation
(lag time–LT)—were obtained from typically J-shaped profiles by using Equation (1):

A = Jss(t − LT) (1)

where:
A—cumulative amount of active pharmaceutical ingredient (API) of IBU and its salts

permeating into the receptor compartment [μg IBU·cm−2],
Jss—steady-state flux [μg/cm2·h],
t—time [h],
LT—lag time [h].
The steady-state flux was estimated from the slope of the linear portion of the plot

of cumulative mass in the acceptor phase over time. The lag time (LT) was determined
from the x-intercept of the linear part of the plot of cumulative permeation mass in the
acceptor phase over time and was used to calculate the permeability coefficient (Kp) by
using Equation (2):

Kp =
Jss

C
(2)

where:
C—concentration in the donor phase.
The diffusion coefficient (D) was calculated according to Equation (3):

D =
I2

6·LT
(3)

where:
I—diffusional pathway length as a skin thickness [mm].
The skin partition coefficient (Km) was calculated according to Equation (4):

Km =
Kp·I

D
(4)

The enhancement factor (EF) was determined using Equation (5):

EF =
mc_ f ormulation

mc_CP cream
(5)

where:
mc_ f ormulation—cumulated mass for ibuprofen and its derivatives from obtained for-

mulations [μg IBU/cm2],
mc_CP cream —cumulated mass for ibuprofen from CP cream [μg IBU/cm2].

4.15. Statistical Analysis

This study used a one-way variance analysis (ANOVA) analysis. In the case of the
cumulative mass, the significance of differences between individual formulations was
evaluated with Tukey’s test (α < 0.05), where each derivative was compared to the con-
trol (MEG_IBU). In addition, a cluster analysis was carried out to determine similarities
between all formulations tested, considering all time points. On this basis, the formula-
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tions presented a similar release and permeation. Statistical calculations were done using
Statistica 13 PL software (StatSoft, Kraków, Poland).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels9050391/s1, Identity and physicochemical properties of the
obtained compounds; Figure S1: 1H NMR spectra for [PheOEt][IBU]; Figure S2: 13C NMR spectra
for [PheOEt][IBU]; Figure S3: The FT-IR spectra for [PheOEt][IBU]; Figure S4: XRD pattern of
[PheOEt][IBU]; Figure S5: The DSC curve for [PheOEt][IBU].
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Abstract: Microneedles (MNs) have shown a great potential for the microsampling of dermal in-
terstitial fluid (ISF) in a minimally invasive manner for point-of-care testing (POCT). The swelling
properties of hydrogel-forming microneedles (MNs) allow for passive extraction of ISF. Surface
response approaches, including Box-Behnken design (BBD), central composite design (CCD), and
optimal discrete design, were employed for the optimization of hydrogel film by studying the effects
of independent variables (i.e., the amount of hyaluronic acid, GantrezTM S-97, and pectin) on the
swelling property. The optimal discrete model was selected to predict the appropriate variables, due
to the good fit of the experimental data and the model validity. The analysis of variance (ANOVA) of
the model demonstrated p-value < 0.0001, R2 = 0.9923, adjusted R2 = 0.9894, and predicted R2 = 0.9831.
Finally, the predicted film formulation containing 2.75% w/w hyaluronic acid, 1.321% w/w GantrezTM

S-97, and 1.246% w/w pectin was used for further fabrication of MNs (525.4 ± 3.8 μm height and
157.4 ± 2.0 μm base width), which possessed 1508.2 ± 66.2% swelling, with 124.6 ± 7.4 μL of collec-
tion volume, and could withstand thumb pressure. Moreover, almost 50% of MNs achieved a skin
insertion depth of approx. 400 μm, with 71.8 ± 3.2% to 78.3 ± 2.6% recoveries. The developed MNs
show a promising prospect in microsample collection, which would be beneficial for POCT.

Keywords: response surface methodology; hydrogel; microneedles; interstitial fluid; transdermal;
microsampling

1. Introduction

The utilization of hypodermic needles for drug administration and sample extraction
has a long-standing history. Despite their widespread usage, however, this traditional
method has notable drawbacks, including pain, invasiveness, psychological distress, bio-
hazardous waste, and the necessity for trained healthcare professionals. In recent times, the
development of microneedle (MN) systems has been gaining increasing interest as a more
effective approach for sample extraction (blood or interstitial fluid (ISF)) and drug delivery,
due to their various advantages over hypodermic needle-based systems. MN systems are
characterized by micron-sized needles that offer a minimally invasive and more efficient
method of drug delivery and sample extraction [1]. Furthermore, MN-based point-of-care
testing (POCT) devices have been receiving considerable attention owing to their high
potential for extracting and detecting target analytes present in ISF. Skin ISF is located
under the stratum corneum layer and abundant in the dermis layer with a thickness from
1500 to 3000 μm [2], which contains exogenous drugs and clinically relevant biomarkers [3].
Therefore, ISF could be used for drug monitoring or disease diagnosis. Microsampling
methods in the invasive forms for ISF collection, including suction blistering, iontophoresis,
sonophoresis, and microdialysis, require a long extraction time, expensive equipment, and
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the assistance of medical professionals. To overcome these limitations, MNs with heights
of 50–1500 μm can penetrate through an epidermal layer with a thickness of 50–200 μm to
extract ISF from the dermis, with advantages such as being self-applicable with minimal
pain and invasiveness.

MNs have been investigated for the delivery of drug molecules or the monitoring of
biomarkers [4,5], which can be categorized into solid, hollow, coated, dissolving, porous,
and hydrogel-forming MNs [6]. Among them, hydrogel-forming MNs are fabricated by
covalently or non-covalently crosslinked three-dimensional networks of hydrophilic poly-
mers. The hydrogel-forming MNs can absorb and swell in water or bodily fluids without
dissolving, resulting in the formation of a gel-like substance. This property allows for
sustained and controlled drug release. The drug can be loaded into the hydrogel matrix,
and it slowly releases after the MNs swell and degrade. The swelling ability of hydrogel-
forming MNs has been leveraged for other biomedical applications, such as biosensing.
For example, hydrogel-forming MNs have been used as minimally invasive sensors for
monitoring glucose levels in diabetic patients [7], alcohol monitoring, carcinoembryonic
antigen detection for early breast cancer detection [8], and psoriasis therapy and diagno-
sis [9]. Moreover, the hydrogel-forming MNs overcome the disadvantages of solid and
dissolving MNs, which require a long extraction time, repeated application times, and the
assistance of external vacuum or pressure [10,11]. Solid MNs are designed to puncture the
skin, creating a micro-incision that can be utilized for the collection of bodily fluids and the
delivery of active substances to a targeted area. Dissolvable MNs dissolve upon insertion
into tissues, leading to the creation of small openings on the tissue surface, which allow
ISF to escape. While this unique property presents significant potential for a wide range of
medical applications, particularly in precise drug delivery through the rapid dissolution
of polymers, it may limit the applicability of ISF extraction [12,13]. Hollow MNs have
the possibility of needle hole blockage. Additionally, porous MNs need a backing layer
as a reservoir to store the fluids, and increasing the porosity can decrease the mechanical
strength of the MNs. In contrast, coated MNs feature a core that is coated with a surface
layer. The coating of the MN typically comprises a blend of drugs and polymers that are
utilized for drug delivery purposes. Conversely, the coating resembles a semi-permeable
membrane and serves for the collection of bodily fluids for drug/biomarker assay pur-
poses [12]. Moreover, the coated layers on the needles are limited because thickly coated
needles limit needle insertion capability into the skin.

The development of hydrogel-forming MNs for health monitoring assay purposes
should approach a collection volume of ≥1 μL, with a collection time of ≤20 min; thus,
the method should be applied in a simple and rapid manner [14]. Statistical designs in
particular response surface methodology (RSM) are effective experimental design methods
to assist the optimization of MNs that can be performed with multiple factors and levels.
RSM (e.g., Box-Behnken design (BBD), central composite design (CCD)) is commonly em-
ployed for the optimization of the formulations, which offers benefits for the study of the
interaction between factors and responses [15]. Consequently, the model provides a pre-
diction of optimal experimental conditions. Moreover, the statistical designs substantially
reduce the resources, time, and effort needed to develop the formulations [16].

Hydrogels are commonly formulated from a variety of natural polymers, including
chitosan, alginate, cellulose, hyaluronic acid, pectin, and starch, as well as synthetic poly-
mers such as polyvinyl alcohol and polyethylene glycol. However, the irreparable impact
of synthetic polymers on the environment has driven a recent increase in the use of natural
polymers. This is due to their biodegradability, nontoxicity, widespread availability, and
cost-effectiveness [17]. Hyaluronic acid and GantrezTM S-97 have been utilized for hydrogel-
forming MNs. Hyaluronic acid is a naturally occurring linear polysaccharide made up of
repeating N-acetyl-d-glucosamine and d-glucuronic acid units, which has been widely used
for hydrogel formulations in biomedical applications due to its excellent hydrophilicity,
biocompatibility, biodegradability, nonimmunogenicity, and nontoxicity [18,19]. GantrezTM

S-97 is a synthetic copolymer of methyl vinyl ether and maleic anhydride (free acid), which
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is a non-toxic and biocompatible crosslinker with good mechanical strength. It has been
widely used in denture adhesives, toothpastes, and mouthwash formulations because of
its excellent film-forming ability [20]. Furthermore, pectin could be an additional ingredi-
ent for altering the properties of MNs. It is a natural polymer composed of galacturonic
acid that has been utilized as a gelling agent in the food industry and biomedical and
pharmaceutical fields due to their biocompatibility, biodegradability, and nontoxicity [21].

This study aimed to develop hydrogel-forming MNs for the rapid collection of skin
ISF in sufficient volumes by a formulation containing hydrogel with the main polymers
of hyaluronic acid and GantrezTM S-97 with the addition of pectin. A variety of RSM
(i.e., BBD, CCD, and optimal discrete model) were employed to study the effects of for-
mulation variables on the significant characteristic of hydrogel film (i.e., swelling ability).
Suitable models were evaluated by the analysis of variance (ANOVA). Next, the optimal
hydrogel film was prepared according to the predicted values, and hydrogel-forming MNs
were further fabricated by a micromolding method. Finally, the MNs were assessed by
examining the morphology, mechanical strength, swelling and skin permeation abilities,
and recoveries.

2. Results and Discussion

2.1. Experimental Design

The previous report demonstrated the preparation of hydrogel films using 5% w/w
hyaluronic acid and 0.5% w/w GantrezTM S-97 as the main polymer and crosslinker, respec-
tively, which yielded a good swelling degree. However, the swelling degree dropped due
to incomplete crosslinking of the film caused by an insufficient amount of GantrezTM S-97.
Moreover, GantrezTM S-97 above 3% w/w resulted in a decrease in swelling. Moreover,
the report suggested the use of 2% and 4% w/w pectin to enhance the film’s strength,
but the results showed a decrease in swelling [22,23]. Therefore, RSM was employed
for the optimization of hydrogel film formulations in order to obtain the appropriate
swelling degree and strength; RSM generated the mathematical relationship between the
independent variables (i.e., 2–8% w/w hyaluronic acid, 1–2% w/w GantrezTM S-97, and
0.5–1.5% w/w pectin) and the dependent variable (i.e., swelling degree). The experimental
data obtained from the hydrogel film formulations listed in Table S1 (in Supplementary
Materials) were utilized to create three models, including BBD, CCD, and the optimal
discrete models. The appropriate model was chosen by the evaluation of different pa-
rameters obtained from regression analysis such as p-value, adjusted R2, predicted R2,
and predicted residual sum of square (PRESS) value. Moreover, the ANOVA was applied
to examine the significance of the model. All models were significant for the swelling
degree with p-values < 0.05. The greater adjusted R2, predicted R2, and low PRESS value
indicated the good fit of the model; therefore, the optimal (discrete) model was selected
(Table 1). The quadratic equation generated from the models (Figure 1) is as follows:
Y (% swelling) = 2400.08714 − 45.88457X1 + 76.75263X2 − 1090.60741X3 + 63.23516X1X2 +
100.12782X1X3 + 8.75302X2X3 − 25.37784(X1)2 − 330.53100(X2)2 + 153.67881(X3)2, where
Y = % swelling, X1 = hyaluronic acid concentration (% w/w), X2 = GantrezTM S-97 con-
centration (% w/w), and X3 = pectin concentration (% w/w). In addition, the coefficient
values in Figure 1 illustrated the synergistic (positive sign) and antagonistic (negative sign)
effects of variables. The alteration of hyaluronic acid and pectin concentrations were the
most influential factors on the swelling degree. The optimized hydrogel film formulation
predicted from the model consisted of 2.75% w/w hyaluronic acid, 1.321% w/w GantrezTM

S-97, and 1.246% w/w pectin, offering the swelling degree of 958.76. The model was a
good fit for the range of independent variables used to establish the model. However,
the relationship between the independent and dependent variables can change outside of
this range.
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Table 1. Fit statistics of the models.

Model Variables and Level F-Value p-Value R2 Adjusted R2 Predicted R2 Adeq
Precision

PRESS

BBD 2–8% w/w Hyaluronic acid,
1–2% w/w GantrezTM S-97,
and 0.5–1.5% w/w Pectin

120.34 <0.0001 0.9722 0.9641 0.9505 32.71 2.35 × 105

CCD 258.73 <0.0001 0.9894 0.9856 0.9784 49.46 8.81 × 104

Optimal discrete 341.94 <0.0001 0.9923 0.9894 0.9831 59.12 6.83 × 104

 

Figure 1. The optimal RSM plots of hydrogel film formulation optimization showing the effect of
variables (a) hyaluronic acid and GantrezTM (b) hyaluronic acid and pectin and (c) Gantrez TM and
pectin on the swelling degree.

2.2. Hydrogel Films

The predicted value of each variable was used to formulate hydrogel films, which
demonstrated 8.27 ± 0.32 mm length, 8.30 ± 0.17 mm width, and 0.20 ± 0.00 mm thickness.
The Fourier transform infrared (FTIR) spectra of hydrogel ingredients and corresponding
non-crosslinked and crosslinked films are shown in Figure 2. Hyaluronic acid, GantrezTM

S-97, and pectin were utilized as the main polymer, crosslinking agent, and film-strength
enhancer, respectively. The crosslinked film by esterification showed peaks at 1721 and
1150 cm−1, which are assigned to the C=O stretch and the C-O stretch, respectively. The
peak at 3450 cm−1 is associated with free -OH groups of ingredients. The amide groups
of hyaluronic acid show the peak of C = O stretch at 1555 and 1621 cm−1 and C-N stretch
at 1403 cm−1. The peaks representing the C=O stretch and the C-O stretch were found to
decrease when the film was not crosslinked. The swelling degree of the hydrogel films
was 1033.5 ± 25.7% after placing them in the artificial ISF for 5 min (Figure 3), which
was slightly greater than the predicted value of 958.76. This film formulation was further
utilized for the fabrication of MNs.
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Figure 2. (a) The structures and (b) IR spectra of hydrogel ingredients, non-crosslinked, and
crosslinked hydrogel films.

 

Figure 3. The dry and swelling forms in the artificial ISF for 5 min of (a) hydrogel films and
(b) hydrogel-forming MNs.

2.3. Fabrication and Characterization of Hydrogel-Forming MNs

The hydrogel-forming MNs featuring 100 pyramidal-shaped needles were fabri-
cated by a simple micromolding method. The height and base width of MNs were
525.4 ± 3.8 μm and 157.4 ± 2.0 μm, respectively, which would penetrate through the
epidermis (50–200 μm thickness) and reach the dermis (1500–3000 μm thickness) for the
microsampling of ISF [2]. The reduction in the height of the MNs, as compared to the
micromold (600 μm), can be attributed to the viscosity of the hydrogel formulation. This
viscosity may limit the flowability and distribution of the hydrogel in the mold cavity. Fur-
thermore, hydrogel is a viscous formulation that generates a high-contact angle, resulting
in low wettability [24]. Therefore, the hydrogel may not entirely fill the mold tip, which
is the smallest part of the mold. Although a reduction in microneedle height occurred, it
remains adequate for effective skin penetration. Furthermore, it is possible to optimize
the centrifugation speed and time to overcome the limitations imposed by the viscous
formulation.

Then, the MNs were placed in the artificial ISF for 5 min, which demonstrated the
swelling degree of 1508.2 ± 66.2% and the collected volume of 124.6 ± 7.4 μL (Table 2).
After removal from the ISF, the MNs remained in the pyramidal shape (Figure 3).
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Table 2. Characteristics of the optimal hydrogel-forming MNs.

Characteristics Value

Shape Pyramidal
Dimension (height × base width) 525.4 ± 3.8 × 157.4 ± 2.0 μm

Swelling ability 1508.2 ± 66.2%
Collection volume 124.6 ± 7.4 μL

Recovery 71.8 ± 3.2% to 78.3 ± 2.6%
Skin insertion Up to approx. 400 μm

Mechanical strength Withstands pressure from a finger

In general, MN patches can be adhered to the skin by applying pressure with the
thumb. Therefore, the mechanical strength test of MNs was performed in the compression
mode using the constant force of 32 N per array for 30 s, mimicking thumb pressure. The
bluntness of the MN tips was associated with a steep slope in the force-displacement curve
(Figure 4) [25]. However, the MNs were strong enough to withstand the pressure [26,27].
Next, the Parafilm® M (PF) membrane was used for MN testing as a stratum corneum
simulant, which is the outermost layer of the epidermis. In order to investigate the influence
of the manual application force in the MN insertion, the created holes on an eight-stacked PF
layer were examined. The created holes of 100.0 ± 0.0%, 97.7 ± 3.2% and 45.3 ± 4.2% were
observed for the first, second, and third layer, respectively (Figure 5). After compression
studies, the percentage height reduction was 11.0 ± 0.5%. The results suggested that the
MNs were capable of skin insertion into the dermis layer since 100% of MNs achieved an
insertion depth of 268 μm, and almost 50% of MNs achieved an insertion depth of 402 μm.
Although the PF had significantly lower insertion depths than neonatal porcine skin, the
differences were typically less than the 10% of the total needle length [28]. The developed
MNs would achieve deeper insertion in the ex vivo test.

Figure 4. Force-displacement curve from mechanical strength test of hydrogel-forming MNs.

To study in vitro recovery of the extracted ISF extraction, the calibration curve of
methylene blue in ISF was established in the range of 0.3125–5 μg/mL. The linear equation
was y = 3459.5x + 3230 with correlation coefficient (r) of 0.9966. The MNs were soaked with
0.3125, 1.25, and 5 μg/mL of the methylene blue. The percent recovery of the extracted ISF
was in the range of 71.8 ± 3.2 to 78.3 ± 2.6%, indicating that the MNs were able to absorb
the sufficient ISF volume.

The model suggested the appropriate mixture of ingredients for the formulation
of hydrogel-forming MNs, which assisted to shorten the experimental time. Compared
to the previous reports, hydrogel-forming MNs exhibited enhanced swelling properties
attributed to the incorporation of optimal GantrezTM S-97. This inclusion facilitated the
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preservation of swelling degree, precluding their decrease during ISF collection caused
by MN dissolution [22]. In addition, the model-predicted value for the addition of pectin
improved the strength of the hydrogel-forming MNs, while maintaining excellent swelling
properties. Also, the MNs were able to withstand thumb pressure and effectively penetrate
the skin [23].

Figure 5. (a) Skin insertion test of hydrogel-forming MNs on (b) model skin (PF) layers.

3. Conclusions

Experimental design using the mathematical model RSM was efficient for the op-
timization of hydrogel film. The optimal discrete model was chosen for the prediction
of the appropriate value of each ingredient in the formulation according to high R2 and
low PRESS. Consequently, the effects of the hydrogel formulation variables on the film
characteristic can be easily predicted and precisely interpreted by using mathematical
equations. The suggested hydrogel film formulation for further MN fabrication contained
2.75% w/w hyaluronic acid, 1.321% w/w GantrezTM S-97, and 1.246% w/w pectin. The
MNs displayed excellent mechanical properties for adequate insertion without breaking.
All MNs exhibited the potential to penetrate the epidermis layer with an insertion depth of
approx. 270 μm. Additionally, approx. 50% of the MNs achieved a skin insertion depth
of approx. 400 μm. Also, the MNs showed good swelling with ISF upon insertion and
rapid and passive extraction within 5 min. The proposed hydrogel-forming MNs could
potentially be employed for minimally invasive microsampling and extraction of dermal
ISF, which is a source of biomarkers or exogenous drugs.

4. Materials and Methods

4.1. Materials and Chemicals

Hyaluronic acid (MW 420 kDa) was purchased from Nanjing Gemsen International
Co., Ltd., Nanjing, China. GantrezTM S-97, a copolymer obtained from the free acid of
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methyl vinyl ether and maleic anhydride (PMVE/MA) (MW 1500 kDa), was provided
by Ashland, Worcestershire, UK. Pectin from red apples was purchased from Chemipan,
Bangkok, Thailand. MN molds (600 μm height, 200 μm base width, 500 μm tip to tip
interspace, 10 × 10 pyramidal arrays) were purchased from Micropoint Technologies Pte
Ltd., Singapore. Other chemicals used were analytical grade.

4.2. Experimental Design

A randomized RSM, including CCD, BBD, and optimal (discrete) design, was used to
study the effect of three variables on hydrogel films’ swelling properties. The dependent
and independent variables, along with their levels, are listed in Table 1. A suitable model
was chosen by assessing various parameters from the regression analysis and ANOVA such
as p-value, adjusted R2, predicted R2, and PRESS values. The predicted optimal condition
was tested experimentally in triplicate to validate the results.

4.3. Hydrogel Films
4.3.1. Preparation Procedure

Ten grams of each aqueous formulation (Table S1) (in Supplementary Materials) were
prepared by homogenous mixing at 300 rpm. The mixtures were centrifuged (Universal
320, Andreas Hettich GmbH & Co. KG, Tuttlingen, Germany) at 4500 rpm for 15 min
to remove air bubbles. Then, each formulation (0.30 ± 0.03 g) was separately cast into
polydimethylsiloxane (PDMS) square-shaped molds (10 × 10 mm) and dried at room
temperature for 18 h prior to peeling off the dried films. After that, the dried films were
crosslinked in the oven at 80 ◦C for 24 h. Finally, the crosslinked films were stored in the
desiccator for further analysis.

4.3.2. Characterization

The morphology, including length, width, and thickness of hydrogel films, was
measured by the digital vernier caliper. Then, FTIR analysis of all ingredients and non-
crosslinked and crosslinked films were carried out in the range of 4000–600 cm−1 (iS5
FTIR spectrometer with iD7 attenuated total reflection), Thermo Fisher Scientific, Waltham,
MA, USA).

Next, the swelling test of the crosslinked hydrogel films was performed in artificial
ISF (pH 7.4) [29]. An empty weighing boat was placed on the analytical balance (LAB 214i,
Adam Equipment, Oxford, CT, USA) before transferring the hydrogel film, and the total
weight was recorded. Then, 3 mL artificial ISF was added and the total weight recorded. At
5 min, the ISF was taken out, and the weight of the swollen film and the weighing boat was
recorded. The swelling degree (%) of the hydrogel films was calculated by the following
equation [30]:

Swelling degree = (mt − m0)/m0 × 100

where m0 is the weight of the initial film, and mt is weight of the swollen film at 5 min.

4.4. Fabrication Method of Hydrogel-Forming MNs

All the PDMS molds with 100 MNs obtained from the commercial molds were cleaned
with the mixture of ethanol and water (1:1, v/v) by sonication for 20 min. The optimal
formulation (0.04–0.05 g) was filled into the molds and centrifuged at 4500 rpm for 15 min
at room temperature. Next, the molds were filled up to the weight of 0.150 ± 0.015 g. The
MNs were dried at room temperature for 18 h, crosslinked at 80 ◦C for 24 h, and kept in the
desiccator for further analysis.

4.5. Characterization of Hydrogel-Forming MNs
4.5.1. Morphology

The images of MNs were taken by a digital microscope (Dino-Lite Edge AM4115T-
YFGW, AnMo Electronics Corporation, Taipei, Taiwan) that was capable of variable magni-
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fication of 20–220×. The accurate measurement of height and base width of the MNs was
carried out by adjusting the magnification and focal height and setting the calibration.

4.5.2. Swelling Test

The swelling test procedure of the hydrogel-forming MNs was performed in the same
manner as that of the hydrogel films. Then, the volume of ISF absorbed into each MN
was also determined using the artificial ISF (density of 1.005 ± 0.001 g/mL). Also, the
morphology of the MNs was evaluated before and after the swelling test.

4.5.3. Mechanical Strength Test

The mechanical strength of hydrogel-forming MNs was investigated by the TA.XTplusC
texture analyzer (Stable Micro Systems, Godalming, UK) in the compression mode. The
MNs were attached to the cylindrical probe (P/0.5, 2.45 cm diameter cylinder) by double-
sided tape. The probe was lowered at a speed of 0.5 mm/s (pretest speed 1 mm/s and
post-test speed 10 mm/s, trigger force 0.049 N) until a pre-set force of 32 N, mimick-
ing thumb pressure, was achieved. Subsequently, the force was analyzed to obtain a
force-displacement curve. Furthermore, the height of MNs before (Ha) and after (Hb)
the application of compressive force was measured, using the digital microscope. The
percentage of height reduction of MNs was calculated by the following equation [30,31]:

% Height reduction = (Ha − Hb)/Ha × 100%

4.5.4. Skin Insertion Test

The skin insertion test was performed using the validated skin model, PF, and the
texture analyzer. A stack of 8 layers total of PF (134 ± 15 μm thickness for each layer) was
placed on the base of the test machine, and the hydrogel-forming MNs were attached to
the cylindrical probe. The procedure and all parameters were the same as mentioned in
Section 4.5.3. The inserted MN arrays were removed after holding for 30 s. Then, the PF
layers were unfolded, and the number of holes produced in each layer were counted and
evaluated using the digital microscope. The percentage of holes in each layer generated by
MNs was calculated by the following equation [28]:

% Holes in PF layer = number of holes/number of MNs in the array × 100

4.5.5. In Vitro ISF Extraction and Recovery Test

A calibration curve was established by plotting the fluorescence intensity against five
different concentrations of methylene blue in the artificial ISF (0.3125–5 μg/mL). Then, the
hydrogel-forming MNs were weighed and placed in the ISF containing 3 concentration
levels (low, medium and high) of methylene blue for 5 min. The MNs were taken out and
weighed before transferring to a centrifuge tube containing 3 mL ISF. After centrifugation at
5000 rpm for 5 min, the supernatant was spectrofluorimetrically measured at the excitation
wavelength of 650 nm and the emission wavelength of 685 nm. The percentage of recovery
was calculated with the following equation:

% Recovery = found concentration/added concentration × 100

4.6. Statistical Analysis

The RSM models employed Design-Expert software (Version 13, Stat-Ease Inc., Min-
neapolis, MN, USA). All experiments were performed in triplicate. The data were expressed
as mean ± standard deviation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels9040306/s1, Table S1: Hydrogel film formulations.
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Abstract: Paeonol (PAE) is a hydrophobic drug. In this study, we encapsulated paeonol in a lipid
bilayer of liposomes (PAE-L), which delayed drug release and increased drug solubility. When PAE-L
was dispersed in gels (PAE-L-G) based on a poloxamer matrix material for local transdermal delivery,
we observed amphiphilicity, reversible thermal responsiveness, and micellar self-assembly behavior.
These gels can be used for atopic dermatitis (AD), an inflammatory skin disease, to change the surface
temperature of the skin. In this study, we prepared PAE-L-G at an appropriate temperature for the
treatment of AD. We then assessed the gel’s relevant physicochemical properties, in vitro cumulative
drug release, and antioxidant properties. We found that PAE-loaded liposomes could be designed to
increase the drug effect of thermoreversible gels. At 32 ◦C, PAE-L-G could change from solution state
to gelatinous state at 31.70 ± 0.42 s, while the viscosity was 136.98 ± 0.78 MPa.S and the free radical
scavenging rates on DPPH and H2O2 were 92.24 ± 5.57% and 92.12 ± 2.71%, respectively. Drug
release across the extracorporeal dialysis membrane reached 41.76 ± 3.78%. In AD-like mice, PAE-L-G
could also relieve skin damage by the 12th day. In summary, PAE-L-G could play an antioxidant role
and relieve inflammation caused by oxidative stress in AD.

Keywords: paeonol; thermosensitive gel; liposome–hydrogel; antioxidant; atopic dermatitis

1. Introduction

Atopic dermatitis (AD), also known as atopic eczema, is a chronic relapsing inflamma-
tory disease that is often associated with other atopic conditions such as asthma, rhinitis,
and food allergies [1,2]. The main manifestations are skin barrier dysfunction, skin itch-
ing, etc. [3–5]. Its onset is usually concentrated in early childhood, but 2–10% of adults
have AD, leading to a significant decrease in quality of life and increased psychological
burdens [6–9]. The factors causing AD are not clear at present, but are mainly attributed to
filaggrin (FLG), resulting in impaired skin barrier function [10] and changes in immune
system function [11,12]. There are also possible environmental, genetic, and other factors.
Currently, local corticosteroid drugs are used to treat moderate to severe AD patients
clinically, but long-term use will lead to skin thinning, epidermal atrophy, vascular dilation,
and other adverse reactions [13,14], and can even lead to patients’ poor compliance with
the drugs. Therefore, to develop a natural medicine as an alternative therapy, Komal [15]
took inspiration from curcumin and encapsulated tetrahydrocoumarin in a solid lipid
nanoparticle gel, which enhanced the targeting of the drug to the skin in a controlled re-
lease manner, overcoming the skin barrier and improving bioavailability. Gallic acid, which
has been shown to be effective for AD treatment, can be combined with a pH/temperature
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responsive gel for enhanced transdermal delivery [16]. Therefore, using Chinese herbal
ingredients to treat AD has become a new trend.

Paeonol (PAE) is an active ingredient that is isolated from the dried roots or whole grass
of Cynanchum paniculatum (Bunge) Kitagawa, Paeonia fruticosa Andr, and P. lacti flora Pall in the
Ranunculaceae family [17]. A large number of studies have shown that paeonol has good
anti-inflammatory [18], anti-allergy [19], anti-infection [20], and antioxidant [21] effects.
However, paeonol has poor solubility in water, is volatile at room temperature, and has poor
bioavailability, and so it is necessary to design smart polymer materials to deliver the drug.
In addition to their ability to encapsulate hydrophilic and hydrophobic drugs, liposomes
also provide better permeability and locally increased drug concentration, thereby reducing
the stimulation potential [22]. Liposomes are an effective drug delivery system for the
treatment of skin inflammatory diseases, because compared with traditional preparations,
liposomes can carry a higher amount of drug to the affected area [23]. However, liposomes
have poor stability, so they are modified in a variety of ways to increase it.

Hydrogels have been widely used in drug delivery, regenerative medicine, cosmetic
technology, and other fields. Due to their three-dimensional network structure, combined
with weak cohesion in the form of cross-linked covalent bonds and hydrogen or ionic
bonds [24], hydrogels can swell in aqueous solution and have high water absorption.
Since the human body is composed of a large amount of water, hydrogel polymers can
penetrate deep into the skin [24]. In cosmetic applications, hydrogels are mainly applied
to the scalp and skin and used in oral care [25,26]. In recent years, it has been found that
these hydrogels, as transport carriers of natural plants, are beneficial for promoting hair
growth [27] and protecting the scalp via pH value changes [28]. In the treatment of atopic
dermatitis, damage to the skin barrier caused by inflammatory symptoms leads to increased
cuticle transepidermal water loss, and it has been shown that the skin epidermal barrier and
homeostasis are affected by age [29]. Hydrogels are breathable and moisturizing [30–32]
and they reduce water loss, alleviate dry skin symptoms, and maintain skin elasticity. As a
new type of topical preparation that has emerged in recent years, temperature-sensitive
gels have the advantages of easy application and good biocompatibility. Poloxamers are
ABA-type triblock copolymers consisting of PEO (A) and PPO (B) units. Poloxamer 407
(P407) requires a lower concentration for gel formation at 25 ◦C than other poloxamer
series. At room temperature (25 ◦C), the solution appears as a flowing viscous liquid; at the
gelling temperature, it changes into a semi-solid transparent gel [33,34]. At temperatures
above the low-critical solution temperature, poloxamer will lose its PPO block, resulting
in micellar formation and solution conversion to gels. Unfortunately, the low gelation
temperature of poloxamer 407 (P407) as an in situ gel carrier was reported to impede
drug administration [35]. Therefore, the addition of poloxamer 188 (P188) as a polymer
additive can reduce prescription dosage and achieve heat sensitivity to the physiological
environment. Poloxamer can also be used as a surfactant [36], emulsifier, and slow-release
material [37,38]. It is easily absorbed after local administration and has good stability.
However, poloxamers can form a hydrogel containing a large amount of water, which
can cause a blasting reaction such that drugs are released in large quantities in the initial
stage [39], preventing drugs from having a long-term therapeutic effect.

Liposome-in-gel systems combine the advantages of liposomes and gels; liposomes
can reduce the explosive release of hydrogels [40], and gels can maintain the integrity
and function of liposomes, thus improving the bioavailability of drugs [41]. Liposomes in
thermosensitive gels have previously been shown to achieve slow-release functionality [42,43].

In this study, paeonol-loaded liposomes were prepared using the thin-film dispersion
method. P407 and P188 were used to design heat-sensitive in situ gels to achieve the double
delivery of a paeonol-loaded liposome-in-gel for transdermal drug delivery [44]. We pro-
duced the solution at room temperature, which can rapidly undergo phase transformation
to form gels after being applied to the inflammatory site (32–37 ◦C), to prolong the retention
time of PAE on the skin surface and increase the drug action time, and to provide a platform
for the development of transdermal drug delivery. In this study, we investigated the an-
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tioxidant capacity of paeonol solution, paeonol-loaded liposomes (PAE-L), paeonol-loaded
gels (PAE-G), paeonol-loaded liposomes in temperature-sensitive gels (PAE-L-G), and their
effect on AD-like skin of mice induced by 2,4-dinitrochlorobenzene (DNCB).

2. Results and Discussion

2.1. Standard Curve of Paeonol

We selected the corresponding concentration value in the appropriate range
(0–0.015 mg/mL) to draw the standard curve and take the concentration–absorbance as
the coordinates. The linear regression equation is written as follows: A = 85.126 × C + 0.0117,
and the regression coefficient was R2 = 0.9992, indicating that the linearity was good in this
concentration range.

2.2. Characterization of PAE-Loaded Liposomes

Because liposomes are composed of a kind of nanoscale artificial vesicle and consist
of phospholipids and cholesterol, PAE-L appears to the naked eye as a thick, yellowish
liquid. The shape of PAE-L under an electron microscope (Glacios-200KV, Thermo Fisher
Scientific, Waltham, MA, USA) appears to be spherical. The hydration particle sizes of
B-L and PAE-L were 127 ± 8.1 nm and 132.6 ± 11.5 nm, respectively. Zeta potential was
negative (−19.4 ± 0.8 mV and −17.9 ± 2.1 mV). The encapsulation rate of PAE-L was
86.47 ± 8.22%.

2.3. Physicochemical Characterization of Formulations

The surface temperature of the skin was 32–35 ◦C [45]. When the body suffers from
skin damage, its temperature will slightly rise by 0.5–1 ◦C [46]. Therefore, when the
temperature-sensitive in situ gels act on the skin surface, the minimum gelling temperature
is 32.5–34 ◦C, and the maximum is 36–37 ◦C. Therefore, the gelling temperature of the
prescriptions should be between 32 ◦C and 37 ◦C. In order to obtain the most suitable carrier
for the skin surface of AD mice, poloxamer gels (Table 1), which are temperature-sensitive
at 32 ◦C, 35 ◦C, and 37 ◦C, respectively, were selected to check their physical and chemical
properties. In the case of the same polymers and similar concentration compositions, both
PAE and PAE-L have less influence on the gelling temperature than the blank in situ gels.
For temperature-sensitive gels, it is necessary to quickly change from solution to gel form
in a short time. Although the gelling ability of PAE-L-G was weakened at 32 ◦C, 35 ◦C, and
37 ◦C, requiring 51.80 ± 5.05 s, 62.92 ± 7.67 s, and 82.58 ± 2.34 s, respectively, there was
no significant difference compared to blank gels. In addition, the gelling temperature and
gelling capacity were mainly affected by the prescription amounts of P407 and P188 in the
gels. The viscosity had been reported to be affected by increasing polymer concentration or
use [47,48]. Therefore, viscosity levels need to be within the appropriate range of values.
There was no significant difference between the viscosity of blank gels and PAE-G, but the
viscosity of the formula was significantly improved after the addition of liposomes, and
the viscosity could even be higher than 100 MPa.S at the gelling temperature. The ratio of
prescription dosage had little influence on the viscosity change.

Table 1. Physicochemical properties of poloxamer gels at different temperatures.

Group Gelation
Temperature (◦C)

Gelation Capacity
(s)

Viscosity 4 ◦C
(MPa·S)

Viscosity 32–37 ◦C
(MPa·S)

pH
4 ◦C

pH
32–37 ◦C

32 ◦C
G 31.25 ± 0.78 44.51 ± 2.60 19.32 ± 1.44 91.99 ± 0.65 7.25 ± 0.03 7.04 ± 0.02

PAE-G 31.80 ± 0.42 44.79 ± 2.46 19.06 ± 0.55 92.80 ± 0.09 7.38 ± 0.01 7.16 ± 0.05
PAE-L-G 31.70 ± 0.42 51.80 ± 5.05 30.34 ± 0.06 136.98 ± 0.78 7.33 ± 0.04 7.18 ± 0.03

35 ◦C
G 34.45 ± 0.49 58.29 ± 5.85 28.73 ± 0.39 94.44 ± 0.13 7.27 ± 0.02 7.11 ± 0.12

PAE-G 34.70 ± 0.14 59.61 ± 0.86 29.58 ± 0.02 94.38 ± 0.51 7.48 ± 0.02 7.23 ± 0.27
PAE-L-G 34.60 ± 0.57 62.92 ± 7.67 36.36 ± 6.32 149.28 ± 0.22 7.47 ± 0.01 7.23 ± 0.01

37 ◦C
G 36.90 ± 0.14 73.41 ± 1.35 50.07 ± 0.22 120.94 ± 1.41 7.47 ± 0.05 7.27 ± 0.17

PAE-G 36.70 ± 0.28 69.66 ± 0.95 46.22 ± 7.13 123.43 ± 1.69 7.55 ± 0.06 7.34 ± 0.03
PAE-L-G 36.70 ± 0.71 82.58 ± 2.34 56.39 ± 5.76 197.80 ± 7.14 7.52 ± 0.03 7.38 ± 0.14
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In this study, temperature-responsive gels were prepared using the cold method. The
solutions of gels were seen clearly by visual observation under black background. The
pH of the skin surface was first determined by Heuss in 1892 [49]. The main reason for
this is that both the lipid tissue and acidic environment can provide better conditions
for lipid metabolism. Studies have shown that the pH level rises in patients with atopic
dermatitis [50]. Therefore, the pH value of the skin carrier is an important parameter
because differentiation of the skin pH can regulate adverse reactions such as redness or
itching [51]. As can be seen from the pH data in Table 1, the pH values of blank gels
were measured as 7.04 ± 0.02, 7.11 ± 0.12, and 7.27 ± 0.17 at the gelling temperature. For
PAE-L-G, the pH values were 7.18 ± 0.03, 7.23 ± 0.01, and 7.38 ± 0.14, and the pH value
decreased with the increase in temperature. The dosage of prescription and the loading
of PAE had little effect on the pH value. In addition, skin carriers with alkaline had been
reported to improve skin health in some conditions [52]. Therefore, the medicinal carrier in
this study can play a role in the treatment of atopic dermatitis.

Combined with the above results, it can be seen that although the temperature-
sensitive gels can form semi-solid medicinal carriers on AD-like skin within the range of
32–37 ◦C, there is no significant difference, and the encapsulated PAE or PAE-L-G would
not have a great impact on their physical and chemical properties. However, at the gelling
temperature of 32 ◦C, the concentration of P407 and P188 required for prescription is
small, which can reduce the cost of medicine and achieve the ideal therapeutic effect.
Therefore, the thermosensitive gels at 32 ◦C were selected for the follow-up study on AD
inflammation diseases.

2.4. In Vitro Permeation Study

PAE is a lipophilic drug, but its solubility and skin accumulation can be improved by
the carrier of liposomes and gels. According to the analysis of the dialysis release curve
(Figure 1A), the cumulative release rates of the PAE group were 72.32 ± 1.68% within 12 h,
while the maximum cumulative release rate of the PAE-L group was only 59.94 ± 4.88%.
Therefore, the PAE solution can release the drug quickly in a short time, while the liposome
group plays a sustained-release role. As Figure 1B,C show, PAE-L and PAE-L-G could
achieve their effect in the local long-term due to sustained and controlled release in the
treatment process. Among them, the cumulative release rate (R%) from PAE-L-G was the
lowest, mainly since the drug needed to traverse not only the lipid bilayer but also the
three-dimensional network structure of the gels. However, in the same formulation, when
changing the concentration ratio of P407 and P188, it could be seen that blank gels at 32 ◦C
had the highest drug release in a certain time. For PAE-L-G, the final R% of the three
different temperatures were 41.76 ± 3.78%, 46.14 ± 1.04%, and 43.47 ± 0.68%, respectively.
There is no significant difference. In summary, the thermosensitive gels not only played the
function of drug storage, but also had the ability to help drugs penetrate the skin, so they
can be used as a carrier for local skin delivery. Meanwhile, it was further indicated that
PAE-L-G at 32 ◦C was more suitable for the treatment of symptoms caused by AD.

At the same time, OriginPro 2021 software was used to simulate the release curve,
and common models such as Zero-order kinetics, First-order kinetics, Higuchi, Korsmeyer–
Peppas, Hixson–Crowell, and WeibullCDF were used to analyze the drug release kinetics.
Among them, Table 2 lists the equations of the fitting curve whose correlation coefficients
are greater than 0.95 and the worst fitting effect, and also shows the corresponding kinetic
constants and exponential parameters. The WeibullCDF model can make R2 > 0.97, indi-
cating that it is more suitable for this model and has feasibility and a linear relationship,
while the Hixson–Crowell model has negative R2, indicating that the time-cumulative drug
release curve does not conform to the trend of this model.
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Figure 1. WeibullCDF fitting curve of different formulations. (A) PAE and PAE-L. (B) PAE-G at 32 ◦C,
35 ◦C, and 37 ◦C. (C) PAE-L-G at 32 ◦C, 35 ◦C, and 37 ◦C.

Table 2. The fitting curve values under different mathematical models.

Group Relevant
Data

First-Order WeibullCDF Hixson–Crowell

PAE Equation Q = 74.1414 [1 – exp (−0.0152t)] Q = 10.3580 + 63.8181 [1 − e−(t/94.2344)ˆ1.3040] Q = 100 [1 − (1 − 2.7546t)3]
R2 0.9931 0.9984 −3.9777

PAE-L Equation Q = 55.2900 [1 – exp (−0.0017t)] Q = −1.1750 + 5.2263 [1 − e−(t/881.6552)ˆ0.9298] Q = 100 [1 − (1 − 8.7042t)3]
R2 0.9983 0.9988 0.6961

PAE-G

32 ◦C Equation Q = 57.0866 [1 – exp (−0.0020t)] Q = 0.7776 + 56.4113 [1 − e−(t/515.9190)ˆ0.9777] Q = 100 [1 − (1 − 1.9744t)3]
R2 0.9957 0.9961 −0.1147

35 ◦C Equation Q = 49.7029 [1 – exp (−0.0013t)] Q = 0.0281 + 50.8791 [1 − e−(t/864.5301)ˆ0.8868] Q = 100 [1 − (1 − 6.6639t)3]
R2 0.9978 0.9995 0.6268

37 ◦C Equation Q = 48.6397 [1 – exp (−0.0014t)] Q = −0.6052 + 48.9826 [1 − e(t/646.9570)ˆ1.0363] Q = 100 [1 − (1 − 5.6325t)3]
R2 0.9973 0.9996 0.6506

PAE-L-G

32 ◦C Equation Q = 40.6142 [1 – exp (−8.0875t)] Q = −1.0828 + 41.8662 [1 − e(t/1209.4106)ˆ0.9575] Q = 100 [1 − (1 − 4.1847t)3]
R2 0.9962 0.9971 0.6384

35 ◦C Equation Q = 43.0370 [1 – exp (−0.0016t)] Q = 1.3481 + 39.6793 [1 − e−(t/565.3188)ˆ2.0324] Q = 100 [1 − (1 − 5.6873t)3]
R2 0.9574 0.9791 −0.0549

37 ◦C Equation Q = 42.4447 [1 – exp (−0.0015t)] Q = −1.7778 + 44.5795 [1 − e−(t/662.4938)ˆ0.9005] Q = 100 [1 − (1 − 5.4228t)3]
R2 0.9930 0.9946 0.0349

2.5. Antioxidant Capacity via Scavenging Free Radicals
2.5.1. Experiment of the Oxidation Resistance on H2O2

Hydrogen peroxide is a kind of reactive oxygen species (ROS). In the human body en-
vironment, it can be produced from many biological membranes, such as the mitochondrial
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membrane, microsomal membrane, and cytoplasm [53]. When the body’s internal REDOX
balance system is broken, ROS accumulates too much, especially in skin cells, which can
accelerate skin aging, induce a cellular inflammatory response, and inhibit the immune
function of skin cells.

According to the curve of inhibition rate changing with the concentration in Figure 2A,
the antioxidant rate was positively correlated with the concentration of PAE at five different
concentrations (0.05, 0.1, 0.15, 0.2, and 0.25 mg/mL). The relationship between the drug
concentration and the antioxidant rate was in line with the logarithmic curve, and the free
radical inhibition rate showed an upward trend under the change in paeonol concentration,
gradually approaching 100%. In Figure 2B, the inhibition rates of PAE, PAE-L, PAE-G,
and PAE-L-G on free radicals were 86.89 ± 4.07%, 89.61 ± 5.49%, 99.49 ± 3.49%, and
92.12 ± 2.71%. At the same concentration, the free radical scavenging rate of PAE should
be the maximum, because its release and reaction were direct, so it could have a better effect.
However, in the experimental results, the inhibition rate of PAE-G was the best, possibly
because poloxamer itself could be used as a solvent, increasing the surface solubility of
paeonol. In addition, it had been proved that poloxamer 188 could protect cell membranes
by eliminating free radicals [54]. Although paeonol in the PAE-L-G was coated with the
lipid layer of liposomes and the triblock copolymer of gels, it still had a good antioxidant
capacity due to the synergism of drugs and excipients of liposomes and gels.

Figure 2. Free radical scavenging capacity. (A) Scavenging ability of paeonol at different concen-
trations on H2O2 free radicals. (B) Expression of H2O2 free radical scavenging ability of different
preparations of PAE. (C) Scavenging rate on DPPH by different concentrations of PAE. (D) The
scavenging ability of PAE, PAE-L, PAE-G, and PAE-L-G to DPPH free radicals, respectively.
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2.5.2. Scavenging DPPH Free Radical Effect

The DPPH radical is a synthetic, single-electron, stable, nitrogen-centered paramag-
netic compound. When the free radical scavenger is present, DPPH accepts an electron
or hydrogen atom to form a stable DPPH-H compound, which will fade the solution and
reduce absorbance. The degree of discoloration is quantitatively related to the number of
electrons received (free radical scavenger activity) [55,56]. Due to the simple structure of
DPPH free radicals and the easy control of reaction, DPPH free radicals can be used as an
evaluation index of antioxidant performance.

During the experiment, shown as Figure 2C,D, the scavenging rate on free radicals
increased with the difference in drug concentration and reaction time with DPPH. Because
the scavenging rate of free radicals except PAE can reach more than 90% within 2 h of each
prescription, the experimental results showed the same trend as the H2O2 experiment, and
the effect of PAE-G was the best, mainly because poloxamer gels played a synergistic role in
this reaction process. The results showed that the PAE-L-G could fully exert the scavenging
free radical effect. There was no significant difference between the groups.

2.6. Pharmacodynamic Studies of Atopic Dermatitis
2.6.1. Reduce AD-like Skin Symptoms

The atopic dermatitis model was performed on the skin of mice except for the blank
group in the first four days. As can be seen from Figure 3A, no obvious symptoms of
skin injury were observed on the first day of DNCB administration. It can be seen in
Figure 3C,D that the skin thickness and injury severity of each group reached a peak on the
fourth day. Therefore, dry skin and peeling symptoms began at five days. The secondary
sensitization on the ear was performed on the 8th, 12th, and 16th days, respectively, but the
corresponding skin symptoms had been alleviated to some extent. The skin status of the
positive control group and PAE-L-G group was restored to 70% on the 8th day; there were
still scabs and skin damage in PAE, PAE-L, and PAE-G groups, and only the skin of the
PAE-L-G group recovered on the last day. As scratching times were recorded on the last day,
Figure 3B showed that p values between the administration group and the model group
were all greater than 0.05, with no significant difference. In this experiment, compound
dexamethasone acetate cream was used as a positive control, but it was found that the mice
showed emaciation and slow skin recovery after the 8th day, which even led to the death of
the mice. The main reason was that dexamethasone belongs to the hormone class, which
can not only achieve anti-inflammatory, anti-sensitization, antipruritic effects, as well as
reduce exudation, but it can also lead to skin atrophy and fungal infection, causing physical
damage. Therefore, it is necessary to find more effective alternatives.

The spleen is an important immune organ of the body, which plays a role in indicating
the strength of immune function [57]. The spleen index of AD-like mice induced by DNCB
is shown in Table 3. The spleen in the model group accounted for the largest proportion,
indicating spleen enlargement caused by inflammatory symptoms of atopic dermatitis. In
terms of the experimental results, the degree of spleen enlargement in the PAE-L group
was slightly lower than that in the model group, and the group with temperature-sensitive
gel could achieve the same effect as that in the blank group, expressing that the addition
of gel could reduce the body’s immunity and inhibit dermatitis. The difference was not
statistically significant (p > 0.05). As the ear was sensitized three times, but the ear was
not treated with drugs, the measurement of ear swelling degree on the 17th day showed
that, compared with the model group, PAE-L-G could better inhibit the inflammation
damage, hypertrophy, and swelling of the ear, and even showed better efficacy than
the positive control group, and that the inhibition rate of paeonol solution was lower.
Combined with these results, PAE-L-G could be effective not only for topical use but also
for systemic inflammation.
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Figure 3. Skin conditions and behavioral manifestations in AD-like mice. (A) Skin surface symptoms
of mice. (B) Number of scratches. (C) Score of lesion severity. (D) Skin thickness. This difference is
statistically significant. (*** p < 0.001; ** p < 0.01 and * p < 0.05 vs. normal group).

Table 3. Spleen index and ear swelling. The data are means ± SD (n = 3). Means with different letters
(a,b) are significantly different (p < 0.05) via Duncan’s test.

Group Weight
(g)

Splenic
Weight (g)

Spleen Index
(%)

Swelling
Degree (mg)

Swelling
Inhibition
Rate (%)

Blank 28.14 ± 1.50 0.1077 ± 0.0187 0.38 ± 0.05 0.57 ± 0.64 b 83.17
Model 21.31 ± 5.55 0.0921 ± 0.0096 0.46 ± 0.18 3.37 ± 0.70 a -

Positive 22.85 ± 1.57 0.0852 ± 0.0694 0.34 ± 0.07 1.25 ± 1.63 ab 62.87
PAE 30.29 ± 2.82 0.1161 ± 0.0034 0.39 ± 0.05 2.50 ± 2.12 ab 25.74

PAE-L 27.69 ± 0.97 0.1184 ± 0.0430 0.43 ± 0.17 2.90 ± 0.95 ab 13.86
PAE-G 27.82 ± 2.18 0.1034 ± 0.0325 0.37 ± 0.09 2.47 ± 1.25 ab 26.73

PAE-L-G 31.52 ± 1.17 0.1151 ± 0.0009 0.37 ± 0.01 1.23 ± 1.23 ab 63.37
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2.6.2. PAE Content in the Skin of AD-like Mice

To detect the drug content in the skin of AD experimental mice, the standard curve
of skin homogenate (Figure 4) was first established according to the concentration of the
standard curve established previously. The results show that: A = 0.1737 × C + 0.9911
(R2 = 0.9975), and the absorbance has a linear relationship with this concentration range.
According to the measurement of mice in the administration group (Table 4), the drug
content in the PAE group was the highest, up to 1.89 ± 0.59 μg/mL, while that of PAE-L-G
was slightly higher than that of the PAE-L and PAE-G groups.

A = 0.1737 C + 0.9911
R² = 0.9975

A
bs

or
ba

nc
y

Concentration of PAE μg/mL

Standard Curve

Figure 4. Standard curve of PAE in the skin homogenate.

Table 4. Drug content of skin in different groups of AD-like mice.

Group Drug Concentration (μg/mL)

PAE 1.89 ± 0.59
PAE-L 1.11 ± 0.33
PAE-G 1.15 ± 0.36

PAE-L-G 1.50 ± 0.41

2.6.3. Inhibit the Production of MDA in Tissue Homogenate

Oxygen free radicals act on the unsaturated fatty acids of lipids to produce lipid
peroxide. The latter is gradually decomposed into a series of compounds, including
malondialdehyde (MDA). Lipid oxidation levels can be detected by detecting MDA levels.
Under acidic and high temperature conditions, MDA can be condensed with thiobarbituric
acid (TBA) to produce brown–red trimethylecylate, which can be detected at 532 nm.
Studies have shown that the detection of MDA levels could be used as a test index for the
symptoms of photoaged skin caused by ultraviolet exposure [58]. Fardin [59] used MDA
as an antioxidant parameter to study oxidative stress degree in atopic dermatitis.

In the AD experiment, MDA levels were detected in all organs of mice (Figure 5). There
was no significant difference between PAE-L-G and positive control in the supernatant
of organ tissue homogenate, indicating that PAE-L-G had a high inhibitory ability of
lipid peroxidation in AD mice and could well inhibit oxidative stress response. The
inhibition rates of PAE-L-G in the skin, liver, and brain were 50.03 ± 13.25%, 89.15 ± 2.43%,
and 95.38 ± 6.97%, respectively, while those in the positive control were 93.99 ± 8.50%,
74.19 ± 4.46%, and 139.54 ± 6.79%. In the heart, lung, and kidney, PAE-L-G had no
statistical significance compared to PAE, PAE-L, and PAE-G (p > 0.05).
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Figure 5. Inhibitory rate of different samples on MDA production in different organ homogenates.
(A) Skin; (B) Liver; (C) Brain; (D) Kidney; (E) Heart; (F) Lung. The data are means ± SD (n = 3).
### p < 0.001; ## p < 0.01 and # p < 0.05 vs. control group.

2.6.4. Blocking the Damage of AD-like Mouse Skin

Since AD is the primary manifestation of type 2 inflammatory disorder in keratinocytes,
it leads to the increase in reactive oxygen species (ROS) in the cells [60,61]. The skin is
exposed to the environment, oxygen, and bacteria for a long time, which induces oxidative
stress response. ROS is produced by the immune system and has a good defense effect, but
when ROS levels are too high in the body, the number of genes expressing inflammatory
cells increases, leading to the persistence and deterioration of the inflammatory reaction.
In order to prevent the loss caused by ROS, antioxidant enzymes such as superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) are released as a
protective mechanism [62]. SOD has the function of dismutating two superoxide radicals
into hydrogen peroxide and oxygen. Thus, it has anti-aging and antioxidant effects on the
skin, which can be used as an indicator to detect AD-like symptoms.

In Figure 6, except for the PAE solution, SOD activity content in other drug adminis-
tration groups was significantly higher than that in the model group (p < 0.01), showing
statistical significance. Among them, PAE-L-G could achieve the same effect as the positive
control, and could even make SOD activity reach a non-oxidation level. Combined with the
results, PAE-L-G could relieve inflammatory symptoms caused by ROS-induced oxidative
stress and it played an antioxidant role.

Due to the limited clinical application of paeonol, the encapsulation substrates are cur-
rently divided into conventional dosage forms, polymer delivery systems, and lipid-based
delivery systems [63]. Tablets are common dosage forms on the market, which are used for
oral administration, and the quality is stabilized through the coating technology. In Guo
group’s study [64], paeonol and gastroretention tablets of paeonol were applied to gastric
ulcer models at the same time. Changes in dosage forms can increase the residence time of
drugs in the stomach and give full play to the advantages of local administration. However,
rapid drug absorption and first-pass elimination effects necessary for oral administration
still exist, reducing the bioavailability of the drug. The transethosomes in the lipid system
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show the ability to deform into cellular vesicles. The fluidization of stratum corneum (SC)
lipid is induced by adding ethanol, which is conducive to drug penetration through the
skin barrier and increases drug penetration. The application of paeonol transethosome to
pig ear skin improved the stability of the drug and skin deposition [65]. The bulk of the
preparations in polymer delivery systems consists of micron and nanoscale particles, such
as microparticles, nanocapsules, and nanospheres, which can improve drug efficacy, safety,
and controllability and reduce toxic side effects. At the same time, it has great potential
for application in skin diseases. However, the preparation process is complicated and the
research cost is high. In our study, by preparing paeonol-loaded liposomes in heat-sensitive
gels, on the one hand, the intelligent responsiveness improved its targeting; on the other
hand, diffusion experiment can find that the liposome gel system enhances its continuous
drug release time, and the local drug concentration increases. The detection of antioxidant
properties reflects the observable treatment for AD-like immune skin diseases.

Figure 6. SOD activity value of mice skin. Values represent mean ± SD (n = 3, standard one-way
ANOVA, *** p < 0.001 and ** p < 0.01 vs. model group).

3. Conclusions

In this study, PAE-L-G suitable for the treatment of AD was prepared through film
dispersion and cold expansion, and its characterization and physicochemical properties
were evaluated, which proved that its platform based on transdermal drug delivery was
feasible. The results of in vitro diffusion experiments proved that, compared to the PAE
solution, PAE-L-G had a better ability of controlled release and sustained efficacy for a
longer time. In addition, different mathematical models were used to fit the release curve,
which conforms to the first-order release kinetics and WeibullCDF. Free radical scavenging
studies showed that liposomes and the network structure of gels might affect drug release.
The inhibition rate of PAE-L-G with antioxidant properties was lower than that of other
preparation groups, but there was no significant difference. Meanwhile, MDA experiments
on various organs also proved that PAE-L-G could be used as an antioxidant. The results of
behavioral and histological experiments on the AD mouse model indicated that PAE-L-G
could relieve skin dryness, damage, and itching, even without the side effects of the positive
control group, and so PAE-L-G could pass across the SC to work. T-SOD was used as an
antioxidant enzyme; higher enzyme activity could be used as an index to evaluate the
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amount of ROS production, and PAE-L-G could reach a level similar to that of the blank
group. The hydrogel itself can be used as the loading material of emollients. At the same
time, the local therapy for AD can improve the skin condition, enhance the moisturizing
ability, and can play a synergistic effect with paeonol. Poloxamer gels can respond to the
change in character according to the change in temperature. The high antioxidant properties
of paeonol can alleviate the symptoms of skin damage caused by immune reactions and
reduce the generation of toxic side effects. In summary, we believe that paeonol-loaded
liposomes in thermally reversible hydrogels are promising materials for skin delivery and
have broad application prospects.

4. Materials and Methods

4.1. Materials and Reagents

Paeonol (purity 99%) and Hydrogen peroxide (H2O2) were obtained from Shanghai
Suyi Chemical Reagent Co., Ltd. (Shanghai, China) and soybean phospholipids (purity
99%), cholesterol (purity 99%), NaOH, and Trichloroacetic acid (TCA) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China), including sulfate heptahydrate.
Poloxamer 407 and 188 were purchased from BAST Company. KH2PO4 was purchased from
Guangxilong Science Co., Ltd. (Guangxi, China) and 1,1-diphenyl-2-picrylhydrazyl (DPPH,
98%), thiobarbituric acid (TBA), and 2,4-Dinitrochlorobenzene (DNCB) were provided by
Shanghai Yuanye Biology Science and Technology Co., Ltd. (Shanghai, China). A T-SOD
Test kit was acquired from Jiancheng Bioengineering Institute (Nanjing, China). All the
reagents were AR grade.

4.2. Animals

Healthy Kunming mice (females weighing 20 ± 2 g) were purchased from the Animal
Laboratory Center of Anhui University of Traditional Chinese Medicine (Hefei, China).
The animal experiment protocol involved in this experiment conforms to the review and
approval of the Ethics Committee of Anhui University of Chinese Medicine (Hefei, China).
The indoor temperature was kept at 25 ± 2 ◦C, the relative humidity was kept at 50–70%,
the light rhythm was 12 h, the feeding environment was quiet and ventilated, and the
experimental animals were given ordinary feed and clean water.

4.3. Establishment of Standard Curves

The 0.0119 g of paeonol was accurately weighed with a balance, dissolved by adding
a small amount of anhydrous ethanol, and then fixed into a 100 mL volumetric flask with
phosphate buffer (PBS, pH 7.4). The mother liquor was completely dissolved by ultrasound
to obtain 119 μg/mL. It was then diluted into 1.19 μg/mL, 3.57 μg/mL, 5.95 μg/mL,
8.33 μg/mL, 10.71 μg/mL, 13.09 μg/mL solution. Absorbance was measured at 274 nm
with an ultraviolet spectrophotometer (UV-1000, AOE Instrument Co., Ltd., Shanghai,
China). Values were recorded, and standard curves were established.

4.4. Preparation of Paeonol-Loaded Liposomes (PAE-L)

PAE-L was prepared using the thin-film dispersion method. Firstly, according to the
ratio of phospholipid and cholesterol prescribed in our laboratory [58], 0.3 g phospholipid,
0.1 g cholesterol, and 0.0028 g paeonol were accurately weighed and placed into a 250 mL
beaker, and then 5 mL anhydrous ethanol was added and placed into the ultrasonic cleaner
(HS3120, Tianjin Hengao Technology Development Co., Ltd., Tianjin, China) to dissolve
completely and quickly spread on the beaker wall rotary evaporator to form liposome film,
and an appropriate amount of PBS was added to shake it with magnetic stirrers.

4.5. Characterization of PAE-L

The particle size and potential of PAE-L were measured by the Malvern nano-particle
size potential analyzer (ZEN3690, US Malvern Instrument Co., Ltd., Malvern, UK) [66].
The encapsulation rate (ER%) of PAE-L was determined as follows: the 10 mL volumetric
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bottle was washed, dried, and set aside. A total of 1 mL PAE-L was placed in a 10 mL
volumetric bottle, and PBS buffer was added for constant volume. The bottle stopper was
pressed and mixed evenly. Then, 4 mL of the mixture was precisely absorbed, centrifuged at
4500 rpm for 15 min, and the supernatant was taken. The absorbance was measured at the
maximum absorption wavelength of paeonol at 274 nm. According to the standard curve
of paeonol drawn previously, the concentration of the drug that failed to be encapsulated
by liposome was calculated. Next, 1 mL anhydrous ethanol was added to 1 mL PAE-L
taken out again from a 10 mL volumetric bottle, ultrasonic dissolution was completed,
and the concentration of all drugs in the supernatant was measured. The formula of drug
encapsulation rate (ER%) is shown in (1):

ER% =
[Cw − Cn]

Cw
× 100% (1)

where “Cn” is the concentration of the drug that has not been successfully encapsulated
and “Cw” is the concentration of the drug encapsulated in the liposome.

4.6. Preparation of Paeonol-Loaded Liposomes in Thermoreversible Gels (PAE-L-G)

The prescribed amount of Poloxamer 407 and Poloxamer 188 were mixed and stirred
evenly and the volume was fixed into the final preparation system and swelled overnight
in a 4 ◦C refrigerator. PAE-L was evenly dispersed in the thermosensitive gels to finally
prepare the PAE-L-G [67].

4.7. Characterization of PAE-L-G
4.7.1. Visual Appearance and Clarity

We visually observed the appearance and transparency of formulations against a black
background.

4.7.2. Gelling Temperature and Gelling Time

The change in gel from a flowing solution state to a non-flowing solid state can
be observed by the tube inversion method [68,69]. Therefore, the gel temperature of
temperature-sensitive gel can be obtained by this method. We washed and dried multiple
test tubes to avoid interference from impurities. A total of 2 mL of gel with different
prescription concentrations were prepared and placed in a controlled, constant temperature,
water bath environment. The temperature was adjusted at the rate of 0.1 ◦C per minute,
and the gel was kept in it for 1 min. Then, the tube was vertically raised to 90◦ to detect
whether the gel flowed. According to the ratio of different concentrations of P407 and
P188, the temperature control range was set between 20 ◦C and 40 ◦C, and three parallel
measurements were made to take the mean value.

Detection of gelation time is also called gelation capacity, and we measured this value
using the same test tube method as the temperature measurement, with a stopwatch to
record the time of hydrogel gelation, that is, the gelation capacity.

4.7.3. Determination of Viscosity

The viscosity was determined using an Ostwald viscometer (1831, Ring Light Glass In-
strument Co., Ltd., Taizhou, China) [68]. Before measurement, the Ostwald viscometer was
cleaned with anhydrous alcohol, and then the alcohol was volatilized. We fixed the viscome-
ter on an iron frame and kept the liquid level balanced (Figure 7). We then poured 5 mL of
distilled water into the viscometer, use the ear wash ball to draw the liquid until it reached
score 1, started timing, and stopped timing when the liquid level dropped to score 2.

Each group of samples was measured three times repeatedly, and the recorded decline
time of the solution was calculated using the viscosity Formula (2), and, finally, the viscosity
of the sample was obtained:

η2 =
ρ2t2

ρ1t1
× η1 (2)
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In the above formula, “η” represents viscosity (MPa·S), “ρ” represents density (g/mL),
and “t ” represents the time (s). The digits “1” and “2” refer to water and sample, respectively.

Figure 7. Method of measurement for viscometers.

4.7.4. pH Value

The pH of the liposomes-in-gels was measured using a calibrated pH meter (PHS-3E,
Shanghai Lei Instrument Co., Ltd., Shanghai, China). The samples were made in triplicate
and the parallel measurements were repeated three times to calculate the mean value of
the preparation.

4.8. Antioxidant Ability
4.8.1. Scavenging H2O2 Assay

Hydrogen peroxide solution was prepared by dissolving 0.1 mL hydrogen peroxide in
50 mL PBS. The samples of the three groups were prepared at the same time. The blank
group was treated with 0.6 mL PBS and 1.8 mL H2O2 solution, and the sample group
was treated with 0.6 mL different preparations and 1.8 mL H2O2 solution, and the mixed
solution of 0.6 mL different preparations and 1.8 mL PBS was used as the control group.
After preparation, the three groups of preparations were incubated at room temperature
for 10 min and protected from light, and the absorbance was measured at the detection
wavelength (230 nm), and the clearance rate was obtained according to Formula (3):

RSA of antioxidant activity =

[
1 − AS − AX

AO

]
× 100% (3)

where “AS” represents absorbance of the sample group, “AX” represents absorbance of the
control group, and “AO” represents absorbance of the blank group.

4.8.2. Scavenging DPPH Free Radical

A total of 8 mg of DPPH (1,1-diphenyl-2-trinitrophenylhydrazine) was weighed into a
100 mL weighing bottle with ethanol absolute. The experiment was divided into the blank
group, sample group, and control group. The blank group was mixed with 1 mL PBS and
2 mL DPPH solution, the sample group was mixed with 1 mL of different preparations
prepared and 2 mL DPPH solution, and the control group was mixed with 2 mL PBS and
1 mL preparation. After being mixed evenly and gently shaken, they were allowed to react
for 2 h in the environment while avoiding light. Finally, the absorbance was measured at
517 nm, and the result was obtained by using the clearance Formula (3).
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4.9. In Vitro Drug Release across the Dialysis Membrane

The improved Franz diffusion well was adopted [70], with a diffusion area of 1.825 cm2

and the receiving cell volume was 15 mL. We prepared three sets of controllable temperature
magnetic stirrers (85-2, Changzhou Yineng Experimental Instrument Factory, Changzhou,
China), and set the temperatures to 32 ◦C, 35 ◦C, and 37 ◦C, respectively, which were stable
between ±0.5 ◦C. Samples of different gelling temperatures were placed on it, while PBS
buffers (pH = 7.4) were prepared as a supplement to the receiving pool. The same volume
of PBS was added for every 2 mL of sample solution collected. 5 min, 10 min, 20 min,
30 min, 1 h, 2 h, 3 h, 4 h, 5 h, 6 h, 7 h, 8 h, 9 h, 10 h, 11 h, 12 h, 24 h, 36 h, 48 h, 60 h, 72 h,
84 h, and 96 h were used as sampling nodes, and the absorbance of samples was timely
measured at 274 nm. This step was repeated three times in parallel, and the cumulative
drug release rate Qn (%) was obtained according to Formula (4):

Qn(%) =

(
Cn × Vn + ∑n−1

i=1 Ci × Vi

)
QT

× 100% (4)

where “Cn” is the concentration of the drug sampled each time, “Vn” is the volume of
dissolved liquid sampled each time, “Ci“ and “Vi” are the accumulated concentration and
volume of the drug sampled before, and “QT” is the theoretical drug amount.

The function of the fitting curve is to use a mathematical model to fit a series of data
into a smooth curve, explore the internal relationship between the two groups of data, and
understand the change trend between the data. Therefore, in order to study the drug release
mechanism of each sample group, a variety of fitting models were selected to determine
the best fitting curve.

4.10. Preliminary Antioxidant Activity in Atopic Dermatitis
4.10.1. Establishment of the Atopic Dermatitis Model

The mice were fed adaptively for several days, and the hair in a 2 × 2 cm2 area
was shaved on the back of the mice on the day before the start of the experiment. 5%
DNCB solution was prepared (dissolved in a mixture according to the ratio of acetone:
olive oil = 3:1), and 0.5% DNCB was diluted on a 5% basis. 100 μL of 5% DNCB solution
was used to sensitize the back skin for 2 days. The blank group was given the same
volume of acetone and olive oil carrier. After 5 days of intervals, the 0.5% DNCB solution
was applied to ear skin 3 times, once every 3 days to sensitize. On the fourth day of the
experiment, the blank group and the model group were treated with PBS, the positive
control group was smeared with the same volume of compound dexamethasone acetate
cream, and the administration group was treated with PAE, PAE-L, PAE-G, and PAE-L-G,
respectively, for 12 consecutive days. The mice were fasted for 12 h after the final treatment
and sacrificed on the 17th day of the experiment. During the experiment, the skin thickness
of the mice’s backs and ears were collected for measurement. Organs were used for follow-
up experiments. Spleen index was calculated by the ratio of the spleen to body weight, and
the ear swelling degree was calculated by weight reduction of the left and right ears. Ear
swelling inhibition rate was also recorded using Formula (5):

Swelling inhibition rate(%) =
Am − As

Am
× 100% (5)

where “Am” is the ear swelling degree of the model group and “As” is the ear swelling
degree of sample groups.

4.10.2. Evaluation of the Severity of Dermatitis and Observation of Scratching

Scratching behavior was recorded for 20 min after the last sensitization with 0.5%
DNCB (on day 16). A mouse raised its paw and continued to scratch for a long time until it
returned to the floor. This was recorded one time.
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4.10.3. Scoring of Dermatitis

The skin lesion score was mainly divided into four aspects: (I) skin flaring and
hemorrhage, (II) crust formation and xerosis cutis, (III) edema, and (IV) excoriation and
erosion, which were scored on three scales: 0 = no symptoms, 1 = mild, 2 = moderate, and
3 = severe. Finally, the total score of the four groups was used as the dermatitis score.

4.10.4. Determination of Drug Content

The back skin of mice in the blank group was cut up and added to anhydrous ethanol
(1:10 mL) to homogenate (FSH-2A, Changzhou Putian Experimental Instrument Factory,
Changzhou, China) in three batches. The homogenate was wrapped with plastic wrap
to prevent the volatilization of ethanol. Then, the skin was ultrasonic for 30 min and
transferred to a centrifuge tube, and centrifuged at the speed of 3500 r/min for 5 min.
Because the absorbance value of the supernatant measured directly was too large, the
supernatant diluted 10 times with ethanol was selected. Six test tubes were added with
1mL of supernatant diluted 10 times, and then PBS and five drug concentrations were
added, respectively. The A value was determined under the characteristic wavelength
of PAE (274 nm), and the drug standard curve of skin homogenate was established. We
then took 2 mL of the back skin homogenate supernatant of the drug administration group
(diluted 10 times) to obtain the A value required by the absorbance-drug concentration
equation and calculated the drug content.

4.10.5. Inhibition of the Production of Malonedione (MDA)

The organs and skin tissues of the mice were removed on the 17th day after they
were killed by neck removal. After repeated rinsing with physiological saline (pH = 7) to
remove the residual blood, they were dried with filter paper. The tissue was weighed and
1:9 cold physiological saline was added for full homogenization (physiological saline was
added three times), the samples were collected in test tubes, and the speed of the overspeed
centrifuge (TG16-W, Hunan Xiangli Experimental Instrument Factory, Hunan, China) was
set at 4000 rpm. After the time was kept for 15 min, the supernatant was taken. A total of
1 mL supernatant + 9 mL dilution medium was used to make 10% analytical solution.

After mixing 0.375% TBA and 5.6% TCA at a ratio of 2:1, 3 mL was added into 1 mL
tissue homogenate. The thermostatic water bath was heated to 95 ◦C in advance, and
the mixture was incubated in the test tube for 40 min. After the water cooled to room
temperature and centrifuge spun at 4000 r/min for 8 min, we measured the absorbance
value of the supernatant at wavelength 532 nm and calculated the inhibition rate (IR%):

IR(%) =
Am − As

Am − Ab
× 100% (6)

where “A” is the absorbance value, “m” is the model group, “s” is the sample group, and
“b” is the blank group.

4.10.6. Evaluate the Antioxidant Effect of Superoxide Dismutase (SOD) in AD Mice Skin

The animal tissue weight was accurately weighed by adding a homogenate medium (0.9%
physiological saline) of 9 times the volume at the ratio of weight (g): volume (mL) = 1:9. The
homogenate was prepared into 10% homogenate using mechanical homogenization under
the conditions of an ice water bath. The supernatant was taken for determination after
being centrifuged at the speed of 2500–3000 rpm for 10 min. We then added the application
solution of color removal agent into the monitoring and measuring tube and kept a constant
temperature (37 ◦C) water bath for 40 min. Next, we added color-developing agent and
mixed well, left the mixture at room temperature for 10 min, and, at the wavelength of
550 nm in zero distilled water, performed color comparison. Specific operations were
conducted according to the experimental procedure of the SOD kit.
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4.11. Statistical Analysis

All experiments in this paper were repeated three times, and the results were expressed
by mean ± SEM. Data analysis charts were drawn by OriginPro 2021 (OriginLab Corp.,
Northampton, MA, USA) and statistical results were analyzed by one-way analysis of
variance (ANOVA) with SPSS software (IBM, Armonk, NY, USA). A p value less than 0.05
was considered to be statistically different between the two groups of data.
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Abstract: This study examined the gel behavior of naturally-occurring palmyra palm kernel (PPK).
Due to the presence of polysaccharide in PPK hydrogels, they exhibit excellent swelling behavior in
response to pH. Chemotherapeutic drug 5-fluorouracil (5-FU) was encapsulated in these gels using
an equilibrium swelling technique. It was found that 5-FU had an encapsulation efficiency of up
to 62%. To demonstrate the drug stability in the gels, the PPK hydrogels were characterized using
fourier transform infrared spectroscopy, differential scanning calorimetry, and X-ray diffraction. The
results showed that the PPK hydrogel matrix contained molecularly dispersed 5-FU drug. The PPK
hydrogel exhibited a denser structure and a rough surface, according to images obtained by scanning
electron microscopy. In vitro release tests were carried out at pH 1.2 (gastric fluid) and 7.4 (intestinal
fluid). The efficacy of the encapsulation and the release patterns were influenced by the network
topology of the PPK hydrogel. The release patterns showed that 5-FU was released gradually over a
time internal of more than 12 h. The findings suggest that naturally-occurring PPK hydrogels loaded
with chemotherapeutic drugs could be employed to treat colon cancer.

Keywords: palmyra palm kernel; polysaccharide; hydrogels; pH-sensitive; 5-fluorouracil; colon cancer

1. Introduction

Polysaccharides from plant resources have a history of being included in dose for-
mulations for effective drug administration. Significant potential has been shown for
polysaccharides such as alginate, carrageenan, guar gum, gum arabic, and konjac glu-
comannan as drug delivery methods for controlled release [1]. Therefore, drug delivery
carriers such as microparticles, beads, tablets, and crosslinked hydrogels composed of
natural materials are important for drug delivery applications. Among these, hydrogels
are very important because of their responsiveness, degradability, and stability [2,3].

Recently, several hydrogels were developed from a combination of natural-natural
and natural-synthetic polymers. In this study, the gel behavior of palmyra palm kernel
was identified. Palmyra palms are economically useful and cultivated widely in tropical
regions. The plant has been used traditionally as a stimulant, anti-leprotic, diuretic, and
antiphlogistic. The palmyra palm is one of the most important trees in India, and has
some 800 different uses. Indian (Andhra Pradesh) fruit, known as toddy palm seeds (Taati
munjalu), is a delicate halwa/jelly-like fresh fruit beloved for its sweet, soft flesh and
reviving sugary water inside. The kernel has a moisture content of 92.6%, 0.46% protein,
1% fat, and 6.29% carbs [4]. The kernel has mostly polysaccharides such as pectin, pullulan,
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and mannose-cellulose [5–7]. However, complete swelling properties, such as pH swelling,
are not reported.

Antineoplastic agent 5-FU is an acidic, water-soluble, hydrophilic medication fre-
quently used in clinical chemotherapy to treat solid tumors. With the antimetabolite
5-fluorouracil (5-FU), a common component of cancer chemotherapy, it is possible to avoid
scarring after trabeculectomy and increase the likelihood of successful long-term retinal
reattachment [8,9]. The intravenously-administered 5-FU in the treatment of colon cancer
results in severe systemic effects, due to its toxic effects on the normal cells in the body [10].
The primary mechanism of action of the medication is as a thymidylate synthase inhibitor,
which prevents DNA synthesis, interferes with nucleic acid synthesis, and eventually stops
cell proliferation. pH-sensitive hydrogels are crucial for colon cancer drug delivery using
5-FU as model chemotherapeutic agent. Over the last decade, several pH-sensitive carriers,
such as nanoparticles, microspheres, hydrogels, and enteric-coated materials, have been
used for colon cancer drug delivery [11–16].

In the present contribution, 5-FU is encapsulated in palmyra palm kernel (PPK) hy-
drogels. PPK hydrogels can potentially be applied for colon cancer drug delivery based
on their swelling and pH-dependent release behavior. This study examined their release
characteristics. To the best of the authors’ knowledge, PPK was identified as a hydrogel
for the first time because it could swell in aqueous media and show similar properties to
chemically-synthesized hydrogels.

2. Results and Discussion

2.1. Development of 5-FU Loaded PPK Hydrogels and Its Characterization

For drug delivery applications, many researchers have developed hydrogels composed
of natural carbohydrate polymers, such as chitosan, sodium alginate, pectin, carrageenan,
and dextrin. The present study developed naturally-occurring palmyra palm fruit hydro-
gels (Figure 1); the PPK hydrogels have many hydrophilic units and exhibit pH-sensitive
properties. The presence of polysaccharides and a number of hydrophilic functionalities in
the hydrogels was thought to be the cause of the pH sensitivity. Assoi et al. developed a
method for the extraction of pectin polysaccharide from repined and young sugar palms
through microwave-assisted extraction [5]. The PPK hydrogels are safe and economically
useful. The pH sensitivity is also expected because pectin polysaccharide is present in palm
fruit. Therefore, 5-FU was successfully encapsulated in the PPK hydrogels by immersing
PPK hydrogel in a known concentration of 5-FU solution. The encapsulation efficiencies
were also calculated, and Table 1 lists their values. The 5-FU-PPK hydrogels could be
beneficial for drug delivery in the treatment of colon cancer.

Table 1. In vitro release parameters and encapsulation efficiency values of various PPK hydrogels.

Formulation Code n r Kp (×102) %EE

P1 (soft PPK) 0.3592 0.9686 0.2324 62.82
P2 (hard PPK) 0.2832 0.9867 0.8512 59.42

P3 (more harder PPK) 0.2691 0.9912 0.9862 54.69

FTIR, DSC, XRD, and SEM were used to characterize the PPK hydrogels. These
characterization techniques provided useful information on PPK hydrogels. Figure 2 shows
the FT-IR spectra of (a) PPK hydrogel (P2), (b) 5-FU-PPK hydrogel (P2), and (c) 5-FU. The
sharp band at 2924 cm−1 indicated C-H stretching, whereas the broadband at 3436 cm−1

was linked to OH stretching. Additional distinguishing signals were identified for the
C-O-H bending at 1451 cm−1, C-O-C stretching at 1107 cm−1 and C-O stretching vibrations
at 1037 cm−1. The carboxylic C=O group was given the band at 1656 cm−1. On the other
hand, a peak at 1656 cm−1 (carboxylic C=O) was shifted to lower frequency (1648 cm−1) for
5-FU-PPK hydrogel, suggesting hydrogen bonding interactions between PPK functional
groups and 5-FU.

196



Gels 2023, 9, 38

 

Figure 1. Digital photographs of (a) PPK fruit, (b) PPK after seed removal, (c) dry PPK hydrogel, and
(d) swollen PPK hydrogel (photographs were captured using Nikon-D5200, Japan Optical Industries
Co., Ltd.).

 
Figure 2. FTIR spectra of PPK hydrogel for P2 formulation: (a) pure PPK hydrogel, (b) 5-FU-PPK
hydrogel, and (c) 5-FU.

Studies using DSC and XRD are crucial for determining the drugs’ characteristics after
being encapsulated in hydrogels. Figure 3 displays the DSC values for PPK hydrogel (P2),
5-FU-PPK hydrogel (P2), and 5-FU. Due to melting and polymorphism of 5-FU, the DSC
curve showed a strong peak at 285 ◦C (Curve C) [15,16]. On the other hand, assuming that
the drug is dispersed molecularly in the PPK gel, this peak did not show up in the case of
the 5-FU-PPK hydrogels.
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Figure 3. DSC curves of PPK hydrogel for P2 formulation: pure PPK hydrogel, 5-FU-PPK hydrogel,
and 5-FU.

Figure 4 shows the XRD patterns of pure 5-FU, 5-FU-PPK hydrogel (P2), and PPK
hydrogel (P2). Due to the drug’s crystalline structure, pure 5-FU had peaks at 17 ◦C, 29 ◦C,
and 32 ◦C. However, in the 5-FU loaded PPK hydrogels, the crystalline peaks of 5-FU
vanished, indicating that the 5-FU molecules were dispersed throughout the hydrogel
matrix [17,18]. Due to the hydrogels’ amorphous structures, both drug-loaded and pure
hydrogels showed peaks at 23 ◦C and 41.2 ◦C. SEM pictures of the PPK hydrogels for the
P2 formulation are shown in Figure 5. The surface morphology of pure PPK hydrogel
revealed a denser structure and a rough surface.

Figure 4. XRD patterns of PPK hydrogel for P2 formulation: (a) pure PPK hydrogel, (b) 5-FU-PPK
hydrogel, and (c) 5-FU.
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Figure 5. SEM images of PPK hydrogel for P2 formulation: (a) low magnification, and (b) high
magnification ([a] ×1.50KX; [b] ×3.00KX).

2.2. Swelling Study and pH-Responsive Property of PPK Hydrogels

PPK hydrogels were permitted to swell in DDW and various pH solutions (Figure 6).
The swelling of the three types of PPK hydrogels depends on their aging time. Figure 6a
depicts the PPK hydrogels’ swelling behavior in DDW as a function of time. The swelling
order of the PPK hydrogels was P1 > P2 > P3. The pH swelling of all hydrogels was
examined at different pH solutions. The %ESR values of PPK hydrogels in the pH solutions
depends on the functional groups in the hydrogels. Figure 6b displays the swelling ratio of
PPK hydrogel (P2) in various pH solutions. The swelling ratios for all hydrogels increased
slowly up to pH 5.0 and significantly increased at higher pH. It is expected that PPK
hydrogels have carboxylic functional groups, which are responsible for its ionization
under different pH conditions. At lower pH, the carboxylic groups were converted to
–COOH, and hydrogen bonding developed. A higher pH, on the other hand, caused
the carboxylic groups to become ionic and the repelling force to become stronger, which
promoted swelling. Similar to chemically-synthesized hydrogels, the newly-identified
natural hydrogels exhibited excellent swelling behavior in aqueous solutions at various pH.

Figure 6. (a) Swelling studies of PPK hydrogels in DDW at 37 ◦C and (b) %ESR of PPK hydrogels at
various pH conditions.

2.3. In Vitro Release Study

The in vitro release performance of different PPK hydrogels (P1, P2, P3) loaded with
5-FU drug was analyzed in pH 7.4 conditions at 37 ◦C. As can be seen in Figure 7, the
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network structure of PPK hydrogel produced from PPK fruits with various aging periods
affects the percentage of 5-FU release from PPK hydrogel. As the aging time increased, the
PPK hydrogels showed a more rigid structure. The order of the 5-FU release trend from the
PPK hydrogels was P1 > P2 > P3. The rigid network structure with microvoid contracting
was responsible for the lowest release of 5-FU from the P3 formulation. Therefore, the
buffer molecules could not travel easily into the networks of the PPK hydrogels. In general,
the release profile of drugs from hydrogels depends on the crosslinking between polymer
chains. At a higher level of crosslinking, the drug molecules cannot easily be diffused out
from the hydrogel, due to rigid network structure [17]. Similarly, the release of 5-FU sped
up from the softer PPK hydrogels, while becoming slower from the harder PPK hydrogels.

Figure 7. In vitro release behavior of 5-FU through PPK hydrogels in pH 7.4 at 37 ◦C for P1, P2,
and P3.

The in vitro release of 5-FU from PPK hydrogels (P2 formulation) were carried out in
gastro-intestinal fluids at 37 ◦C (Figure 8). The release patterns were found to depend on
the pH condition. The % of 5-FU was higher at higher pH conditions, whereas the %5FU
was lower for gastric fluid (pH 1.2). This finding can be explained on the basis of functional
groups that exist in the PPK hydrogels. PPK contains pectin-based polysaccharides, which
have ionizable carboxylic acid groups that can influence drug release. Negative charge
repulsion forces were generated at higher pH conditions (7.4) because of the ionization of
carboxylic groups, thereby resulting in maximum drug release. At pH 1.2, the ionization
repulsive forces were decreased due to the protonation of carboxylate ions, which meant
drug release was slower. Thus, 5-FU release was dependent on the pH-responsive behavior
of PPK hydrogel, which can have benefits for drug delivery in colon cancer patients.
Moreover, the release profiles were fitted using Korsmeyer-Peppas equation to corroborate
the release mechanism as follows [19]:

Mt

M∞
A = kptn

where kp is the rate constant, n is the release exponent, and Mt/M∞ is the percentage of the
drug released at time t. The release mechanism was evaluated using the estimated n value.
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Figure 8. In vitro release behavior of the PPK hydrogel (P2) in pH 1.2 and 7.4 buffer media at 37 ◦C.

For all formulations, n and k were calculated using the least square method, and the
results are shown in Table 1 as a summary. According to the equation, the log value of
the percentage of 5-FU release from PPK hydrogel was plotted as a function of log time.
Fickian diffusion governs the drug release from the polymer matrix if n < 0.5. For n > 0.5,
anomalous or non-Fickian drug diffusion occurs. Release kinetics that are completely
non-Fickian or case II type for n = 1. The n values of the current data were 0.26 to 0.35,
indicating a Fickian diffusion pattern. Thus, the n values are affected by the network
topology of PPK hydrogel.

3. Conclusions

The pH swelling responsive behavior of palmyra fruit hydrogels collected from
palmyra palm tree was reported. It is interesting to note that in alkaline conditions, the PPK
hydrogels showed greater swelling behavior. When 5-FU was introduced to the PPK hy-
drogels as a model drug, its encapsulation efficiency reached 62%. DSC and XRD revealed
the molecular dispersion of 5-FU in the PPK hydrogels. In vitro release tests showed that
PPK hydrogel released 5-FU in intestinal fluid more quickly than in stomach fluid. The
naturally-occurring PPK hydrogels were stable for more than one year. The economically
cheap and safe natural hydrogels were found to be an efficient carrier for colon cancer drug
delivery of 5-FU.

4. Materials and Methods

Palmyra palm fruits were collected from the surroundings of the Yaganti temple,
Kurnool district, Andhrapradesh, India. The fruit kernel seed was removed (Figure 1a,b
show digital photographs of the palmyra palm kernel before and after removing the seed,
respectively), and the white jelly kernel was then cut into small pieces and immersed
repeatedly in water and aqueous methanol for three days to remove any water-soluble
sugars and other materials. The resulting pieces were air-dried and then dried at 40 ◦C
in an electronically-controlled hot air oven. The pieces were used further for swelling,
drug loading, and characterization studies. In this study, three types of fruits were used
according to their aging time (soft, hard, and harder fruits, named P1, P2, and P3 and listed
in Table 1). Because many hydrophilic units are present in the palmyra palm fruit, they are
swellable in water. Figure 1c,d present digital photographs of dry PPK gel and swollen
PPK gel, respectively. 5-Fluorouracil (5-FU) was purchased from Himedia, India.
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4.1. Swelling Studies

Mass measurements were used to determine the swelling capacity of PPK hydrogels
when placed in DDW at 37 ◦C. First, the dry PPK hydrogels were accurately weighed and
submerged in DDW for various time periods. After swelling, the PPK hydrogels were
carefully removed and wiped to remove any surface-adhered water. The pH-sensitive
properties of PTK hydrogel were measured by recording the swelling of the hydrogels at
different pH levels (pH 1.2, 2.0, 3.0, 5.0, 6.0, 7.0, 7.4, 8.0, and 9.0). The percentage swelling
(%SR) ratio and the equilibrium swelling (%ESR) ratio were calculated in accordance with
the formulae below:

% SR =
Ws − Wd

Wd
× 100

% ESR =
We − Wd

Wd
× 100

where Ws is the weight of the gel while it is swelling at time t, Wd is the weight of the
hydrogel when it is dry, and We is the weight of the gel after it has reached equilibrium in
the water.

4.2. 5-FU Loading

5-FU was loaded into PPK hydrogels by an equilibrium swelling method in drug
solutions according to previously reported work [17]. The hydrogels were then allowed to
swell for 24 h at 37 ◦C in a known amount of drug solution. 5-FU only dissolves in water
at a very low concentration (13 mg/mL). On the other hand, its sodium salt is 65 mg/mL
solubilized. Gel discs were submerged in a 5-FU aqueous solution, which was neutralized
with NaOH, to load the maximal amount of 5-FU into the PPK hydrogel network. The 5-FU
in the solvent was adsorbed onto the hydrogels during this process.

5-FU loading efficiency of 5FU-PPK hydrogels was assessed spectrophotometrically. To
extract the 5-FU from the PPK hydrogels, a 5-FU loaded PPK hydrogel disc was submerged
in 20 mL of buffer solution and rapidly agitated for 48 h. After filtering, the solution was
measured with a UV-Vis spectrophotometer at a wavelength of 270 nm. The following
equations were utilized for the calculation of drug loading (%DL) and encapsulation
efficiency (%EE):

% Drug loading =
Amount of drug in hydrogel

Amount of hydrogel
× 100

% Encapsulation Efficiency =
Actual loading

Theoritical loading
× 100

Table 1 lists the data for various formulations.

4.3. In Vitro 5-FU Release

The release of 5-FU from PPK hydrogels was carried out employing dissolution
experiments using a LabIndia DS-8000 tablet dissolution tester system fitted with eight
baskets. The drug release performance was measured at 37 ◦C with rotation speed of
100 rpm at different time intervals (5, 15, 30, 60, 120, 140, 420, 720, and 1440 min). The 5-FU
release from the 5-FU-PPK hydrogels was examined in fluids with gastric pH values of 1.2
and intestinal pH values of 7.4. Aliquot samples were taken out and examined using UV
spectrophotometry (UV-3092, LAB INDIA, Mumbai, India) at a maximum wavelength of
270 nm at regular intervals.

4.4. Characterization

Fourier transform infrared spectroscopy (FTIR) was performed on the PPK hydrogels,
drug-loaded PPK hydrogel, and pure 5-FU using a Perkin Elmer (Impact 410, Wisconsin,
MI, USA) instrument scanning between 4000 and 500 cm−1. Before scanning spectra, under
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a hydraulic pressure of 600 dynes/m2, the hydrogels were finely powdered with KBr to
make the pellets. The differential scanning calorimetry (DSC) curves of the PPK hydrogels,
5-FU-PPK hydrogel, and 5-FU were analyzed using a sequential thermal analyzer (TA
instruments-Model-SDT-Q600). The test was performed at a heating rate of 10 ◦C/min
with 100 mL/min purging rate of N2 environment. The PPK hydrogels were observed
using scanning electron microscopy (SEM) (SUPRA25, Carl Zeiss AG, Jena, Germany) at
two magnifications using acceleration voltage at 20 kV.
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