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Hydrogels have attracted great interest in the biomedical applications field in recent
years. Their biocompatibility, similarity with biological tissues, and ability to be tailored
with specific properties make them one of the most promising groups of biomaterials [1].
They can be manipulated to obtain controlled structures and dynamic functionalities or
mimic the biological complexity of live tissues. They can also be produced as films, 3D
printable structures, fibers, and nanoparticles, making them quite versatile. Hydrogels
can also load different compounds within their polymeric network to be used as delivery
platforms capable of providing sustained drug release [2]. Some hydrogels behave as smart
stimuli-responsive materials since their network can suffer modifications in response to
external triggers (e.g., pH, temperature, electrical and magnetic fields, light, or the presence
of different biomolecules) and change their hydrophilicity, swelling capacity, physical
properties, or molecule permeability [3]. They also present self-healing or shape memory
properties. Hydrogels currently have a large number of applications that range from the
ophthalmic area (contact lenses, intraocular lenses, and ocular implants) to the cardiovascu-
lar (catheter coatings and valves) or skin healing/substitution area (suture threads, wound
dressings, and skin grafts). Their role has also become increasingly important in areas such
as tissue engineering and regenerative medicine (where they can be used as cell scaffolds)
and biosensing [4].

Although we have made several advances in the design of hydrogels for biomedical
applications in recent years, many challenges remain in obtaining new materials that, in
addition to being safe, ensure an efficient performance. This Special Issue brings together
six original research works and five reviews focusing on the most diverse topics related to
this theme. Examples of new materials intended for soft tissue augmentation, scaffolds,
or drug delivery can be found. Reviews addressing specific hydrogel applications, such
as the treatment of bladder cancer or the production of microneedles, and current issues
of great interest, like the use of artificial intelligence (AI) for hydrogel development, are
presented. Some of the most recent achievements in the area illustrating different aspects of
the synthesis, characterization, and application of this type of materials that will certainly
continue at the forefront of biomaterial applications are also shown.

Della Salla et al. developed a composite hydrogel based on hyaluronic acid (HA)/
carboxymethyl cellulose (CMC), crosslinked with 1,4-butanediol diglycidyl ether (BDDE),
intending it to be used in soft tissue augmentation. To obtain a good-performing HA-based
hydrogel filler, they prepared materials with different HA/CMC ratios and reaction condi-
tions (different polymerization temperatures during different times) and evaluated their
viscoelastic properties, thermal stability upon sterilization in an autoclave, and swelling
capacity. The hydrogel containing HA/CMC at a ratio of 1/1, which was prepared at room
temperature for 24 h, presented the highest viscoelastic moduli before and after thermal
treatment. It showed a dense crosslinking network that explained its rheological properties
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and thermal resistance. In tests carried out with fibroblasts, the hydrogels led to a cell
viability of 90%, and there were no significant changes in cell morphology.

In another study, Lim et al. developed a new strategy to design multi-layered hydro-
gels for soft hydrogel actuators. They studied the effect of using diffusion to produce an
interfacial layer between each layered hydrogel on the enhancement of the design and
fabrication precision. The presence of this interfacial layer reduced the degree of mismatch
in the self-folding process. The results show a direct relation between the interfacial layer’s
thickness and its curvature radius during the self-folding process of the multi-layered
hydrogel. Such a layer ensures the integrity of the system in operation as it prevents the
separation of layers in the multi-layered hydrogel during actuation.

Gialouri et al. grafted a sodium alginate-based copolymer using thermoresponsive
poly(N-isopropylacrylamide) (PNIPAM) chains and combined it with methylcellulose (MC)
to be used in scaffolds. The material was achieved via a dual crosslinking mechanism
including ionic interactions among Ca2+ and carboxyl groups and secondary hydrophobic
associations of PNIPAM. The results demonstrate that MC significantly enhanced the
mechanical properties. The dynamic moduli of the resulting gels make them suitable
for the 3D printing of scaffolds. Adhered pre-osteoblastic cells showed a high viability
promoting osteogenic potential, as evidenced by the increased alkaline phosphatase activity,
calcium, and collagen production.

Carboxymethyl chitosan (CMCh) microgels were synthesized by Sahiner and cowork-
ers with a tailored size and zeta potential for drug delivery purposes by using a microemul-
sion environment and divinyl sulfone (DVS) as a crosslinker. The microgels presented a
spherical structure and a size in the range of 1–10 µm. The materials showed high bio-
compatibility in cytotoxicity tests with L929 fibroblasts. The antibiotic drug Vancomycin
(Van) was used as the model drug to verify its drug-carrying abilities. The MIC values of
the drug released from the Van@CMCh microgels after 24 h were 68.6 and 7.95 µg/mL for
E. coli and S. aureus, respectively. The results demonstrate that Van@CMCh microgels have
an effective antibiotic effect against S. aureus up to 72 h.

In turn, a lignocellulose sponge containing pentoxifylline (PTX)-loaded lecithin/
chitosan nanoparticles (LCNs) was developed by Dehghani et al. to be used in wound
dressings. They functionalized lignocellulose hydrogels by oxidation/amination, freeze-
dried them, and loaded them with nanoparticles. Drug release assays showed that PTX
was released in a sustained way. In vivo wound healing studies were performed in rats
to which full-thickness excisional wound models were induced. Histological examination
confirmed that the PTX-loaded hydrogels performed better and were more suitable for
treating chronic wounds compared to the unloaded hydrogels and those that underwent
normal treatment with saline solution.

Polyglycerol dendrimers (PGDs) have demonstrated remarkable properties for drug
delivery and solubilization, bioimaging, and diagnostics. Ooya and Lee produced PGD
hydrogels crosslinked with ethylene glycol diglycidylether (EGDGE) at various concen-
trations and evaluated their potential for controlling the release of poorly soluble drugs.
Paclitaxel (PTX), an anti-cancer drug, was loaded by soaking hydrogels in the drug solu-
tion. The increase in the swelling capacity enhanced PTX loading. No evidence of PTX
crystallization was observed as the hydrogels remained transparent, and an FTIR analysis
revealed a good dispersion of the drug. About 60% of the loaded PTX was released in sink
conditions within 90 min. The results show the potential of these hydrogels for the fast
release of hydrophobic drugs, e.g., for oral administration.

In their review, Sghier et al. gathered information on the latest advances in the devel-
opment of nanoemulgels for wound healing, skin appendage infections, inflammatory skin
diseases, skin cancer, neuropathy, or anti-ageing purposes, encapsulating a wide range of
molecules, including commercial drugs, repurposed drugs, and other natural and synthetic
compounds. All developed formulations showed more advantageous characteristics than
those that are currently marketed, with adequate droplet size, PDI, pH, stability, viscosity,
spreadability, drug release, and drug permeation and/or retention capacity. Their safety
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and efficacy were confirmed in vitro and/or in vivo, demonstrating their potential to be
used as platforms to replace current therapies or as potential adjuvant treatments, which
can one day effectively reach the market to help combat high-incidence skin or systemic
diseases and conditions.

Cutting-edge topics, including artificial intelligence (AI) and machine learning (ML),
were also addressed. Negut et al. explored their integration in hydrogel development,
highlighting their importance in improving the design, characterization, and optimization
of hydrogels for various applications. The concept of using AI for train hydrogel design is
introduced, underlining its potential to decipher intricate relationships between hydrogel
compositions, structures, and properties from complex datasets. Classic physical and
chemical techniques in hydrogel design are described to lay the foundation for advances in
AI/ML along with AI/ML-enhanced numerical and analytical methods. ML techniques,
such as neural networks and support vector machines, which accelerate pattern recognition
and predictive modeling using large datasets and advance the discovery of hydrogel for-
mulations, are also presented. In sum, this review shows how AI and ML have transformed
hydrogel design by accelerating material discovery, optimizing properties, reducing costs,
enabling precise customization, and offering innovative solutions for drug delivery, tissue
engineering, wound healing, and more.

Hydrogels have also gained attention in the field of transdermal microneedles thanks
to their tunable properties, which allow them to be exploited as delivery systems and ex-
traction tools. However, since hydrogel microneedles are a new emerging technology, their
manufacture faces several challenges that need to be addressed for them to be redeemed
as a viable pharmaceutical option. Shriky et al. reviewed hydrogel microneedles from a
material standpoint, independent of their mechanism of action, citing advances in their
formulation, presenting relevant manufacturing and characterization methods, and dis-
cussing the regulatory and manufacturing challenges faced by these emerging technologies
before their approval.

In their review, Omidian et al. emphasize the adaptability and promise of injectable
hydrogel nanocomposites in biomedical research. Injectable hydrogels have become popu-
lar due to their ability for controlled release, targeted delivery, and improved mechanical
properties. These materials exhibit potential in many areas, including joint ailments, cardiac
regeneration, eye disease treatment, and post-operative analgesia. They are also useful in
tissue regeneration, cardiovascular issues, ischemic brain injury, and personalized cancer
immunotherapy. Moreover, nano-hydroxyapatite-enriched hydrogels offer promise in
bone regeneration, tackling bone defects, osteoporosis, and tumor-associated recovery
challenges. In wound care and cancer treatment, they facilitate controlled release, expedite
wound healing, and target drug release. Their review also includes a perspective section
that delves into future possibilities, underscores interdisciplinary collaboration, and em-
phasizes the bright prospects of injectable hydrogel nanocomposites in biomedical research
and applications.

The last review, prepared by Lima et al., focuses on describing the current situation of
bladder cancer, the tenth most common type of cancer worldwide. After describing the
disease and available treatments, they present a report on the main mucoadhesive polymer-
based drug delivery systems (DDSs) that were developed in recent years. These DDSs have
an increased ability to improve the drug residence time, permeation capacity, and target
release, which may prevent the need for frequent catheter insertions with reduced intervals
between doses that are followed by current intravesical therapies and which are highly
demotivating for patients. A brief review of the methods used for assessing mucoadhesion
properties is also shown, along with a discussion of the different polymers suitable for
this application.
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Abstract: The use of fillers for soft tissue augmentation is an approach to restore the structure in
surgically or traumatically created tissue voids. Hyaluronic acid (HA), is one of the main components
of the extracellular matrix, and it is widely employed in the design of materials with features
similar to human tissues. HA-based fillers already find extensive use in soft tissue applications, but
are burdened with inherent drawbacks, such as poor thermal stability. A well-known strategy to
improve the HA properties is to reticulate it with 1,4-Butanediol diglycidyl ether (BDDE). The aim
of this work was to improve the design of HA hydrogels as fillers, by developing a crosslinking
HA method with carboxymethyl cellulose (CMC) by means of BDDE. CMC is a water soluble
cellulose ether, whose insertion into the hydrogel can lead to increased thermal stability. HA/CMC
hydrogels at different ratios were prepared, and their rheological properties and thermal stability
were investigated. The hydrogel with an HA/CMC ratio of 1/1 resulted in the highest values
of viscoelastic moduli before and after thermal treatment. The morphology of the hydrogel was
examined via SEM. Biocompatibility response, performed with the Alamar blue assay on fibroblast
cells, showed a safety percentage of around 90% until 72 h.

Keywords: hyaluronic acid; carboxymethyl cellulose; BDDE; hydrogels; fillers

1. Introduction

Disease, trauma, and aging result in the loss of dermal collagen and fat, leading to
deficits in soft tissue [1]. As a consequence, there is a need to develop materials that safely
and effectively restore areas of deficiency. Soft tissue fillers have been used for decades
for reconstructive and aesthetic procedures [2]. HA is a naturally occurring biopolymer,
mainly concentrated in soft connective tissue extracellular matrix (ECM), dermis, vitreous
body of the eye, hyaline cartilage, synovial joint fluid, intervertebral disc nucleus pulpous,
and umbilical cord. HA consists of repeating disaccharide units composed of N-acetyl-
D-glucosamine and D-glucuronic acid linked by a β-1,4 glycosidic, bond, whereas the
disaccharides are linked by β-1,3 glycosidic bonds [3]. Its unique characteristics, such
as biocompatibility, biodegradability, and mucoadhesiveness, as well as its viscoelastic
properties, have led it to be used in a versatile manner in various biomedical applications [4].
HA-based hydrogels hold great promise for soft tissue engineering to replace damaged
or lost tissues, since these biomaterials provide an environment close to the native ECM.
It has been found that HA-based filler materials are useful in corrective and surgical
fields, for example in aesthetic applications (such as facial contouring and in products
for soft tissue augmentation), surgery, such as in sutures, drug administration, and moist
wound dressing [5–7]. Moreover, HA-based hydrogels can be considered a potential
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implantable biomaterial for soft tissue augmentation or replacement [8]. Concentrated HA
aqueous solutions are characterized by the presence of a self-aggregate polymer network in
which intramolecular and intermolecular interactions are present due to the establishment
of hydrogen bonds and hydrophobic interactions. [9]. When the material undergoes a
shear stress, the so-formed physical network confers to these solutions the properties of a
viscoelastic solid, if the strain or the time of application are small enough. Nevertheless,
the weak intra- and interchain interactions are not able to maintain the structure upon
prolonged stress, which causes the disentanglement of the network and the flow of the
solution, which behaves as a viscoelastic fluid. In this frame, to improve the performance
of the material as a filler, the chemical crosslinking of HA is necessary in order to increase
the rigidity of the polymer network, extend its permanence in the site of application, and
reduce its susceptibility to enzymatic degradation [10]. Several crosslinkers have been used
to reticulate HA, such as 1,4-Butanediol diglycidyl ether (BDDE), 1,2,7,8-diepoxyoctane
(DEO), divinyl sulfone (DVS), hexamethylenediamine (HMDA), and polyethylene glycol
diglycidyl ether (PEGDE) [11]. A frequently used method today for crosslinking HA is
the reaction with BDDE under alkaline conditions to yield a stable covalent ether linkage
between HA and the cross-linker [12,13]. Further studies have evaluated the opportunity
to prepare composite hydrogels by crosslinking HA with other polymers in order to
obtain hydrogels with enhanced performances. For example, HA crosslinked with lactate-
modified chitosan was observed to increase the elasticity of the material, because of the
electrostatic interaction between the two polymers [14]. In another work, BDDE was used
to crosslink HA and bacterial cellulose to obtain a wound dress with improved surface
properties and mechanical and thermal resistance [15]. Indeed, the use of cellulose-based
materials is also advantageous in the preparation of biomedical devices with a structural
function, such as scaffolds and fillers. Cellulose is a linear polysaccharide of glucose, linked
by β-(1,4)-glycosidic bonds, that has a structural task in plants. Cellulose is biocompatible
and widely abundant in nature, and is stable in a physiological environment because
amylases present in animals are not able to hydrolyze β-glycosidic bonds. At the same
time, despite cellulose not being intrinsically hydrophobic, it is almost insoluble in water
owing to the high degree of crystallinity [16]. This hindrance can be overcome by means
of the chemical modification of the hydroxyl groups of cellulose, such as etherification
or esterification, in order to make the polymer soluble in water and enlarge its field of
application. Many water-soluble derivatives of cellulose are currently on the market, among
which the most widespread is carboxymethyl cellulose (CMC). CMC’s cellulose-derived
polysaccharide is available in high-purity forms and has found, since it is FDA-approved,
several biomedical applications due to its biocompatibility and low cost. CMC has a
plant origin, which represents a key advantage over other natural fillers of animal origin,
such as collagen, since it is less likely to elicit an immune response. Furthermore, the
absence of the cellulase enzyme in humans, which digests cellulose, allows for adequate
mechanical stability of CMC in vivo, compared to other natural biomaterial fillers that are
susceptible to enzymatic activity. [17]. Several commercially available fillers such as Laresse,
Radiesse, and Sculptra incorporate CMC with other materials, such as poly(ethylene
oxide), hydroxyapatite, and poly(lactic acid). Most of these fillers use non-cross-linked
formulations of CMC, which can potentially reduce their mechanical stability and in vivo
retention time. Furthermore, the presence of synthetic components in these fillers can make
selective removal following adverse reactions, migration, or placement very challenging,
requiring invasive surgical procedures [18]. However, the right compromise between
viscoelastic properties, the persistence of fillers, and biocompatibility must be achieved.
The combination of HA and CMC is expected to improve CMC as a biomaterial while
increasing HA’s mechanical properties and their thermal stability. In this frame, a composite
hydrogel based of HA/CMC crosslinked with BDDE has been developed for soft tissue
augmentation for the first time with the main aim to obtain a better-performing HA-based
hydrogel filler. HA/CMC composite hydrogels were developed at different ratios and their
viscoelastic properties, thermal stability, and swelling ratio were investigated in order to
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optimize composition and reaction conditions. The morphology and the biocompatibility
response of the hydrogel that possessed the best performance were then investigated.

2. Results and Discussion
2.1. The Design of the Protocol

In this work a protocol was developed for the preparation of a HA/CMC composite
hydrogel, crosslinked with BDDE, for application in soft tissue augmentation. To achieve
this goal, two protocols for crosslinking HA with the same concentration of HA and BDDE
were compared, investigating the effect of time and temperature (Table 1) [19]. Briefly, HA
was dissolved in a NaOH 1% w/w solution, then BDDE was added and the mixture was
left to react at 25 ◦C for 24 h and at 50 ◦C for 2 h, respectively. The materials prepared with
the two protocols were labeled HA1 and HA2. In alkaline solution, the crosslinking of HA
occurs by means of the nucleophilic addition of the primary hydroxyl groups present at the
C-6 position on the N-acetyl-D-glucosamine to the epoxydic groups of BDDE, forming an
ether bond (Figure 1) [20].

Table 1. Experimental conditions for the preparation of HA hydrogels.

Sample C HA (mg/mL) C BDDE (µL/mL) NaOH% T, ◦C Time, h SR
(w/w)

HA1 133.3 8.33 1 25 24 80
HA2 133.3 8.33 1 50 2 54
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Figure 1. Scheme of the crosslinking reaction of HA by means of BDDE.

After, for each protocol, the material obtained was put in 200 mL of bi-distilled water
for three days, in order to remove the unreacted BDDE, which is known for being toxic [21].
During this purification process, each hydrogel was periodically removed, dried from
excess water and weighed, in order to calculate the swelling ratio (SR) (Table 1). For all
of the hydrogels examined in this work, the equilibrium was reached after 24 h. After the
purification was completed, the viscoelastic moduli of the two materials were measured.
The storage modulus G′, the loss modulus G′′ and the loss factor tanδ as a function of
the frequency were reported in Figure 2. G′ and G′′ represent the elastic and viscous
response of the material, respectively, and their ratio tanδ expresses the behavior of the
viscoelastic materials.
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Figure 2. Representative images of mechanical spectra and tanδ of HA-based hydrogels crosslinked
with BDDE (HA1) at 25 ◦C for 24 h (a) and (HA2) at 50 ◦C for 2 h (b).

The results of rheological analysis are expressed in terms of the value of the storage
modulus G′ and tanδ at 1 and 10 Hz as reported in Table 2 Both the materials exhibit a
gel-like behavior, for which G′ > G′′ and tanδ < 1 in all of the frequency ranges investigated.
The quantitative analysis shows how the HA2 hydrogel, prepared at 50 ◦C for 2 h, exhibits
higher values of the viscoelastic modulus G′ (640 ± 40 at 1 Hz and 1050 ± 40 at 10 Hz),
lower values of tanδ (0.4 at 1 Hz and 0.32 at 10 Hz) and lower value of SR (54 w/w),
compared to HA1 hydrogels. In order to evaluate the best protocol to prepare HA/CMC
composite hydrogels, CMC-based hydrogels, crosslinked with BDDE, were prepared with
the two methods reported in Table 3. CMC is able to form hydrogels with BDDE (Figure 3)
by reacting with its carboxylate groups, which act as nucleophiles [22]. Representative
mechanical spectra of the two hydrogels, labeled CMC1 and CMC2, respectively, are
reported in Figure 4.

Table 2. Storage modulus G′ and loss factor of the HA-based and CMC-based hydrogels.

Sample
1 Hz 10 Hz

G′ (Pa) tanδ (-) G′ (Pa) tanδ (-)

HA1 310 ± 30 0.5 ± 0.02 420 ± 30 0.52 ± 0.02
HA2 640 ± 40 0.4 ± 0.02 1050 ± 40 0.32 ± 0.02

CMC1 130 ± 30 0.4 ± 0.02 220 ± 30 0.35 ± 0.02
CMC2 55 ± 30 0.7 ± 0.02 120 ± 30 0.52 ± 0.02

Table 3. Experimental conditions for the preparation of CMC hydrogels.

Sample C CMC (mg/mL) C BDDE (µL/mL) NaOH% T, ◦C Time, h SR
(w/w)

CMC1 133.3 8.33 1 25 24 90
CMC2 133.3 8.33 1 50 2 18
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Figure 4. Representative images of mechanical spectra and tanδ of CMC-based hydrogels crosslinked
with BDDE (CMC1) at 25 ◦C for 24 h (a) and (CMC2) at 50 ◦C for 2 h (b).

Differently from HA-based hydrogels, a higher stiffness is observed for the hydrogel
CMC1, prepared at 25 ◦C for 24 h. Furthermore, the mechanical spectrum of the hydrogel
CMC2, obtained at 50 ◦C for 2 h, almost does not present a trend of the moduli typical of
a hydrogel (Table 2). Contrariwise, a rising trend of the viscoelastic moduli is observed
(Figure 4b), and it appears that an intersection of the curves could be present for lower
values of frequency. This mechanical behavior is more assimilable to entanglement polymer
solutions than a hydrogel [23]. Also, the SR calculated for CMC2 was lower (18 w/w)
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compared to CMC1 (90 w/w), despite it being a stiffer hydrogel. It follows that, for CMC,
reacting for short times at a higher temperature could not lead to a crosslinking of the
material to form a hydrogel. For this reason, the protocol at 25 ◦C for 24 h was chosen for
the preparation of the HA/CMC composite hydrogels.

2.2. The Optimization of the Composition

The HA/CMC composite hydrogels were prepared following the same procedure
used for HA-based and CMC-based hydrogels. As reported in Table 4, hydrogels prepared
with the HA/CMC weight ratios of 1:3, 1:1, and 3:1, named HCM1, HCM2, and HCM3,
respectively, were examined.

Table 4. Composition, protocol and swelling ratio (SR) of the HA/CMC composite hydrogels prepared.

Sample HA/CMC
Weight Ratio

C HA
(mg/mL)

C CMC
(mg/mL)

C BDDE
(µL/mL)

T
(◦C),

Time
(h) SR (w/w)

HCM1 3/1 100 33.3 8.33 25 24 58
HCM2 1/1 66.6 66.6 8.33 25 24 76
HCM3 1/3 33.3 100 8.33 25 24 50

After the purification was completed, and SR was assessed, in order to investigate the
viscoelastic properties of the hydrogels, the Frequency Sweep (FS) tests were performed at
20 ◦C and 37 ◦C on the three samples. The results of the frequency sweep tests of the HCM1,
HCM2, and HCM3 were reported in Figure 5a, b, and c, respectively. The mechanical
spectra were analyzed in terms of the dependence of the storage modulus G′ and of the
loss factor tanδ as a function of the frequency for the two temperatures (Table 5). All of
the HA/CMC-based materials exhibit a trend of the viscoelastic moduli and tanδ proper
of the hydrogels. The data collected at 20 ◦C and 37 ◦C was nearly overlapping, and the
irrelevant effects of temperature were observed. The composite hydrogels HCM1 and
HCM2 exhibited higher viscoelastic moduli and lower loss factor, compared to the HA1
hydrogel, at the same overall polymer concentration. HA and CMC appear, therefore, to
form a synergical network with an increase of rheological properties after the crosslinking.
In particular, the hydrogel HCM2, prepared with an HA/CMC weight ratio of 1/1, is
the hydrogel with the higher values of the moduli and simultaneously higher SR. Finally,
according to the data collected for the CMC-based hydrogels, the sample HCM3, with the
highest content of CMC, was the hydrogel with the lowest mechanical properties among
the three prepared.

Table 5. Viscoelastic properties of the HA/CMC composite hydrogels measured at 20 ◦C and 37 ◦C.

Sample
20 ◦C, 1 Hz 20 ◦C, 10 Hz 37 ◦C, 1 Hz 37 ◦C, 10 Hz

G′ (Pa) tanδ (-) G′ (Pa) tanδ (-) G′ (Pa) tanδ (-) G′ (Pa)

HCM1 1700 ± 130 0.13 ± 0.03 2000 ± 120 0.13 ± 0.02 1100 ± 200 0.19 1400 ± 200
HCM2 1900 ± 100 0.15 ± 0.05 2300 ± 100 0.2 ± 0.04 1800.0 ± 200 0.14 2200 ± 100
HCM3 380 ± 90 0.25 ± 0.05 510 ± 150 0.25 ± 0.03 360 ± 120 0.2 500 ± 100

In order to obtain a product suitable for withstanding high-impact treatments like, for
example, thermal sterilization, the rheological characterization of the hydrogels has been
completed by measuring the viscoelastic moduli as a function of the frequency, at 20 ◦C
and 37 ◦C, after sterilization in an autoclave (AC) at 121 ◦C for 20 min. The representative
mechanical spectra of the three autoclaved hydrogels were reported in Figure 6a–c, and the
rheological properties were reported in Table 6.
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Table 6. Viscoelastic properties of the HA/CMC hydrogels after sterilization in an autoclave, mea-
sured at 20 ◦C and 37 ◦C.

Sample
20 ◦C, 1 Hz 37 ◦C, 1 Hz

G′ (Pa) tanδ (-) G′/G′AC (-) G′ (Pa) tanδ (-) G′/G′AC (-)

HCM1 550 ± 90 0.15 ± 0.03 3.1 550 ± 110 0.13 ± 0.04 2.1
HCM2 870 ± 120 0.13 ± 0.05 2.2 800 ± 150 0.09 ± 0.02 2.3
HCM3 140 ± 90 0.30 ± 0.02 2.7 190 ± 90 0.30 ± 0.03 1.9

Among the three hydrogels, after the autoclave sterilization, HCM2 has the highest
storage modulus, and the lower value of tanδ. Furthermore, compared to the material
that was not autoclaved, expressed as G′/G′AC, HCM2 has the lower loss of mechanical
properties at 20 ◦C, while at 37 ◦C the loss of mechanical properties was comparable,
probably because of the thermal degradation, which caused a reduction in the structuration
of the materials.
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Figure 6. Mechanical spectra of HCM1 (a), HCM2 (b), and HCM3 (c) after sterilization in an autoclave
at 20 ◦C and 37 ◦C.

2.3. Fourier-Transformed Infrared (FT-IR) Analysis

The chemical modification of HA/CMC composite hydrogels has been confirmed
by FTIR. The ATR-FTIR spectra acquired from the various samples HCM1, HCM2, and
HCM3 and the single components of the native HA and CMC are shown in Figure 7a,
along with the comparison between HCM1 and HA/CMC 3/1 (b), HCM2 and HA/CMC
1/1 (c), and HCM3 and HA/CMC 1/3 (d) before and after the addition of BDDE. It
can be possible to identify the typical polysaccharide –OH signals at the region between
the 3000 cm−1–3700 cm−1 [24,25]. The peaks in the region between the 3000 cm−1 and
2700 cm−1 are associated with the stretching of –CH2 and –CH3, while the peaks at
1600 cm−1 and 1412 cm−1 are associated with the symmetric and asymmetric stretch-
ing of –COO groups. Finally, at 1030 cm−1 the C-O-C symmetric stretching ether bands are
observed. The comparison between the spectra of the polymers mixtures after and before
the addition of the crosslinking agent BDDE provided information about the chemical
modification occurring in the composite hydrogels. Indeed, the peak associated with the
stretching of –CH2 and –CH3 changes in shape and intensity after the crosslinking with
BDDE occurs. Moreover, the presence of the BDDE covalently cross-linked to polysaccha-
rides is suggested by the absence of the peaks 1256 cm−1 and 908 cm−1 that, according to
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the literature, belong to the asymmetric and symmetric stretching vibrations of the epoxy
groups of BDDE [26].
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HA/CMC 1/3 before adding BDDE (d). The arrows highlighted the changes in shape and intensity
of the peak associated with the stretching of –CH2 and –CH3 after the crosslinking with BDDE.

2.4. Morphological SEM Evaluation

The morphology of the selected hydrogel HCM2, with higher mechanical perfor-
mance, was qualitatively investigated by means of Scanning Electron Microscopy analysis
(Figure 8). The images acquired show the dense crosslinking networks responsible for the
rheological properties and for the thermal stability of the hydrogel. In particular, Figure 8c
shows information about the cross section of the HCM2 gels, in which it is possible to
observe the porosity and scaffold interconnection [27].
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2.5. Biological Response

In vitro biological response in terms of the cell viability percentage and morphological
analysis of cells represents a key feature in evaluating the design of hydrogels useful
as fillers in soft tissue augmentation applications. The first safety assessment has been
investigated for the selected hydrogel HCM2, which possessed the best performance
properties in terms of rheological properties and swelling. It has been widely established
that the viscoelastic characteristics of the materials influence cell behavior, affecting the
biocompatibility of the cells [28,29]. Biocompatibility results were first assessed via cell
morphology (Figure 9a). Actin filaments, a constituent of the cytoskeleton of the cells, were
stained with FITC phalloidin after 24 h of incubation with HCM2 hydrogel and in untreated
control. Both treated and untreated L929 cells samples exhibited a typical non-cytotoxic
fibroblast-like morphology [30]. The quantitative analysis of L929 cell viability percentage
has been evaluated using an Alamar blue (AB) assay as reported in Figure 9b. The HCM2
hydrogels showed good safety after 24, 48, and 72 h of incubation with L929 cells, compared
to the untreated cells control. In particular, after 24, 48, and 72 h of the incubation of HCM2,
L929 cell viability percentage is around 90%, indicating, in accordance with the ISO 10993–5:
2009 standards [31], the good biocompatibility of the hydrogels. Indeed, these standards
specify that cell viabilities greater than 70% indicate the non-cytotoxic behavior of tested
biomaterials, thus, suggesting the absence of the toxic BDDE residues in the hydrogels [32].
Overall, these results indicated that the HCM2 hydrogels have good biocompatibility
properties, indicating that the purification process of the HCM2 gel following crosslinking
by means of BDDE was successfully achieved. In fact, all of the unreacted crosslinker,
which is notoriously cytotoxic, appears to have been removed during the swelling process.
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Figure 9. (a) Representative cell morphology of control L929 fibroblast cells and L929 after 24 h of
incubation with the selected HCM2 hydrogels. Actin filaments, stained with phalloidin-FITC (green),
and DAPI (blue)-stained nuclei cells. Images were acquired with a resolution of 1024 × 1024 pixels
with a 63× oil immersion objective. (b) Cell viability percentage (%) of the L929 cells, after incubation
at 24, 48, and 72 h compared to the control untreated cells. The data are representative of three
repeated experiments in triplicate.
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3. Conclusions

HA-based fillers are widely employed in soft tissue augmentation, both in cosmetic
and in chirurgical practice, but the performance of HA-based devices is often affected by
low mechanical properties and poor resistance to sterilization processes. In this work, for
the first time, HA/CMC composite hydrogels crosslinked with BDDE were prepared. The
optimal conditions in terms of operative temperature and reaction time to crosslink HA
and CMC separately were evaluated with a rheological analysis of the hydrogels. The
results suggested that the better conditions for reticulating HA and CMC were 25 ◦C for
24 h. Then, hydrogels with a different HA/CMC ratio were prepared, and their rheological
properties were investigated before and after sterilization in an autoclave at 121 ◦C for
20 min. The hydrogel with an HA/CMC ratio of 1/1, labeled HCM2, exhibited the highest
values of the viscoelastic moduli before and after the thermal treatment. The FTIR has
given us information about the occurrence of chemical modification by means of BDDE
in the composite hydrogels. The morphological analysis of HCM2 via SEM highlighted
the densely reticulate structure of the hydrogel. Finally, the biocompatibility response,
as shown by incubating HCM2 on L929 cell fibroblast, indicated a good cell viability
percentage of around 90% at 24, 48, and 72 h and along with the morphological analysis,
showed the overall success of the purification process by washing. However, significant
research gaps remain, including a lack of long-term in vivo investigations and immune-
toxicity evaluations. Further work is needed to understand the practical applications of
these HA hydrogel composites. Nevertheless, the use of CMC resulted in improvements in
the HA-based hydrogel properties, indicating that HA/CMC composite hydrogels cross-
linked with BDDE represent a promising platform for the design of filler implants in soft
tissue augmentation.

4. Materials and Methods
4.1. Hydrogel Preparation

Hyaluronic acid (803 KDa) and CMC (750 KDa) were kindly provided by Altergon
s.r.l (Morra De Sanctis, Italy), BDDE was purchased from Sigma Aldrich. Two protocols for
the crosslinking of HA with BDDE were evaluated as a starting point for the preparation
of the hydrogels [19]. The conditions employed were reported in Tables 1 and 2, and
were used to prepare HA/CMC-based hydrogels at different polymer ratios. According
to the literature, the use of a high polymer concentration is necessary to obtain HA-based
covalently crosslinked hydrogels [33,34]. HA and CMC hydrogels were also prepared
as a reference. Briefly, for each protocol NaOH 1% w/w solution was gradually added
to dry polymer powder, and the mixture was gently stirred with a spatula, in order to
promote polymer hydration and avoid the formation of bubbles. When the addition of
NaOH solution was complete, the mixture was left for 24 h at room temperature, after that
it appeared as homogeneous systems. Then, 25 µL of BDDE were added to the mixture,
which was left reacting for the time required for each protocol (2 h at 50 ◦C or 24 h at RT).
Once the time had passed, the mixture was neutralized by adding HCl, and the hydrogels
were put in 200 mL of water for 3 days to remove unreacted BDDE.

4.2. Swelling Ratio

In order to evaluate the swelling ratio (SR) of each hydrogel prepared, during the
purification the hydrogels were withdrawn periodically, dried of excess water, and weighed
until the mass was stable over time. For all of the hydrogels the equilibrium was reached
after 24 h. After purification was completed, the hydrogels were frozen at T = −80 ◦C
and freeze dried. The dry mass was then weighed, and the swelling ratio was calculated
according to Equation (1):

SR =
Wh −Wd

Wd
(1)

where Wh is the mass of the hydrogel at the equilibrium and Wd is the mass of the
dry hydrogel.
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4.3. Rheological Analysis

The viscoelastic properties of the hydrogels were evaluated by means of oscillatory
regime tests using a rotational rheometer Haake Mars III (Thermo Fisher Scientific, Waltham,
MA, USA) equipped with a parallel plate geometry, 35 mm plate diameter, 0.5 mm gap, and
a thermostatic bath. Hydrogels are viscoelastic materials, and their mechanical response to
a shear stress τ presents elements of an elastic solid (Hooke’s law, Equation (2)) and of a
Newtonian liquid (Newton’s law, Equation (3)):

τ = Gγ (2)

τ = η dγ/dt (3)

where G is the elastic modulus of the solid, η is the dynamic viscosity of the liquid and γ is
the imposed deformation. When a sinusoidal strain with oscillatory frequency ω is exerted
over time, the response of the elastic solid (Equation (3)) results shifted by 90◦ compared
to that of the ideal fluid Equation (4). The frequencyω is the oscillation frequency in s−1,
which can also be reported as 2πf, where f is in Hz.

τ = Gγ0sin(ωt) (4)

The mechanical response of a viscoelastic material under a sinusoidal stress can be
therefore written as in Equation (5):

τ = G∗γ0sin(ωt + δ) (5)

where G* is the complex modulus of the material, γ0 is the amplitude of the strain and δ is
the shift with respect to the behavior of the ideal solid, and is comprised between 0◦ and
90◦. Applying the sum sin identity, Equation (6) can be written as:

τ = G*γ0sin(ωt)cos(δ) + G*γ0cos(ωt)sin(δ) (6)

Equation (6) expresses the response of a viscoelastic material under sinusoidal strain
as the sum of two contributions, one in phase with the strain, and one shifted by 90. Inside
the equation it is possible to define two viscoelastic moduli (Equations (7) and (8)):

G′ = G∗ cos(δ) (7)

G′′ = G∗sin(δ) (8)

where G′ is the storage modulus, and expresses the elastic response of the material, and
G′′ is the loss modulus, and expresses the viscous response of the material. Oscillatory
tests allow, therefore, to break down into two contributions the mechanical response of a
viscoelastic material.

In this work frequency sweep (FS) tests were performed to measure the viscoelastic
moduli G′ and G′′ as a function of frequency in the range 0.1–13 Hz at a fixed strain of 0.5%.
The value of the strain was chosen to have a linear viscoelastic response, independent on
the strain itself, and was determined by means of strain sweep tests. Form FS tests the ratio
between G′′ and G′, the loss factor tan δ (Equation (9)) was calculated as follows:

tanδ =
G′′

G′
(9)

tan δ expresses the ratio between the viscous and the solid ratio of the material [35].
Rheological analysis was also performed in order to evaluate the thermal stability of

the hydrogels. The hydrogels were treated in an autoclave for 20 min at 121 ◦C, and FS tests
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were carried out on the heat-treated hydrogels. The reduction in mechanical properties
was expressed for each material by dividing G′ at 1 Hz before the autoclave for G′ at 1 Hz
after the autoclave.

4.4. Fourier-Transformed Infrared (FT-IR) Analysis

Portions from HA and CMC hydrogel and cross-linked composite hydrogels were
obtained and characterized using Perkin Elmer Frontier Fourier Transform Infrared Spec-
troscopy FT-IR (Waltham, MA, USA), with a single-reflection, universal ATR-IR accessory.
All spectra were recorded between 4000 and 650 cm−1 with a resolution of 4 cm−1 and the
data were manipulated using OriginPro 2018 software.

4.5. Morphological Analysis

In order to obtain qualitative morphological information, scanning electron microscopy
(Quanta 200 FEG, FEI Company, Hillsboro, OR, USA) was employed. The samples were
lyophilized and platinum/palladium–sputtered to perform the analysis.

4.6. Biological Resposnse
4.6.1. Cell Culture

In order to evaluate the biological response of the HA/CMC composite hydrogels,
mouse fibroblast L929 cells derived from mouse C34/An connective tissues (Sigma-Aldrich,
Burlington, MA, USA) were grown in a T-75 cell culture flask (VWR, Radnor, PA, USA) at
37 ◦C and 5% CO2. Cell culture medium Dulbecco’s Modified Eagle’s medium (DMEM)
(Microgem, Naples, Italy) supplemented with 10% of fetal bovine serum and antibiotics
(penicillin G sodium 100 U/mL, streptomycin 100 µg/mL) were used and changed every
3–4 days.

4.6.2. Cell Viability and Morphological Assay

To assess the cell morphology, L929 cells were seeded at a density of 1 × 104 cells/mL
on fluorodish-35 mm (VWR, Radnor, PA, USA). The selected hydrogel HCM2 was sectioned
and deposited in 3 wells of a 24 well plate and UV sterilization was carried out at 284 nm
for 30 min. Subsequently, the DMEM was added until the samples were covered: these
were left in an incubator at 37 ◦C for 24 h. The cells were incubated with the hydrogel
eluate for 24 h. Then, the samples were washed three times with PBS and fixed with 10%
formaldehyde for 1 h at 4 ◦C. Cells were permeabilized with Triton X-100 0.1% in PBS
for 3–5 min. The actin filaments were stained with FITC phalloidin/PBS for 30 min at RT.
Finally, after two washes with PBS to remove the unbound phalloidin, cell nuclei were
stained with 4′,6-diamidino-2-phenylindole DAPI, (Sigma-Aldrich). The samples were
observed using a confocal microscope system (Leica TCS SP8) with a 63× oil immersion
objective. Images were acquired with a resolution of 1024 × 1024 pixels.

In order to study the cell viability, a density of 5 × 103 cells/mL of L929 cells were
seeded on a 96-well plate (World Precision Instruments, Inc., Sarasota, FL, USA). The cells
were then incubated for 24, 48, and 72 h with 200 µL of the HCM2 eluate. Then, the Alamar
blue assay (AB) was performed by adding AB reagent, at 10% v/v with respect to the
medium to the samples and incubated at 37 ◦C for 4 h. The absorbance of the samples
was measured using a spectrophotometer plate reader (Multilabel Counter, 1420 Victor,
Perkin Elmer, Waltham, MA, USA) at 570 nm and 600 nm. The AB reagent dye indicates an
oxidation-reduction by changing color in response to the chemical reduction in the growth
medium, resulting from cell viability. Data are expressed as the percentage difference
between treated and control to evaluate the percentage of reduction (Reduction %), which
is calculated with the following formula (Equation (10)):

Reduction (%) =
(O2 × A1)− (O1 × A2)

(O2 × P1)− (O1 × P2)
× 100 (10)
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where O1 is the molar extinction coefficient (E) of oxidized AB at 570 nm; O2 is the E of oxi-
dized AB at 600 nm; A1 is the absorbance of test wells at 570 nm; A2 is the absorbance of test
wells at 600 nm; P1 is the absorbance of the control well at 570 nm; and P2 is the absorbance
of the control well at 600 nm. The percentage of reduction for each sample was normalized
to the percentage of reduction for the control to obtain the cell viability percentage.
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Abstract: Multi-layered hydrogels consisting of bi- or tri-layers with different swelling ratios are
designed to soft hydrogel actuators by self-folding. The successful use of multi-layered hydrogels in
this application greatly relies on the precise design and fabrication of the curvature of self-folding.
In general, however, the self-folding often results in an undesired mismatch with the expecting
value. To address this issue, this study introduces an interfacial layer formed between each layered
hydrogel, and this layer is evaluated to enhance the design and fabrication precision. By considering
the interfacial layer, which forms through diffusion, as an additional layer in the multi-layered
hydrogel, the degree of mismatch in the self-folding is significantly reduced. Experimental results
show that as the thickness of the interfacial layer increases, the multi-layered hydrogel exhibits a
3.5-fold increase in its radius of curvature during the self-folding. In addition, the diffusion layer is
crucial for creating robust systems by preventing the separation of layers in the muti-layered hydrogel
during actuation, thereby ensuring the integrity of the system in operation. This new strategy for
designing multi-layered hydrogels including an interfacial layer would greatly serve to fabricate
precise and robust soft hydrogel actuators.

Keywords: multi-layered hydrogel; interfacial layer; self-folding; soft hydrogel actuators

1. Introduction

Multi-layered hydrogels consisting of bi- or tri-layers with different swelling ratios are
designed to serve as soft hydrogel actuators through self-folding, which can be induced
by external stimuli. These hydrogels have been extensively studied for their potential use
as bio-robots [1], active actuators [2–4], and drug delivery systems [5,6], with a focus on
adjusting their mechanical properties to achieve various shapes [7–9]. For instance, recent
studies have explored their potential in developing innovative soft actuators designed
for live cell stimulation through self-folding, showcasing the adaptability and precision
in controlling their mechanical properties [2]. This soft actuator exhibits the capability
to stimulate live cell clusters through a dynamic interplay of compression and tension,
triggered by changes in temperature. The self-folding mechanism allows for the precise
manipulation of the curvature, ensuring adaptability and precision in live cell stimulation.

The successful utilization of multi-layered hydrogels in soft actuation critically de-
pends on the precision with which the curvature of the self-folding is designed and fabri-
cated [10–12]. Typically, the curvature of these multi-layered hydrogels has been predicted
using the bimetallic strip equation, considering the mechanical properties of individual lay-
ers [13,14]. However, it is imperative to recognize the crucial role played by an overlooked
component, the interfacial layer. The interfacial layer arises as a natural consequence of
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the manufacturing process, forming between adjacent layers of the multi-layered hydrogel
through diffusion. Although not intentionally engineered, its presence exerts a substantial
influence on the system’s behavior. Specifically, the self-folding process, which stands as a
critical element in the functionality of these hydrogel actuators, is intricately influenced
by the properties of this interfacial layer. Neglecting the interfacial layer when designing
and calculating the curvature of self-folding, often using approaches like the bimetallic
strip equation, can lead to discrepancies between the anticipated and actual outcomes
(Figure 1) [15–18]. By considering this layer, formed through diffusion, in the bimetallic
strip equation for a tri-layered hydrogel, we observe a significant reduction in the mismatch
between predicted and experimental curvature values. The interfacial layer introduces a
previously unaccounted factor that shapes the hydrogel’s response during self-folding.
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Figure 1. (a) Schematic description of the preparation of the biological machine (Bio-bot) by self-
folding. (b) Schematic diagram illustrating the design of the radius of curvature for multi-layered
hydrogels. The radius of curvature is predicted using the heat-induced bimetallic strip equation,
with mechanical properties as the expansion ratio and elastic modulus of each layer. (c) Image
depicting the radius of curvature of the multi-layered hydrogel, formed larger than the intended
radius of curvature.

In this study, we examine the significance of this interfacial layer, emphasizing that it
should not be disregarded when considering multi-layered hydrogels. By incorporating
this naturally occurring layer as an essential component of the system, a more accurate
representation of the self-folding behavior can be achieved, aligning the theoretical results
with practical observations. Furthermore, we demonstrate that this interfacial layer plays a
crucial role in maintaining the structural integrity of the multi-layered hydrogel during
actuation. Its presence prevents the separation of layers and contributes to the robustness
of the entire system. It acts as a diffusion layer that crosslinks with both layers, effectively
binding them together and ensuring that the two distinct layers do not separate during
actuation, which is vital for the structural integrity of the multi-layered hydrogel system.
Thus, the consideration of the interfacial layer is essential for precision in self-folding as
well as the creation of robust and dependable soft hydrogel actuators. In conclusion, this
study highlights the underestimated role of the interfacial layer in multi-layered hydrogels.
By recognizing and incorporating this layer into the design and analysis, we bridge the gap
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between theory and reality, ultimately leading to more accurate, reliable, and resilient soft
hydrogel actuators [19–22].

2. Results and Discussion
2.1. Mechanical Properties of Individual Layers in Multi-Layered Hydrogels

In this section, we present a comprehensive overview of the molecular structure and
synthetic pathway employed to fabricate the bi-layered hydrogel. The choice of acrylamide
(AAm) as the monomer and N,N′-methylenebisacrylamide (MBA) as the cross-linker, along
with the incorporation of the initiator Irgacure2959, is detailed. The concentration variations
and the rationale behind the selection of MBA concentrations in the first and second layers
are discussed. Furthermore, we elaborate on the photo-crosslinking process and conditions,
emphasizing their role in the formation of a well-defined bi-layered hydrogel.

First, the investigation into the mechanical properties of hydrogels by varying the
cross-linker concentration highlighted essential aspects of their behavior. The dependence
of the expansion ratio (S) and elastic modulus (E) on the MBA concentration underscored
the need to tailor these properties for specific applications, such as self-folding in multi-
layered hydrogels. The expansion ratio and elastic modulus of the hydrogel, composed
of AAm monomer at 20% (w/v) and varying concentrations of MBA (0.02–0.3% w/v),
were measured. As the concentration of the cross-linker increased, the swelling ratio (S)
and expansion ratio (E), calculated using the formulas described in the Materials and
Methods section (Equations (1) and (2)), exhibited a decrease, while the elastic modulus (E)
demonstrated an increase (see Figure 2 for details). The swelling ratio, calculated using
Equation (1), represents the degree to which the hydrogel can absorb water depending on
the mass (Wd) of the total polymer comprising the hydrogel. However, when inducing self-
folding in multi-layered hydrogels, it is more important to consider how much each layer of
the hydrogel actually expands compared to its initial size. While conventional approaches
focus on adjusting the swelling ratio, our study emphasizes the importance of considering
the expansion ratio, particularly in the context of self-folding applications. Evaluating how
each layer of the hydrogel expands compared to its initial size provides a more accurate
prediction of the radius of curvature for multi-layered hydrogels. This challenges the
traditional reliance on the swelling ratio alone. Moreover, the trends observed in Figure 2
reveal specific concentration-dependent behaviors, further supporting the argument for
tailoring mechanical properties to achieve optimal self-folding characteristics in multi-
layered hydrogels. In summary, our approach shifts the focus from the conventional
emphasis on adjusting the swelling ratio to a more nuanced consideration of the expansion
ratio in multi-layered hydrogels. By evaluating how each layer expands relative to its initial
size, we gain a more precise understanding of self-folding dynamics.
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2.2. Design and Fabrication of Multi-Layered Hydrogels

A bi-layered hydrogel was formed using a photo-crosslinking process, consisting of
two layers. The first layer was crosslinked using a fixed concentration of MBA (0.04% w/v),
while the concentration of the second layer was adjusted to 0.08–0.3% (w/v). The radius of
curvature (r) was calculated using the formulas described in the Materials and Methods
section (Equation (4)) to predict the curvature of the multi-layered hydrogel upon self-
folding. The calculated radius of curvature was then compared to the radius of curvature
of the fully expanded bi-layered hydrogel (Figure 3a). However, the experimental radius of
curvature of the bi-layered hydrogel did not match the calculated radius of curvature. For
example, in the case of Bi-layered hydrogel (BH), such as BH-1, which had a difference in
the expansion ratio of 0.11 between the two layers, it was predicted to be 1.44 mm. However,
the experimental radius of curvature was 1.74 mm, representing a 1.2-fold difference from
the designed radius of curvature. The curvature of BH-3 was also found to be significantly
different from the designed radius of curvature, with an approximately 1.3-fold difference
(see Figure 3b,c for details). These results indicate a significant discrepancy between the
design value and the experimental value when predicting the radius of curvature using
the bi-layered equation. Despite the observed disparities between the calculated and
experimental values for the radius of curvature in the bi-layered hydrogel, our study
emphasizes the significance of these findings in refining predictive models and underscores
the need for a more comprehensive understanding of the underlying factors influencing
self-folding behavior in multi-layered hydrogel systems.
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Figure 3. (a) Bright field images of bi-layered hydrogels with varying expansion ratios of the second
layer. The abbreviations BH-1, BH-2, BH-3, and BH-4 correspond to different bi-layered hydrogel
samples. (b) Calculated radius of curvature for the bi-layered hydrogel using a mathematical
model developed for the curvature of a heat-induced bimetallic strip. Comparison of designed and
experimental radius of curvatures based on differences in the expansion ratio of the two layers.
(* p < 0.05, *** p < 0.01) (c) Normalized experimental curvature of BH-1, 2, 3, 4. Experimental
curvatures for BH-1, 2, 3, 4 have been normalized to the designed radius of curvature.

2.3. Curvature Simulation of Multi-Layered Hydrogels

The experimental radius of curvature of the bi-layered hydrogel was observed to
deviate significantly from the originally designed radius of curvature. This discrepancy
was attributed to the formation of an interfacial layer at the interface between the two layers
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due to diffusion during the fabrication of the second layer of the multi-layered hydrogel
(see Figure 4a for details). To examine this phenomenon in more detail, simulations were
conducted, assuming that the physical properties of the interfacial layer fell between those
of the first and second layers. Given that the interfacial layer naturally formed during the
preparation of the multi-layered hydrogel, the bi-layered hydrogel was effectively treated
as a tri-layered hydrogel for the purpose of simulations. The radius of curvature of the
tri-layered hydrogel was then predicted using Equation (1) to account for the presence of
the interfacial layer, employing MATLAB for the simulation.

r =
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To corroborate the impact of the interfacial layer on the radius of curvature of the
multi-layered hydrogel, BH-3 and BH-5 were prepared by altering the order of layer prepa-
ration. The resulting radius of curvature is displayed as Experimental values (1) and (2)
in Figure 4b. The composition of the tri-layer hydrogel mirrored that of BH-3, but the
thickness of the interfacial layer was varied from 10 to 80 µm, while the expansion ratio
ranged from 0.484 to 0.660. The arrow in Figure 4b represents the experimental radius
of curvature. These findings demonstrate that the radius of curvature of the bi-layered
hydrogel can be precisely designed and predicted by taking into account the thickness of
the interfacial layer. Furthermore, this meticulous exploration into the interfacial layer’s im-
pact on the radius of curvature provides valuable insights for enhancing the predictability
and precision of multi-layered hydrogel designs. The comprehensive analysis sheds light
on the interplay of the layer formation order, thickness variations, and expansion ratios,
enabling more informed and tailored fabrication of hydrogels for diverse applications.

Gels 2024, 10, x FOR PEER REVIEW 5 of 10 
 

 

due to diffusion during the fabrication of the second layer of the multi-layered hydrogel 
(see Figure 4a for details). To examine this phenomenon in more detail, simulations were 
conducted, assuming that the physical properties of the interfacial layer fell between those 
of the first and second layers. Given that the interfacial layer naturally formed during the 
preparation of the multi-layered hydrogel, the bi-layered hydrogel was effectively treated 
as a tri-layered hydrogel for the purpose of simulations. The radius of curvature of the tri-
layered hydrogel was then predicted using Equation (1) to account for the presence of the 
interfacial layer, employing MATLAB for the simulation. r =  ଶቂ∆಍భమ(౪భశ౪మ)౪యుయ ା∆಍మయ(౪మశ౪య)౪భుభ ା∆಍భయ(౪భశమ౪మశ౪య)౪ముమ ቃ

(౪భశ౪మ൯మ౪యుయ ା(౪మశ౪య൯మ౪భుభ ା(౪భశమ౪మశ౪య൯మ౪ముమ ାర(∑ ు౤౪౤యభమ )(∑ ౪౤ు౤)యభయభ౪భుభ౪ముమ౪యుయ
  (1)

To corroborate the impact of the interfacial layer on the radius of curvature of the 
multi-layered hydrogel, BH-3 and BH-5 were prepared by altering the order of layer prep-
aration. The resulting radius of curvature is displayed as Experimental values (1) and (2) 
in Figure 4b. The composition of the tri-layer hydrogel mirrored that of BH-3, but the 
thickness of the interfacial layer was varied from 10 to 80 µm, while the expansion ratio 
ranged from 0.484 to 0.660. The arrow in Figure 4b represents the experimental radius of 
curvature. These findings demonstrate that the radius of curvature of the bi-layered hy-
drogel can be precisely designed and predicted by taking into account the thickness of the 
interfacial layer. Furthermore, this meticulous exploration into the interfacial layer’s im-
pact on the radius of curvature provides valuable insights for enhancing the predictability 
and precision of multi-layered hydrogel designs. The comprehensive analysis sheds light 
on the interplay of the layer formation order, thickness variations, and expansion ratios, 
enabling more informed and tailored fabrication of hydrogels for diverse applications. 

 
Figure 4. (a) Schematic representation of the formation of the interfacial layer through the diffusion 
of monomers and cross-linkers. (a-1) Designed curvature in the absence of the interfacial layer for-
mation, (a-2) Experimental curvature observed after the interfacial layer formation. (b) Simulation 
of the radius of curvature was conducted by varying the expansion ratio and the thickness of the 
interfacial layer in the hydrogel. The arrow marks the experimental radius of curvature of the bi-
layered hydrogel, which was prepared with the composition of BH-3. 

In particular, the experimental value (1) of BH-3, prepared with the first layer having 
an MBA concentration of 0.04% (w/v), measured at 4.53 mm. This measurement matched 
the design value of the curvature radius of the tri-layered hydrogel, complete with a 10 
µm interfacial layer and an expansion ratio of 0.660. Conversely, the experimental value 
(2) of BH-5, formed with the first layer having an MBA concentration of 0.08% (w/v), rec-
orded a radius of curvature of 4.71 mm. The radius of curvature of the multi-layered hy-
drogel with experimental value (2) was estimated to have an interfacial layer thickness 
exceeding 30 µm. However, the interfacial layer, formed through diffusion, cannot expand 

Figure 4. (a) Schematic representation of the formation of the interfacial layer through the diffusion
of monomers and cross-linkers. (a-1) Designed curvature in the absence of the interfacial layer
formation, (a-2) Experimental curvature observed after the interfacial layer formation. (b) Simulation
of the radius of curvature was conducted by varying the expansion ratio and the thickness of the
interfacial layer in the hydrogel. The arrow marks the experimental radius of curvature of the
bi-layered hydrogel, which was prepared with the composition of BH-3.

In particular, the experimental value (1) of BH-3, prepared with the first layer having
an MBA concentration of 0.04% (w/v), measured at 4.53 mm. This measurement matched
the design value of the curvature radius of the tri-layered hydrogel, complete with a 10 µm
interfacial layer and an expansion ratio of 0.660. Conversely, the experimental value (2) of
BH-5, formed with the first layer having an MBA concentration of 0.08% (w/v), recorded
a radius of curvature of 4.71 mm. The radius of curvature of the multi-layered hydrogel
with experimental value (2) was estimated to have an interfacial layer thickness exceeding
30 µm. However, the interfacial layer, formed through diffusion, cannot expand beyond
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the first layer, with an expansion ratio lower than 0.536. Hence, it is reasonable to infer
that the interfacial layer had a thickness ranging from 30 and 60 µm. These results affirm
that the experimental and designed radius of curvature align when employing the radius
of curvature equation for tri-layered hydrogels, which considers the interfacial layer as
one layer in the bi-layered hydrogels. These findings highlight the nuanced impact of
the MBA concentration on the experimental outcomes and emphasize the importance of
accounting for interfacial layer dynamics in accurately predicting the radius of curvature
in multi-layered hydrogel systems.

2.4. Evaluation of the Interfacial Layer in Multi-Layered Hydrogels

To investigate the impact of the interfacial layer’s thickness on the radius of curvature
of bi-layered hydrogels, the diffusion time was adjusted to various intervals, including 0,
0.2, 1, 5, and 10 min. Bi-layered hydrogels with BH-3 composition were created using a
fixed concentration of 0.04% (w/v) MBA at the first layer. As shown in Figure 5(a-1–a-3),
it becomes visually evident that the radius of curvature increases with longer diffusion
times. The bi-layered hydrogel fabricated without any diffusion time and the one with
10 min of diffusion time exhibited 1.3-fold and 3.5-fold increases from the designed radius
of curvature, respectively (Figure 5b). These results underscore the crucial role of the
diffusion time in determining the interfacial layer’s thickness, directly influencing the
radius of curvature in bi-layered hydrogels. This insight offers a systematic approach to
tailoring hydrogel designs for specific applications by controlling diffusion parameters
during fabrication.
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Figure 5. (a) Bright field images of bi-layered hydrogels with varying diffusion times for the second
layer ((a-1): 1 min; (a-2): 5 min; (a-3): 10 min). (b) Radius of curvature of bi-layered hydrogels relative
to the diffusion time of the second layer. (c) Cross-sectional fluorescence image of a multi-layered
hydrogel with the first and second layers, including the interfacial layer. (d) Fluorescence intensity
across the multi-layered hydrogel as a function of distance. (e) Thickness measurements of the
interfacial layer in each bi-layered hydrogel (BH-3 and BH-5) at 0 and 10 s. (Scale bar: 2 mm).

Notably, the experimental radius of curvature in the bi-layered hydrogel with 10 s
of diffusion time measured 5.01 mm, indicating that the thickness of the interfacial layer
had grown to more than 60 µm, as simulated. These findings underscore the importance
of the rapid manufacturing of multi-layered hydrogels to align with the designed radius
curvature. Furthermore, to verify the actual thickness of the interfacial layer, a bi-layered
hydrogel was prepared by introducing 0.0005% (w/v) of Fluorescein O,O′-dimethacrylate
(Sigma, St. Louis, MO, USA) into the second layer. Immediately after fabrication, an
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image was captured using a fluorescence microscope (Figure 5c), and the thickness of the
interfacial layer and each layer was measured based on the fluorescence intensity and
distance within the image (Figure 5d). Bi-layered hydrogels were prepared with diffusion
times of 0 and 10 s for BH-3 and 0 s for BH-5. As a result, the thickness of the interfacial
layer in BH-3 and BH-5 at 0 s was measured as 11.10 ± 0.82 µm and 29.87 ± 1.92 µm,
respectively. Additionally, the thickness of the interfacial layer of BH-3 at 10 s was measured
as 63.42 ± 2.91 µm (Figure 5e). These results underscore the importance of considering the
interfacial layer in the design of multi-layered hydrogel curvatures, aligning with previous
simulation findings. In light of our findings on the interfacial layer’s growth under varying
diffusion times, we anticipate the need to precisely control the formation of interfacial
layers and measure their properties for more accurate regulation.

On a different note, to assess the impact of diffusion of structural robustness, a multi-
layered hydrogel was prepared using PEGDA. A bi-layered hydrogel was crafted using
PEGDA575 at 20% (w/v) for the first layer and PEGDA3400 at 20% (w/v) for the second
layer. Upon separating the prepared PEGDA bi-layered hydrogel into two layers, it was ob-
served that the two layers separated due to inadequate diffusion at the interface (Figure 6b).
This result corroborates our findings that the structural integrity of the multi-layered hy-
drogel is maintained only when proper diffusion occurs at the interface (Figure 6a). The
interfacial layer acts as a diffusion layer that crosslinks with both layers, effectively binding
them together and ensuring that the two distinct layers do not separate during actuation,
which is vital for the structural integrity of the multi-layered hydrogel system.
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Therefore, it is essential to consider diffusion at the interface of each layer during the
design and fabrication of multi-layered hydrogels. The interfacial layer formed by diffusion
must also be taken into account. This approach minimizes experimental errors by enabling
accurate design and facilitating the prediction of the mechanical properties of the interfacial
layer generated through diffusion. Furthermore, the diffusion layer is critical for ensuring
the robustness of the system and preventing layer separation during actuation. In summary,
the design of multi-layered hydrogels that accounts for the formation of the interfacial
layer due to diffusion holds vast applications in fields such as bio-robotics, actuators, tissue
engineering, and drug delivery [23–25].

3. Conclusions

In this study, we introduced an innovative strategy to enhance the precision and
robustness of multi-layered hydrogels as soft hydrogel actuators by focusing on the interfa-
cial layer, a natural byproduct of the manufacturing process formed by diffusion between
the layers. Our experiments unequivocally reveal that as the interfacial layer’s thickness
increases, self-folding becomes significantly more predictable and precise, leading to a re-
markable 3.5-fold increase in the radius of curvature. We also unveiled the interfacial layer’s
pivotal role in preserving structural integrity during the actuation. This groundbreaking
approach not only reconciles theory with practice but also promises the development of
highly accurate and reliable soft hydrogel actuators. The deliberate incorporation of the in-
terfacial layer into the multi-layered hydrogel design represents a significant advancement

26



Gels 2024, 10, 48

with transformative potential in bio-robots, active actuators, tissue engineering, and drug
delivery applications.

4. Materials and Methods
4.1. Hydrogel Preparation

Hydrogels were prepared using acrylamide (acrylamide, AAm, Sigma) and methy-
lene bisacrylamide (N,N′-methylenebisacrylamide, MBA, Sigma) as monomers. The total
concentration of AAm was fixed at 20% (w/v) and prepared by adjusting the concentra-
tion of MBA between 0.02% to 0.3% (w/v). An initiator, Irgacure2959 (2-hydroxy-40-(2-
hydroxyethoxy)-2-methylpropiophenone, Sigma), was added to reach a final concentration
of 0.2% (w/v). The hydrogels were formed by exposure to ultraviolet (UV) light (365 nm,
VILBER LOURMAT, 4W) for 10 min. Subsequently, the gels were punched into 8 mm diam-
eter disks and incubated in deionized (DI) water until fully swollen before characterization.
The resulting hydrogels demonstrated tunable properties, showcasing the versatility of
this synthesis approach for creating hydrogels with a range of mechanical and swelling
characteristics suitable for diverse applications.

4.2. Characterizations of Hydrogels

The weight of hydrogel (Ws) was measured after 12 h of incubation in DI water. The
weight of the dried hydrogel (Wd) was determined after drying at 60 ◦C over 24 h. The
swelling ratio (Qm) was calculated using Equation (2).

Qm =

(
Ws −Wd

Wd

)
× 100 (2)

The expansion ratio, crucial for inducing self-folding in multi-layered hydrogels with
equal dimensions for each layer, was characterized using the swelling ratio of hydrogels
when prepared (Qi) and after full incubation in DI water (Qf). The expansion ratio, in-
dicating one-dimensional expansion of the hydrogel, was calculated using Equation (3).

S =

(Q f

Qi

) 1
3

− 1 (3)

Here, Qi and Qf represent the swelling ratio (Qm) before and after immersion in the
aqueous solution. The mechanical properties of the hydrogel were evaluated using a
universal testing machine (UTM, DrTech, Seongnam-si, Korea). Hydrogels, standardized
to 8 mm diameter and 1 mm height, were compressed at a 10% strain and a constant rate of
1.0 mm/min, with a load range of 1.0 kg·f after incubation over 24 h.

4.3. Design and Fabrication of the Multi-Layered Hydrogels

The radius of curvature (r) of multi-layered hydrogels was determined using the
bimetallic strip curvature Equation (4) [9,12]. In Equation (4), E1 and E2 represent the elastic
modulus of each layer, t1 and t2 represent the thickness of each layer, and ∆ε represents the
difference of expansion ratio of each layer.

r =
E1

2t1
4 + 4E1E2t1

3t2 + 6E1E2t1
2t2

2 + 4E1E2t1t2
3 + E2

2t2
4

6E1E2(t1 + t2)t1t2∆ε
(4)

The multi-layered hydrogels were composed of bi-layered hydrogels with different
compositions (Table 1). The concentration of each layer of the bi-layered hydrogel was
fixed at a final concentration of 20% (w/v) for AAm and 0.2% (w/v) for Irgacure2959.
The MBA concentration in the first layer was fixed at 0.04% (w/v), while the second
layer’s concentration was adjusted to 0.08–0.3% (w/v) to vary the radius of curvature. The
bi-layered hydrogel was assembled by first creating a hydrogel through UV exposure,
followed by the preparation of second hydrogel layer on top of the first. The resulting
multi-layered hydrogels were formed as strips measuring 30 mm in length and 5 mm in
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width, and 3 mm in thickness for each layer. The radius of curvature of the multi-layered
hydrogels was measured after swelling in DI water for 24 h. The systematic control of the
hydrogel composition and layer-specific adjustments allowed for the precise modulation of
mechanical properties, enabling the tailoring of multi-layered hydrogels for applications
demanding specific curvature characteristics and diverse functionalities.

Table 1. Preparation of bi-layered hydrogels (BH) with varying expansion ratio of second layer.

Sample
First Layer Second Layer

Aam a MBA b Irgacure
2595 c

Expansion
Ratio d Aam a MBA b Irgacure

2595 c
Expansion

Ratio d

BH-1 20 0.04 0.2 0.681 20 0.30 0.2 0.569

BH-2 20 0.04 0.2 0.681 20 0.20 0.2 0.536

BH-3 20 0.04 0.2 0.681 20 0.10 0.2 0.406

BH-4 20 0.04 0.2 0.681 20 0.08 0.2 0.385

BH-5 20 0.04 0.2 0.406 20 0.04 0.2 0.681
a Concentration of monomer %(w/v), b Concentration of cross-linker %(w/v), c Concentration of photo-initiator
%(w/v), d Expansion ratio of each layer.

4.4. Characterization and Simulation of Multi-Layered Hydrogels

The disparity between the designed and experimental radius of curvature (r) concerning the
thickness of the interfacial layer was investigated through simulation. The radius of curvature
was simulated using Equation (4) to calculate the radius of curvature of the tri-layered hydrogel,
considering the presence of the interfacial layer in the bi-layered hydrogel. The thickness of the
first and second layers of the bi-layered hydrogel was set at 300 µm for each, and the thickness of
the interfacial layer was varied within the range of the first layer. The thickness of the interfacial
layer was adjusted within the range of 10–60 um, and the composition of the first and second
layers was the same as that of BH-3 in Table 1. The physical properties of the interfacial layer
were determined within the mechanical properties range of the two layers. The simulations
not only revealed insights into the correlation between the interfacial layer thickness and the
observed disparity but also provided a basis for refining the design parameters for achieving
precise control over the curvature in multi-layered hydrogel systems.

In addition, the diffusion time was adjusted to 0, 0.2, 1, 5 and 10 min to prepare a bi-
layered hydrogel to determine the effect of the interfacial layer in multi-layered hydrogels.
The multi-layered hydrogel was prepared in the same manner as in sample 3. Additionally,
a multi-layered hydrogel was prepared using poly(ethyleneglycol) diacrylate (PEGDA) to
confirm the effect of diffusion based on molecular weight. The concentration of the first
layer was fixed at 20% (w/v) with PEGDA575 (Mn of 575 g/mol, Sigma), and concentration
of the second layer was fixed at 20% (w/v) with PEGDA3400 (Mn of 3400 g/mol, Alfa
Aesar). Irgacure2959 was added to reach a final concentration of 0.2% w/v) as an initiator.
The variation in diffusion times and the utilization of poly(ethyleneglycol) di-acrylate
(PEGDA) in multi-layered hydrogel synthesis further contribute to our understanding
of interfacial layer dynamics, offering valuable insights for optimizing the design and
performance of such hydrogel systems.
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Abstract: In this work, a sodium alginate-based copolymer grafted by thermoresponsive poly(N-
isopropylacrylamide) (PNIPAM) chains was used as gelator (Alg-g-PNIPAM) in combination with
methylcellulose (MC). It was found that the mechanical properties of the resulting gel could be
enhanced by the addition of MC and calcium ions (Ca2+). The proposed network is formed via a dual
crosslinking mechanism including ionic interactions among Ca2+ and carboxyl groups and secondary
hydrophobic associations of PNIPAM chains. MC was found to further reinforce the dynamic moduli
of the resulting gels (i.e., a storage modulus of ca. 1500 Pa at physiological body and post-printing tem-
perature), rendering them suitable for 3D printing in biomedical applications. The polymer networks
were stable and retained their printed fidelity with minimum erosion as low as 6% for up to seven
days. Furthermore, adhered pre-osteoblastic cells on Alg-g-PNIPAM/MC printed scaffolds presented
80% viability compared to tissue culture polystyrene control, and more importantly, they promoted
the osteogenic potential, as indicated by the increased alkaline phosphatase activity, calcium, and
collagen production relative to the Alg-g-PNIPAM control scaffolds. Specifically, ALP activity and
collagen secreted by cells were significantly enhanced in Alg-g-PNIPAM/MC scaffolds compared to
the Alg-g-PNIPAM counterparts, demonstrating their potential in bone tissue engineering.

Keywords: sodium alginate; PNIPAM; 3D printing; MC3T3-E1; bone tissue engineering

1. Introduction

Tissue engineering is a growing interdisciplinary field in biomedical sciences combin-
ing materials science, chemistry, biology, medicine, and engineering sciences. The basic aim
of tissue engineering is to develop biological substitutes that maintain, restore, or improve
tissue function [1]. Today, a diverse range of biomaterials of synthetic or biological origin are
widely used in clinical practice for tissue engineering applications. Examples of synthetic
biomaterials include metals, polymers, ceramics, and composite materials. Commonplace
examples of natural biomaterials are protein or polysaccharide-based biomaterials such
as collagen, gelatin, chitosan, and silk. In addition, autologous grafts or decellularized
biomaterials are widely used for tissue regeneration [2]. One of the limitations of using the
classical techniques to fabricate tissue engineering scaffolds is the resulting poor microstruc-
tural architecture and the restriction needed to control interconnections between the pores.
Compared to traditional techniques, three-dimensional (3D) printing makes reproducible
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and customized structures with near-perfect micro-architecture and morphology [3]. Sev-
eral 3D constructs with applications in regenerative medicine have been fabricated in recent
years. The most common printing techniques used are laser based, jet and extrusion based
printing, and fused deposition modeling [4].

Of particular interest are printing methods that allow for the direct deposition of
viscous aqueous mixtures in arbitrary shapes, such as soft scaffolds that support the
proliferation of mammalian cell populations and tissue growth. In this context, responsive
polymers have been utilized to construct 3D matrices that can respond to external stimuli
and exert shape/volume change in a reversible and dynamic manner and often recapitulate
intrinsic properties of the extracellular matrix (ECM). Arguably, temperature-responsive
polymers are widely studied due to their versatile responsive properties near physiological
body temperature, as well as their ability to tune their stimuli response fully isothermally
by combination with other co-monomers and/or polymers [5]. In addition, responsive
polymer networks can undergo large changes in their dynamic moduli, rendering them
ideal soft biomaterials for 3D printing in biomedical applications [6].

Poly(N-isopropylacrylamide) (PNIPAM) has been studied as a thermoresponsive
polymer because of its rapid phase transition, biocompatibility and lower critical solution
temperature (LCST) at approximately 32 ◦C, which is close to physiological body tem-
perature. PNIPAM contains both hydrophilic amide groups (–CONH–) and hydrophobic
isopropyl (–CH(CH3)2) side chains; in an aqueous environment, PNIPAM chains undergo
a reversible sol-gel transition. Below the LCST, the chains are fully dissolved in water,
and the polymer exhibits coil-like conformation due to hydrogen bonding and van der
Waals forces. Above the LCST, the chains become hydrophobic, leading to a globule-like
structure [7–9].

The printability and the biological evaluation of many thermosensitive hydrogels
of synthetic or biological origin have been reported in the literature. For instance, bio-
engineered 3D-printed skin constructs based on thermosensitive PNIPAM hydrogels have
been successfully evaluated for skin tissue engineering [10]. Pluronic F-127, a polaxamer
co-polymer composed of polyethylene oxide (PEO) and polypropylene oxide (PPO), was
used in combination with gelatin and hyaluronan to fabricate vascular channels [11]. Fur-
thermore, the new synthetic biocompatible polymer PolyIsoCyanide was 3D-printed in
a complex hydrogel construct and used as a fugitive material that could be removed af-
ter thermal stimulation [12]. Moreover, incorporation of particles into thermosensitive
hydrogels has been reported to create hybrid hydrogels with improved rheological and
mechanical properties, which in turn improve their printability [13].

Alginate is a major polysaccharide found in marine brown seaweed. Sodium alginate
is a biopolymer broadly used in the food and beverage, pharmaceutical, cosmetics and
medical industries, and has attracted significant interest due to its biocompatibility and
biodegradability. It can be modified via covalent bonding of functional compounds, due to
the abundant carboxylate and hydroxyl units, leading to new properties and applications
in wound healing, controlled delivery of bioactive molecules, and cell encapsulation. The
most common method to crosslink sodium alginate and form a hydrogel is the use of
divalent cations such as calcium ions (Ca2+), resulting in crosslinks ionically formed by the
“egg-box” model [14].

Methylcellulose (MC) is derived from cellulose, a linear polysaccharide comprising
glucose units held together by 1-4-β-glucosidic linkages, the most abundant renewable
polymer in nature synthesized from plants, algae, fungi, and some bacterial species [15].
Cellulose is biocompatible and has significant mechanical strength; however, natural
cellulose is insoluble in water, limiting its biomedical applications. To overcome this, the
hydroxyl group of cellulose can be substituted with a methyl group. MC is a water-soluble
biopolymer utilized in pharmaceutics, cosmetics and food industry as an emulsifier or as a
thickening agent. In hydrogel 3D-printing processes, MC improves rheological properties
by enhancing ink viscosity, which is necessary to produce high-quality printed structures.
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In addition, several studies utilize MC-based hydrogels for cell engineering applications,
emphasizing the in vitro biocompatibility of this polysaccharide [16].

The scope of the present work is to investigate the 3D printability of synthetic Alg-g-
PNIPAM and Alg-g-PNIPAM/MC hydrogels. To this end, the thermoresponsive behavior
of the corresponding polymers was studied, and the printing profile of the hydrogels
was characterized by rheological analysis. Furthermore, the structural and morphological
characterization of the 3D-printed scaffolds were investigated, while their in vitro erosion
characteristics were evaluated. The cytocompatibility of the fabricated scaffolds was
assessed in terms of cell viability, proliferation, adhesion, and morphology using the pre-
osteoblastic cell line MC3T3-E1, whose osteogenic behavior has been previously reported
as tunable in the presence of thermoresponsive polymers [17]. Alkaline phosphatase (ALP)
activity, calcium, and total collagen production by cells cultured on scaffolds were evaluated
as osteogenic markers to validate the potential of the developed scaffolds in bone tissue
engineering applications.

2. Results and Discussion
2.1. Synthesis of Alg-g-PNIPAM

The proposed Alg-g-PNIPAM bioink was synthesized via free radical polymerization
of the amino-terminated PNIPAM chains followed by a grafting procedure on the sodium
alginate backbone by carbodiimide chemistry (Figure 1). The formation of the final Alg-
g-PNIPAM product was confirmed by 1H NMR and FTIR characterization. The peaks at
3.5–4.6 ppm correspond to the four protons of the alginate ring [18]; the six methyl protons of
the isopropyl group of NIPAM are depicted at ~1.1 ppm, the methylene and methine protons
at 1.3–2.2 ppm, and the proton of the isopropyl group are linked to the amide group (N-C-H)
at ~3.9 ppm (Figure S1). From the FTIR data, the 3305 cm−1 band is representative of the
aminoterminated groups of the PNIPAM-NH2 precursor, which are absent in the spectrum
of the Alg-g-PNIPAM due to their conversion to amide bonds (dashed area, Figure S2).
Additionally, the characteristic amide C=O stretching and N-H bending of the PNIPAM are
observed in the FTIR spectra of both the PNIPAM-NH2 polymer and the Alg-g-PNIPAM at
1750–1500 cm−1, further indicating the successful grafting reaction (Figure S2).
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2.2. Thermosensitivity Measurements and Rheological Evaluation

The thermoresponsive behavior of PNIPAM precursor and Alg-g-PNIPAM was eval-
uated at a concentration of 4 mg/mL by measuring the absorption at 500 nm at different
temperatures, i.e., 25–45 ◦C. The value of LCST was determined as the temperature onset
point at which the solution turned cloudy. Both polymers exhibit sharp thermosensitive
behavior. A LCST value at 35 ◦C was measured for PNIPAM slightly above 32 ◦C, which is
attributed to the hydrophilic amino-end moieties that are known to shift the LCST at higher
temperatures [19]. In the presence of alginate, the respective value for Alg-g-PNIPAM is
again shifted at 37 ◦C, as presented in Figure 2a. This result is expected due to the hy-
drophilic nature of the alginate backbone, and interestingly, it is close to physiological body
temperature, implying that the graft copolymer can be a good candidate for biomedical
applications.
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Figure 2. (a) Lower critical solution temperature measurements of PNIPAM (blue) and Alg-g-
PNIPAM (black) polymers; (b) G′ (closed) and G′′ (open) moduli, (c) tan (δ), and (d) complex
viscosity as a function of temperature of Alg-g-PNIPAM (blue, circles) and of Alg-g-PNIPAM/MC
(black, squares) aqueous solutions at a frequency of 6.28 rad/s, a strain amplitude of 0.1%, and during
the heating cycle with a heating rate of 1 ◦C/min.

Alg-g-PNIPAM and Alg-g-PNIPAM/MC were used as main gelators to deconvolute
the effect of each individual macromolecular component. The formulations were dissolved
in 2 mm Ca2+ aqueous solution. Oscillatory shear experiments reveal a thermo-induced
gelation of the systems due to the hydrophobic associations of the PNIPAM pendants. No-
tably, the gel strengthening is observed at T > 35 ◦C (the LCST of the PNIPAM-NH2 chains)
upon a heating cycle at a ramp rate of 1 ◦C/min and a constant frequency of 6.28 rad/s; the
storage modulus (G′) rapidly surpassed the loss one (G′′), and the tangent δ is less than 0.2
for both systems. The rheological behavior of the 3D networks is enhanced in the entire
temperature region, i.e., G′ constantly exceeds G′′ by additional ionic interactions between
the negatively ionized carboxylic groups of alginate or hydroxyl groups of MC and the
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positively charged Ca2+ divalent cations, according to the “egg-box” mechanism, as pre-
sented in Figure 2b,c. The proposed f factor, i.e., f = [Ca2+]/[COO−] or f = [Ca2+]/([COO−]
+ [OH−]) in molar ratio, is equal to f = 0.0095 in the Alg-g-PNIPAM hydrogel and f = 0.0056
in the Alg-g-PNIPAM /MC sample. Furthermore, the MC-thickening component creates a
stable hydrogel adequate for 3D extrusion biomedical applications, as the G′ of the network
is ~1280 Pa at room temperature and is equal to ~1500 Pa at physiological body temperature,
i.e., a ~68% increase compared to the storage modulus of the MC-free network, while the
tan (δ) of the MC-enriched hydrogels remains at ~0.1.

Moreover, in Figure 2d, the temperature dependance of the complex viscosity is
demonstrated. The examined thermal region could be divided in two sections below and
above ca. 35 ◦C. At T < 35 ◦C, the viscosity of the hydrogels remains constant as the
3D networks are formed due to ionic interactions, whereas at T > 35 ◦C, the secondary
hydrophobic associations due to the PNIPAM pendant chains increase the viscosity values
of the gelators. Indicatively, the viscous expansion between room and body temperature is
16% for the Alg-g-PNIPAM/MC system and 15% for the Alg-g-PNIPAM gel.

Additionally, the dependence of the storage and loss moduli was studied as a function
of the angular frequency at room temperature (Figure 3a) close to the printer-bed tempera-
ture, i.e., 40 ◦C (Figure 3b). The G′ and G′′ moduli of both gelators are almost independent
of the frequency changes, denoting a solid-like behavior at both examined temperatures.
At low temperature, the ionic interactions predominate in the network formation, whereas
the MC augments the stability of the gel. Upon heating, the coexistence of the ionic and
hydrophobic associations results in stronger hydrogel matrices.

Figure 3. G′ (closed), G′′ (open) versus angular frequency at (a) 25 ◦C and (b) 40 ◦C of Alg-g-PNIPAM
(blue, circles) and of Alg-g-PNIPAM/MC (black, squares) hydrogels.

Considering the proposed materials as potential candidates for soft 3D printing, strain
sweep and shear rate sweep tests were conducted in contemplation of bio-printability
through extrusion. At low strain amplitude, the MC-rich system presents a stronger-gel
behavior compared to the MC-free sample. As the strain amplitude is increased, the liquid-
like threshold of the Alg-g-PNIPAM/MC is at a strain amplitude of approximately 10%,
and the yield point of the Alg-g-PNIPAM is at 55%, denoting an easier-to-print material,
as seen in Figure 4a. Besides, the shear-thinning effect is an important design criterion for
efficient and accurate 3D printability, and both gelators meet this requirement, as shown
in Figure 4b.
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Figure 4. (a) G′ (closed) and G′′ (open) upon strain sweep test and (b) viscosity as a function of
shear rate at 25 ◦C (printing temperature) of Alg-g-PNIPAM (blue circles) and of Alg-g-PNIPAM/MC
(black squares) hydrogels.

2.3. Characterization and Erosion Studies of 3D-Printed Scaffolds
2.3.1. Structural Characterization

Figure 5 shows the diffraction patterns of the dry hydrogel before printing and the
lyophilized 3D-printed structures. All the diffractograms exhibit broad peaks, indicating
the amorphous structure of all materials.
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Figure 5. XRD patterns of Alg-g-PNIPAM and 3D-printed structures of Alg-g-PNIPAM and Alg-g-
PNIPAM/MC.

2.3.2. Thermal Characterization

Thermogravimetric analysis was used to study the thermal behavior of raw materials
and the printed samples. The results are depicted in Figure 6.

DSC thermogram of MC shows an endothermic peak at 77 ◦C, due to the loss of water
(Figure 6A). The thermal behavior of sodium alginate is characterized by an endothermic
peak at 79 ◦C, also attributed to water loss. A broad endothermic peak at 247 ◦C corresponds
to degradation and depolymerization [20]. In the case of PNIPAM, except the water loss
endotherm peak at 87 ◦C, the glass transition temperature Tg is observed at 148 ◦C, while
the polymer is thermally stable at least until 300 ◦C [21]. Comparative assessment of
both hydrogel inks Alg-g-PNIPAM and Alg-g-PNIPAM/MC revealed similar thermal
behavior. Both samples are characterized by an alginate degradation peak at 253 and
257 ◦C, respectively.
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In the TGA thermogram of MC, a decomposition peak is observed, which starts at
259 ◦C and finishes at 412 ◦C with a mass loss of 80%, while the total mass loss at 800 ◦C
is 87% (Figure 6B). The sodium alginate decomposition occurs in three steps. The first
step from 35 ◦C to 196 ◦C is due to dehydration, while decomposition starts at 196 ◦C
and ends at 500 ◦C. Finally, the weight loss from 500 ◦C to 800 ◦C is attributed to Na2CO3
formation [20]. The thermogram of PNIPAM displays one distinctive degradation step
which starts at 311 ◦C, due to degradation of the backbone of the polymer, and ends
at 428 ◦C. Weight loss is continued until 800 ◦C due to main chain degradation [22,23].
Comparing the thermograms of sodium alginate with the grafted Alg-g-PNIPAM, it is
shown that the grafted polymer exhibits higher thermal stability at least until 700 ◦C. After
blending the Alg-g-PNIPAM copolymer with MC, the thermogram is more complex, and
at 800 ◦C, the two copolymers Alg-g-PNIPAM and Alg-g-PNIPAM/MC show a remaining
mass of 27 and 19%, respectively. The different thermal behavior of Alg-g-PNIPAM/MC
can be attributed to the lower thermal stability of MC in comparison with sodium alginate
and PNIPAM.

2.3.3. Morphological Characterization

The mean pore size of the wet Alg-g-PNIPAM sample was found equal to 2.04± 0.18 mm,
and the dry 1.37 ± 0.14 mm, respectively. On the other hand, the average pore size in the
presence of MC is 1.97± 0.17 mm for the wet scaffolds and 1.80 ± 0.11 mm for the dry ones.
The examination of scaffolds’ geometry revealed a decrease in pore size after freeze-drying,
for both compositions, as seen in

Scanning electron microscopy (SEM) images from the lyophilized scaffolds are shown
in Figure 8. Both compositions maintain their porous structure after lyophilization. It is
interesting to mention that both samples show a rounded pore geometry, which is expected
based on the soft nature of the gels. At a higher magnification, it can be observed that the
specimen containing MC has a rougher surface texture. Figure 7.
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2.3.4. Erosion Studies

The erosion profile of 3D-printed Alg-g-PNIPAM/MC and Alg-g-PNIPAM domains
have been examined, and the results are presented in Figure 9. The 3D-printed designs were
freeze-dried, followed by hydration with distilled water at room and body temperature.
The more stable material, Alg-g-PNIPAM/MC, was degraded only by 6% at 37 ◦C and
19% at 20 ◦C after 7 days (172 h). In contrast, Alg-g-PNIPAM was eroded by up to 26%
at 20 ◦C after 5 days (120 h) and by up to 35% at 37 ◦C after 6 days (144 h). After these
timeframes, the weaker bonds of Alg-g-PNIPAM domains were disintegrated. In Figure 7b,
the moisturized MC-enriched and the MC-free samples are illustrated at day 7. After a
week, the Alg-g-PNIPAM/MC seems almost intact compared to the Alg-g-PNIPAM. Hence,
it was concluded that the MC-rich scaffolds could be promising candidates for a two-
week pre-osteoblastic cell culture investigating cell viability, proliferation, and osteogenic
differentiation, considering that MC is expected to enhance the cell proliferation.
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2.4. Evaluation of Cytocompatibility, Cell Adhesion, Viability and Proliferation
2.4.1. Cell Viability and Proliferation

Cell viability and proliferation using pre-osteoblastic cells have been assessed at days
3, 5, and 7 (Figure 10a,b). The number of cells increased from day 3 to day 5 and up to day 7,
demonstrating that the scaffold compositions promote cell proliferation. Both scaffold
compositions, Alg-g-PNIPAM and Alg-g-PNIPAM/MC, showed similar cell viability at
each time point, and these were found to be significantly lower compared to the tissue
culture polystyrene (TCPS) control; however, they reached 80% viability of the control.
The Alg-g-PNIPAM/MC scaffolds indicated a higher cell viability on day 5; however, this
was not significant compared to the Alg-g-PNIPAM counterparts. These results show
that the Alg-g-PNIPAM scaffolds are cytocompatible. Statistical analysis of each scaffold
composition compared to the TCPS control revealed significant differences (p < 0.0001) at all
time points. Another report on Alg-g-P(NIPAM)-based solutions of various concentrations
showed 80% fibroblast cell viability after 24 h, indicating the cytocompatibility of this
grafted co-polymer [20].
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Figure 10. Cell viability and proliferation of pre-osteoblastic cells seeded on Alg-g-PNIPAM, Alg-
g-PNIPAM/MC scaffolds and TCPS control at 3, 5 and 7 days expressed as OD values (a) and as
cell viability percentage (b). Bars represent averages ± standard deviation of n = 6 (*** p < 0.001,
**** p < 0.0001).
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2.4.2. Cell Adhesion and Morphology Evaluation

We observed the cell adhesion on the surface of the scaffold struts and their morphol-
ogy by means of SEM. Figure 11 (upper panel) shows the pre-osteoblastic cells adhered
on both scaffold compositions after 7 days in culture. The cell nuclei of a dense cell layer
covering both scaffold types are clearly visible in Figure 11 (lower panel). The morphology
of adhered cells did not show any differences between the two compositions. The charac-
teristic morphology of cell nuclei indicates that both scaffold types support cell adhesion.
Although none of the scaffold compounds, alginate [24], PNIPAM [25] or MC [15], possess
cell-specific binding sites to promote cell adhesion, both scaffold compositions showed
adequate attachment of pre-osteoblasts. Similarly, other studies report on good cell adhe-
sion on alginate [26] and PNIPAM [27]-based scaffolds combined with other biomaterials
or coatings.
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Figure 11. SEM images of scaffolds without (upper panel) and with cells (lower panel) at day 7. The
surface of the Alg-g-PNIPAM scaffold is depicted in the upper left and Alg-g-PNIPAM/MC in the
upper right images. The elongated morphology of adhered cells with visible cell nuclei is shown on
the Alg-g-PNIPAM (lower left) and Alg-g-PNIPAM/MC (lower right) scaffolds. Magnification is
×1500, and scale bars represents 10 µm.

2.4.3. Evaluation of Osteogenic Differentiation Markers ALP Activity and Calcium and Collagen
Production by Cells Cultured on Alg-g-PNIPAM and Alg-g-PNIPAM/MC Scaffolds

Bone formation is accompanied by specific enzymatic activity and expression charac-
teristic of the osteoinduction process. Alkaline phosphatase (ALP) activity is elevated in
areas of extracellular matrix mineralization. ALP activity was investigated at two early time
points of culture, as it presents an early-phase osteogenesis marker. At day 3, both scaffold
compositions demonstrate with a two-fold increase in enzyme activity, significantly higher
than that of the TCPS control. At day 7, the ALP activity increased two-fold compared
to day 3, and it is higher on both scaffold compositions compared to the control, with a
significantly higher difference on the Alg-g-PNIPAM/MC scaffolds (Figure 12a).

The concentration of the calcium produced by osteoblasts was assessed on days 3,
7, 10 and 14 (Figure 12b) as a late marker of osteogenesis. The calcium concentration
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increased between the consecutive experimental time points. In particular, the production
of calcium showed at least a 30% increase, with significantly higher levels in both scaffold
types compared to the TCPS control at days 7, 10 and 14, with an approximate increase
of 30–50% between the experimental timepoints. On days 7 and 10, the MC-containing
scaffolds presented a significantly higher increase compared to the Alg-g-PNIPAM ones.
Of note, the higher calcium content in both scaffold types may be attributed to the presence
and release of Ca2+ used for crosslinking the hydrogels before and after 3D printing.

Osteoblasts produce more collagen type I than any other cell. We have quantified
the total collagen amount produced by cells cultured onto the scaffolds on days 7 and 14
(Figure 12c). Rich collagen synthesis with a concentration of 750 µg/mL was measured on
day 7 for Alg-g-PNIPAM and 900 µg/mL for Alg-g-PNIPAM/MC scaffolds, while secreted
collagen concentration increased by 10–25% on day 14. Both scaffold compositions depicted
comparable collagen production with the TCPS control at day 7. However, on day 14,
both scaffold compositions showed significantly higher collagen levels compared to the
TCPS control, with the Alg-g-PNIPAM/MC scaffolds displaying significantly higher levels
compared to the Alg-g-PNIPAM scaffolds.
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Figure 12. Normalized alkaline phosphatase activity of pre-osteoblasts cultured onto the two scaffold
types and TCPS control on days 3 and 7 (a). Calcium concentration on days 3, 7, 10 and 14 (b).
Collagen production by cells on days 7 and 14 (c). Bars represent averages ± standard deviation of
n = 6 (** p = 0.0098, *** p = 0.0004, **** p < 0.0001). Asterisks (*) denote significant differences between
each scaffold composition with the TCPS control, while hashtag (#) designates significant differences
between Alg-g-PNIPAM and Alg-g-PNIPAM/MC scaffolds.

Alginate is one of the most prominently used biomaterials in bone tissue engineering
due to its excellent gelling capacity and its ability to physically bind cations such as
calcium and strontium, which are then available for release in aquatic environments, thus
providing an osteogenic effect [28]. PNIPAM grafted onto gelatin has also been used as
an injectable hydrogel for bone defect regeneration [29], making the mixing of these two
biomaterials a rather promising combination for bone tissue engineering applications. The
additional incorporation of MC into the alginate/PNIPAM blend was considered with
regard to supporting the 3D-printing process, as well as due to its established osteogenic
potential [30,31]. Alginate scaffolds have been previously reported to exhibit increased
alkaline phosphatase activity, presenting elevated values between subsequent time points,
compliant with the findings of this study [32]. Similarly, an injectable, thermo-responsive
hyaluronic acid-g-chitosan-g-PNIPAM copolymer has been reported to show increased ALP
activity and calcium deposition with progressing time in culture of bone marrow-derived
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mesenchymal stem cells [33]. In that particular work, calcium ions’ concentration was
determined through alizarin red staining over a period of 21 days, displaying a gradual
increase, thus indicating a similar pattern to that evident in our measurements of calcium
concentration in the scaffold supernatants.

3. Conclusions

In this study, we showed that it is possible to combine graft thermoresponsive algi-
nates with MC to produce soft inks suitable for 3D printing in biomedical applications. It
was possible to control the dynamic moduli of the resulting gels by the interplay of the
different stimuli such as temperature and Ca2+ ions. The presence of MC significantly im-
proved the printing fidelity and the erosion profiles of the polymer networks post-printing.
Cells cultured on both scaffold compositions, Alg-g-PNIPAM and Alg-g-PNIPAM/MC,
displayed a significant increase in osteogenic markers including ALP activity, calcium, and
collagen production compared to the control. Particularly, the MC-containing scaffolds
indicated higher responses in these markers compared to the Alg-g-PNIPAM counterparts.
These findings demonstrate the osteogenic potential of these gels and their excellent ability
to act as 3D-printed scaffolds for bone tissue engineering.

4. Materials and Methods
4.1. Materials

N-isopropylacrylamide (NIPAM, Fluorochem), 2,2′-Azobis(2-methylpropionitrile)
(AIBN, Sigma Aldrich, St. Louis, MO, USA), 2-aminoethanethiol hydro-chloride (AET HCl,
Alfa Aesar), 1-hydroxybenzotriazole hydrate (HoBT, Fluka), 1-ethyl-3-(3-(dimethylamino)
propyl) carbodiimide (EDC, Alfa Aesar), tetrahydrofuran (THF, Sigma Aldrich), calcium
chloride dihydrate (CaCl2·2H2O, Sigma Aldrich), sodium hydroxide (NaOH, Panreac), and
acetone (Sigma-Aldrich) were used as purchased. Purified water (3D-H2O) was provided
by an ELGA Medica-R7/15 device. Sodium alginate (NaALG, Aldrich) with a molecular
weight range of 120,000–190,000 g/mol and a mannuronic/guluronic ratio (M/G) of 1.53
(values are given by the supplier) was dissolved at 7 w/v% in 3D water, and was further
purified against dialysis membrane (MWCO 12,000–14,000 Da) before being freeze-dried.

4.2. Synthesis of the Amino-Terminated PNIPAM-NH2 Side

The polymeric side chains were synthesized by free radical polymerization. AIBN was
used as an initiator and AET HCl as a chain transfer agent. Briefly, 4 g (0.035 mol) of NIPAM
monomer units were dissolved in 40 mL THF. The mixture solution was degassed with
nitrogen for 15 min. Then, the mixture was heated at 70 ◦C. Then, 0.02 g (0.177 mmol, 0.5%
over the monomer concentration) AET and 0.058 g (0.354 mmol, 1% over the monomer
concentration) AIBN were added to the mixture. The mixture was left under stirring
for 24 h. The reaction was stopped by exposure to air at room temperature followed by
purification against distilled water with a dialysis membrane (MWCO: 12,000–14,000 Da), in
order to remove unwanted byproducts and impurities; finally, the product was freeze-dried
and stored as white flakes. The number average molecular weight (Mn) was evaluated by
acid–base titration of the amino-terminated groups of the polymer chains, as presented
in Table 1.

Table 1. Molecular characteristics of the PNIPAM-NH2.

Grafting Chain Mn (g/mol) a

PNIPAM-NH2 13,740
a From acid–base titration.

4.3. Synthesis of the Alg-g-PNIPAM

The grafting reaction of the thermosensitive PNIPAM-NH2 side chains onto the Alg
backbone was accomplished by carbodiimide chemistry, forming an amide group by the
carboxyl groups of the Alg monomer units’ ring and the -NH2 end-group of the PNIPAM
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chains [34,35]. EDC and HOBt were used as coupling agents. Then, 1.15 g of NaALG
and 2.25 g of PNIPAM-NH2 were dissolved separately in 25 mL and 45 mL of 3D H2O,
respectively. The mixtures were left under stirring in room temperature for 24 h. Then, the
PNIPAM solution was added in the Alg one. Subsequently, 0.111 g (0.89 mmol, 5% moles
over the monomer moles) HOBt dissolved in 3 mL of 3D-water and 0.6279 g (0.003 mol,
20% moles over the monomer moles) of EDC dissolved in 5 mL of 3D H2O were added to
the mixture and left under stirring at 20 ◦C for 48h. The pH of the Alg/PNIPAM mixture
was adjusted at 5–6, and the EDC solution was added in two steps (half of the amount was
added at the start of the reaction, and the rest after 24 h). The final mixture product was
precipitated in acetone in order to remove the un-grafted PNIPAM-NH2 chains, followed
by filtration and dissolution of the precipitate in ~5 wt.% in distilled water. The pH of
the mixture was set at 11 using NaOH (1M), and was further purified using a dialysis
membrane (MWCO: 25,000 Da), before finally being freeze-dried. In Table 2 the molecular
characteristics of the produced biopolymer are presented.

Table 2. Molecular characteristics of the polymer.

Graft Copolymer Mw (g/mol) a
% Molar Composition

Alg/Grafting Chain
(mol/mol) b

% Weight Composition
Alg/Grafting Chains

(w/w)

Number of PNIPAM
Side Chains Per

NaALG Backbone b

Alg-g-PNIPAM 167,470 74.4/25.6 83.6/16.4 2
a Calculated by the following equation: Mw,cop = Mw,Alg/wt% Alg, Mw,Alg = 140,000 g/mol; b Calculated by 1H NMR.

4.4. Proton Nuclear Magnetic Resonance (1H NMR)

The molar composition (%) of the grafting PNIPAM chains onto the Alg was calculated
by integrating the above characteristic areas, and the weight composition (%) of the graft
copolymer was calculated by the molar composition using the Mw building units of sodium
alginate and the Mw of the PNIPAM side chains. The samples were dissolved in D2O (peak
~4.8 ppm) and were analyzed using a Bruker Avance iii Hd Prodigy Ascend Tm 600 MHz
spectrometer (Billerica, MA, USA).

4.5. Hydrogel Preparation

A solution of 5 wt.% Alg-g-PNIPAM containing 2 mm of Ca2+ was prepared. Methyl-
cellulose was added up to final mixture concentration 7.5 wt.%. The hydrogels were left
under stirring at T = 10 ◦C up to full homogeneity.

4.6. Rheological Studies

The rheological evaluation of the Alg-g-PNIPAM and Alg-g-PNIPAM/MC hydrogel
samples was conducted on a stress-controlled AR-2000ex rheometer (TA Instruments) with
a cone and plate geometry (diameter 20 mm, angle 3◦, truncation 111 µm). The hydro-
gels were loaded on a Peltier plate, which highly ensures the experimental temperature
(±0.1 ◦C), and their thermo- and shear-responsiveness were measured. A solvent trap was
located over the cone–plate geometry to prevent changes in the hydrogels’ concentrations.
All the measurements were operated in the linear viscoelastic regime (LVR), which has
been verified for its sample by a strain sweep test and a constant angular frequency at
6.28 rad/s.

4.7. Determination of the LCST

The LCST temperature of PNIPAM and NaAlg-PNIPAM was measured by using a
Shimadzu UV-1900i spectrophotometer (Shimadzu Co., Kyoto, Japan) at a wavelength
of 500 nm. The instrument was equipped with a Peltier-controlled thermostated cell
holder (TCC-100, Shimadzu Co., Kyoto, Japan)). Measurements were performed in the two
polymer solutions at a concentration of 4 mg/mL.
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4.8. 3D Scaffold Design and Manufacturing

The pattern of the 3D model designed using the online TinkerCAD™ design platform
and exported to an .stl file. By loading the digital design on the open-source slicing
software Ultimaker Cura 5.2.1, all printing parameters were set, and the final file exported
in .gcode format. The generated gcode file was loaded to the 3D printer. The scaffolds
were manufactured with a low-cost 3D FFF (fused filament fabrication) printer, which
was modified to a hydrogel printer. In summary, the extruder of a Wanhao Duplicator i3
plus was removed, and next, a syringe support was designed and manufactured using a
polylactic acid filament in a commercial 3D printer (Wanhao Duplicator i3 plus, Wanhao
Ltd., Jinhua, China). A plastic 10 mL syringe was inserted in the extruder’s position, and
the head of the syringe was connected with a clamp to a pneumatic dispenser (DX-250,
Metcal, Hampshire, UK). At the edge of the syringe, a plastic nozzle with a diameter of
400 µm was connected to a Luer lock fitting. The bed temperature was set at 40 ◦C, and
a 60 mm glass Petri dish was adhered on the printing bed by means of tape. Afterwards,
the hydrogel was placed in the syringe. An external air compressor (Mini 50, Airblock,
Thessaloniki, Greece) was joined to the syringe, and by applying the appropriate pressure,
the syringe plunger was forced to extrude the hydrogel through the nozzle. The 3D-printed
objects were crosslinked with calcium ions directly by immersion after printing in a 0.5 M
CaCl2·2H2O solution for 30 min. Finally, the scaffolds were washed thoroughly with
distilled water and lyophilized (Telstar Cryodos, Terrassa, Spain) [30].

4.9. Structural Characterization

X-ray diffraction patterns were collected with a Bruker D8 Advance diffractome-
ter (Bruker AXS GmbH, Karlsruhe, Germany) with monochromatic CuKα1 radiation
(λ = 1.5406 nm) at a voltage of 40 kV and a current value of 40 mA. The angular scanning
speed was 0.35 s/step. After lyophilization, the dried gels were placed on an XRD specimen
holder and compacted with a glass slide to flatten them.

ATR-FTIR spectroscopy was performed on an FTIR spectrometer (IR Tracer-100, Schi-
madzu, Kyoto, Japan) using the ATR accessory MIRacle™ Single Reflection equipped with
a ZnSe crystal. After the background signal collection, a small amount of the dried sample
was placed in contact with the ATR crystal, and a pressure of 75 psi was applied. Spectra
were recorded by averaging 25 scans at a resolution of 4 cm−1 in the spectral range between
550 and 4000 cm−1.

4.10. Thermal Characterization

For the differential scanning calorimetry (DSC) measurements, powdered samples
(1–3 mg) were weighed and placed in aluminum pans, sealed hermetically, and assessed in
a Q200 (TA Instruments, New Castle, DE, USA) differential scanning calorimeter. An empty
aluminum pan used as the reference sample. The specimens were heated from 25 to 300 ◦C
at a heating rate of 10 ◦C/min under nitrogen atmosphere at a flow rate of 50 mL/min.

Thermogravimetric analysis (TGA) measurements were performed through a TG Q500
thermogravimetric analyzer (TA Instruments, New Castle, DE, USA). About 5 mg of the
samples were placed in a platinum pan and heated over a temperature range from 35 to
800 ◦C at a heating rate of 10 ◦C/min, under nitrogen with a flow rate of 60 mL/min.

4.11. Morphological Characterization

Scanning electron microscopy images (Zeiss EVO MA-10, Carl Zeiss, Oberkochen,
Germany) determine the surface morphology of the 3D-printed scaffolds. The samples were
placed on aluminum holders, fixed with a conductive silver paste, and then gold sputtered
(BAL-TEC SCD-004). Also, images were taken using a digital microscope (Celestron LLC,
Torrance, CA, USA) to measure the differences in pore diameters before and after freeze-
drying. Pore sizes were quantified using ImageJ analysis software (Version 1.44p, National
Institutes of Health: Bethesda, MD, USA).

43



Gels 2023, 9, 984

4.12. Cell Culture Maintenance

MC3T3-E1 pre-osteoblastic cells (DSMZ Braunschweig, Germany) derived from mouse
calvaria were cultured in a humidified incubator at 37 ◦C and 5% CO2 (ThermoFisher,
Waltham, MA, USA) in alpha-MEM supplemented with 10% (v/v) fetal bovine serum (FBS),
100 g/mL penicillin and streptomycin, 2 mm L-glutamine and 2.5 µg/mL amphotericin
(all from PAN-Biotech, Aidenbach, Germany) (complete alpha-MEM). Cells were cultured
to 90% confluence by medium change every two days, and detached using trypsin-0.25%
ethylenediaminetetraacetic acid (EDTA) (Gibco, Thermo Fisher Scientific, Waltham, MA,
USA) for passaging. All experiments were conducted with cell passages from 10 to 12.
For the osteogenic potential assessment of the scaffolds, we applied osteogenic medium
comprising complete alpha-MEM supplemented with 10 nM dexamethasone, 10 mm
glycerophosphate, and 50 g/mL L-ascorbic acid 2-phosphate (Sigma-Aldrich, St. Louis,
MO, USA).

Prior to cell seeding, all scaffolds were sterilized by immersion in 70% ethanol for
3 min, followed by 30 min of UV irradiation at 265 nm at both sides. Each scaffold was
submerged for 10 min in culture medium. Then, the medium was removed and a 15 µL
cell suspension with 3 × 104 cells was seeded onto each scaffold in a 96-well plate; 150 µL
cell culture medium was added, and cell-loaded scaffolds were placed in the incubator.

4.13. Cell Viability and Proliferation Assessment

Cell viability assessment of cells cultured onto 3D-printed scaffolds is essential in
any tissue engineering application. The cell viability of the scaffolds was investigated by
employing a metabolic assay, the PrestoBlue™ (Invitrogen Life Technologies, Carlsbad, CA,
USA) cell viability assay. The reagent contains resazurin, which changes color from blue to
purple according to cell metabolism. On each scaffold, 10 µL of PrestoBlue™ reagent and
90 mL of fresh medium were added to a final volume of 100 mL for each well of a 96-well
plate. The mixture was incubated for 1 h at 37 ◦C and then transferred to another 96-well
plate to measure the absorbance in a spectrophotometer at 570 and 600 nm (Synergy HTX
Multi-Mode Micro-plate Reader, BioTek, Bad Friedrichshall, Germany). The number of
living cells was measured photometrically at 3, 5, and 7 days. For the determination of cell
numbers from the absorbance values, we used a calibration curve of known pre-osteoblastic
cell numbers in the same multi-well plate type.

4.14. Cell Adhesion and Morphology

The cell adhesion and morphology onto the scaffolds were monitored using SEM at
7 days. Prior to microscopy, the scaffolds were rinsed with phosphate-buffered saline (PBS)
to remove the remaining culture medium, and were fixed using 4% paraformaldehyde
for 20 min. The scaffolds were then dehydrated in increasing ethanol concentrations from
30, to 100% v/v. The scaffolds were then sputter-coated with a 20 nm gold layer (Baltec
SCD 050, Baltec, Los Angeles, CA, USA) and observed by means of a scanning electron
microscope (JEOL JSM-6390 LV, Tokyo, Japan) at an accelerating voltage of 20 kV.

4.15. Osteogenic Potential Evaluation of Pre-Osteoblasts Seeded onto Scaffolds by Determination of
the ALP Activity, Collagen and Calcium Secretion

The ALP activity is indicative of the initial stages of osteogenesis. Briefly, the cell-
seeded scaffolds remained in culture for 3 and 7 days using osteogenic medium. Each
scaffold was rinsed with PBS and submerged in 200 µL lysis buffer (0.1% Triton X-100 in
50 mm Tris-HCl pH 10.5) to extract the cell lysate. The mixture of 100 µL lysate with 100 µL
of 2 mg/mL p-nitrophenyl phosphate (pNPP, Sigma, St. Louis, MO, USA) solution was
incubated at 37 ◦C for 1 h, and measured photometrically at 405 nm. The enzymatic activity
was calculated using the following equation:

Units = mmol p-nitrophenol/min
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and normalized to total protein in lysates determined using the Bradford protein concen-
tration assay.

Calcium is one of the elemental components of bone tissue. Calcium mineralization is
a crucial regulator for the formation of the bone matrix and a late marker of osteogenesis.
Calcium secretion was determined by the O-cresol phthalein complexone (CPC) method.
Culture supernatants were collected after 3, 7, 10 and 14 days, and 10 µL of each sample was
mixed with 100 µL of calcium buffer and 100 µL of calcium dye CPC. The final solutions
were transferred to a 96-well plate to measure the absorbance at 405 nm.

Collagen is a crucial element and the primary organic component of bone tissue, which
plays a pivotal role in providing structural support in the formation of the extracellular
matrix (ECM). Quantification of collagen secretion in culture supernatants was performed
by the Sirius Red (Direct red 80, Sigma-Aldrich, St. Louis, MO, USA) staining method after
7 and 14 days. In brief, 25 µL of supernatants were diluted in 75 µL of ultrapure water at
each time point. The solution was mixed with 1 mL of 0.1% Direct Red 80 and incubated
at room temperature. After centrifugation of the samples, the pellets were rinsed with
0.5 M acetic acid for non-bound dye removal. Finally, 200 µL of NaOH 0.5 M was added to
extract the collagen-bound dye complex. The absorbance of the solutions was measured
with a spectrometer in a 96-well plate at 530 nm. A calibration curve correlates the quantity
of collagen to mg/mL.

Statistical analysis was performed using GraphPad Prism 8.0.2 software (GraphPad
Software, San Diego, CA, USA) and a two-way ANOVA followed by Tukey’s multiple com-
parisons test. All values are expressed as average ± standard deviation (SD). The adjusted
p value set * p < 0.05 compared each scaffold composition with the TCPS control at each
time point. Statistical analysis was performed to compare the two scaffold compositions,
Alg-g-PNIPAM and Alg-g-PNIPAM/MC.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/gels9120984/s1, Figure S1. 1H-NMR spectra of (a) Alg-g-PNIPAM and
of (b) PNIPAM-NH2. Figure S2. FTIR spectra of Alg-g-PNIPAM (a), Alg (b), and PNIPAM-NH2 (c).
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Abstract: Carboxymethyl chitosan (CMCh) is a unique polysaccharide with functional groups that
can develop positive and negative charges due to the abundant numbers of amine and carboxylic acid
groups. CMCh is widely used in different areas due to its excellent biocompatibility, biodegradability,
water solubility, and chelating ability. CMCh microgels were synthesized in a microemulsion environ-
ment using divinyl sulfone (DVS) as a crosslinking agent. CMCh microgel with tailored size and zeta
potential values were obtained in a single stem by crosslinking CMCh in a water-in-oil environment.
The spherical microgel structure is confirmed by SEM analysis. The sizes of CMCh microgels varied
from one micrometer to tens of micrometers. The isoelectric point of CMCh microgels was determined
as pH 4.4. Biocompatibility of CMCh microgels was verified on L929 fibroblasts with 96.5 ± 1.5% cell
viability at 1 mg/mL concentration. The drug-carrying abilities of CMCh microgels were evaluated
by loading Vancomycin (Van) antibiotic as a model drug. Furthermore, the antibacterial activity
efficiency of Van-loaded CMCh microgels (Van@CMCh) was investigated. The MIC values of the
released drug from Van@CMCh microgels were found to be 68.6 and 7.95 µg/mL against E. coli and
S. aureus, respectively, at 24 h contact time. Disk diffusion tests confirmed that Van@CMCh microgels,
especially for Gram-positive (S. aureus) bacteria, revealed long-lasting inhibitory effects on bacteria
growth up to 72 h.

Keywords: carboxymethyl chitosan; microgel; sustained drug delivery; antibiotic; Fe (II) chelating
activity; vancomycin; prolonged antibacterial effect

1. Introduction

Carboxymethyl chitosan (CMCh) is a chitosan (Ch) derivative composed of glu-
cosamine units [1]. Ch is a biocompatible, biodegradable, non-toxic, antimicrobial, ac-
cessible natural polymer and has been used in biomedical applications due to its gene-
carrying ability, bacteria growth-inhibitory effects, anti-oxidant and anti-inflammatory
activities [1,2]. However, the low solubility of Ch in an aqueous environment restricts these
biological properties [3]. Certain functional groups, such as amino and hydroxyl groups
added onto Ch chains, allow Ch to be chemically modified so that the resultant structure
possesses improved water solubility, allowing Ch derivatives multiple functions to be
explored for new applications. Carboxymethylation is one of the methods for hydrophilic
modification, and CMCh is proven to have numerous better biological properties and
unique abilities, including wound healing capability, mucoadhesive, gelling, metal-ion
chelating, moisture retention ability as well as injectability, bioimaging, gene and enzyme
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delivery aptitudes making CMCh as one of the most preferred materials in tissue engineer-
ing applications with its additional advantages such as degradability [1,4,5]. Depending
on the carboxymethylation reaction, O-Carboxymethyl chitosan, N, O-Carboxymethyl
chitosan, and N, N-Carboxymethyl chitosan with different biological activities can be
obtained [6,7]. CMCh-based gels were found to be biocompatible with mesenchymal
stem cells, osteoblasts, and fibroblasts [8–10]. Due to the presence of a higher number
of chelating groups, supramolecular assemblies of CMCh, i.e., CMCh-based hydrogels,
can increase the moisture retention time, improve water solubility, biodegradability, and
enhance antibacterial activity [11,12]. Moreover, CMCh, as a drug carrier, is able to exhibit
slower drug release and better adsorption ability compared to CH, which directly affects
its bioavailability [13].

Novel gel-based drug carriers derived from natural polymers have been proposed
for the treatment of a wide variety of diseases, including neurological disorders, diabetes,
infections, psoriasis, glaucoma, and cancer [14–17], and the majority of them showed
promising results. Considering the higher cost of manufacturing processes of synthetic
drug molecules or drug delivery systems, the ease of production and modification of
nature-based materials such as CH and CMCh are quite advantageous, especially in the
biomedical, cosmetic, and food industries [1,18,19]. In literature, CMCh-based scaffolds,
nanoparticles, and hydrogels showed controllable pore size, higher swelling ability, degrad-
ability, cell adhesion, and proliferation capabilities, e.g., Rao et al. reported that poly(vinyl
alcohol) and CMC-containing wound dressing material and showed that these materials
have high cell viability on connective tissue cells [20]. Another recently published study
indicated that CMCh had to promote wound healing in burn wounds, such as wound
contraction [18]. Local delivery of chemotherapeutics and their sustained release for up
to 5 days was achieved using CMCh-based hydrogels [21]. In addition, CMCh showed
pH-responsive swelling ability and high biocompatibility in normal cells. Recently, the
controlled release of drugs from carriers via different factors such as pH, temperature,
electrical field, and partition coefficient has become a highly preferred method [14,16,22].
Natural polymers such as CMCh can integrate and release drugs at a higher rate with their
unique bio-beneficial properties with good swelling ability, entrapment, and degradation
properties, maintaining the relevant drug concentration in the blood for an extended pe-
riod [23,24]. CMCh-based polymeric structures were reported to be used for the delivery of
a variety of antimicrobial agents such as ciprofloxacin [22], fluconazole [25], clindamycin [4],
gentamycin sulfate [5], voriconazole [26]. To date, biocompatible Ch hydrogels crosslinked
with different agents such as glutaraldehyde, formaldehyde, and oxalic acid for tissue
engineering are reported [27,28]. Despite these gel-based polymeric structures that possess
porous and interconnected structure, elasticity, flexibility, and moisturize-retention ability,
the low mechanical strength, poor stability, and insolubility of hydrogels at certain pH
conditions significantly restrict their use [27]. Likewise, the standardization of CS-based hy-
drogels, as well as their insufficient clinical utility, persist as substantial limitations [29]. On
the other hand, nano- and microgels of chemically crosslinked Ch such as Ch:methacrylates,
CMCh:sodium tripolyphosphate complex, CMCh:alginate complex, and CH:gelatin com-
posites were proven to overcome most of these limitations and exhibit improved properties
for drug delivery purposes including injectability [30–32].

Vancomycin (Van) is a first-generation glycopeptide antibiotic especially prescribed
for hospital-acquired infections [33]. Van is suggested in many diseases such as colitis,
skin and soft tissue infections, and endocarditis with FDA approval. The mechanism of
action of Van is to stop the cell wall production of bacteria by binding to peptidoglycan
precursors and inhibiting the protein–biosynthesis cycle. Hence, in addition to the main
effects on Gram-positive bacteria, Van also has broad-spectrum antimicrobial effects. Van
is administered parenterally or orally, but due to its hydrophilic nature, Van is released
fast and has limited membrane permeability. Low systemic absorption (oral bioavailability
of less than 10%) [34] and rapid clearance (elimination half-life is 5–11 h range) [35] of
this drug are the important obstacles, and it was reported that Van should be used with
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a loading dose to ensure effective blood levels [36]. However, severe diarrhea, hearing
loss, angioedema, neutropenia, nephrotoxicity, ototoxicity, and Van flushing syndrome
(VFS, with quite varying incidences, were reported as non-negligible adverse effects of this
antibiotic. These adverse effects strongly concern patients with diabetes, renal impairment,
and hypersensitivity [35,37].

Several methods for Van loading into mesoporous materials or gel-based polymeric
structures, including physical mixing and vacuum-assisted loading, were reported [38]
to increase the bioavailability of Van. These reports confirmed that Van release from Van-
loaded particles could last more than 5 days [38]. Poly(ethylene glycol) conjugated Van
showed high drug loading content and stability [33]. Since Van is known as a critical situa-
tion medicine, it is important to provide optimum delivery conditions for this antibiotic.
Rapid Van release, along with a prolonged local drug concentration for killing the bacteria
in the initial stage, is preferred to obtain a better therapeutic response as well as to prevent
continuous bacterial infections [39]. Van is a large antibiotic having approximately 1500 Da
of molecular weight and a big molecular size (3.2 × 2.2 nm) [40,41]. Therefore, the potential
Van carriers should possess appropriate characteristics, e.g., size, pore, functional groups,
etc., to encapsulate this drug as well as have controllable swelling or degradability capabili-
ties. To date, Van@hydroxy propyl methyl cellulose microparticles [42], Van-encapsulated
poly(epsilon-caprolactone) microparticles [43], Van@poly (lactic-co-glycolic acid)(PLGA)
microspheres [44] with sustained release of Van up to 6.5, 7 and 28 days, respectively, are
reported. In a recent study conducted by Yu et al., Van@PLGA microspheres with pH-
responsive characteristics were proposed [45]. It was proven that Van-loaded microspheres
were able to inhibit bacteria growth of S. aureus even on the 50th day of the drug release.

Here, we report CMCh microgels as a biocompatible drug delivery system designed
for carrying active agents such as antibiotics, antifungals, antivirals, antineoplastic agents,
and so on. Microgels of CMCh were synthesized in a microemulsion system. Functional
and morphological characterization of CMCh microgels was elucidated by FTIR spec-
troscopy and scanning electron microscope (SEM) images. The hydrolytic degradation of
the prepared microgels was determined by pH-dependent weight loss studies. In addition,
the biocompatibility of CMCh microgels was assessed on connective tissue cells in vitro.
Moreover, Van (Van HCl) as a model drug was loaded into CMCh microgels, and its release
characteristics were studied because of the rapid elimination and low bioavailability nature
of this antibiotic. The main aim of Van loading into CMCh microgels was to obtain a
sustained drug release profile lasting more than 24 h. Furthermore, the antibacterial activity
of CMCh microgels and its drug-loaded form were tested against both Gram-negative
Escherichia coli and Gram-positive Staphylococcus aureus. Further, the prolonged drug release
was planned to be confirmed by antimicrobial activity studies in vitro.

2. Results and Discussion

DVS forms ether bonds by the reaction of the primary hydroxyl groups of glucose
units, e.g., in Hyaluronic acid) [46] or by reaction of amine groups, e.g., in the preparation
of polyethyleneimine particles [47] under alkaline conditions. The reaction of DVS as a
crosslinker in crosslinking is reaction is rapid, resulting in gel formation within minutes [48].
A schematic diagram of the synthesis of CMCh microgels with DVS is illustrated in Figure 1.
It is apparent that spherical-shaped CMCh microgels with smooth surface morphology
are successfully formed in two different reaction mediums. The SEM images of microgels
synthesized in two different microenvironments are given in Figure 1. The dimensions
of the microgels were determined using the ImageJ program. The microgels synthesized
in 0.2 M AOT/isooctane medium (M1) were 5.8 ± 4.8 µm in size, while the microgels
synthesized in 0.1 M lecithin/cyclohexane medium (M2) were found to be in 1.2 ± 0.4 µm.
The yield was less than 25% in the M1 medium, whereas the yield was 89.4 + 3.3% for the
microgels prepared in M2. Therefore, the studied for the progress of this research were
continued using CMCh particles prepared in M2 medium.
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Figure 1. (a) Schematic presentation of CMCh microgels preparation and (b) photograph of powder
CMCh molecules and the SEM images of CMCh microgels synthesized in M1 (0.2 M AOT/isooctane
medium) and M2 (0.1 M lecithin/cyclohexane) medium, respectively.

The SEM images of Van@CMCh microgels are given in Figure S1. Although the
CMCh microgels have a smooth spherical shape, the Van@CMCh microgels have reduced
roundness and smoothness. The presence of drug within the network of CMCh upon
drying can cause this kind of alteration of the smooth surface features.

From the FT-IR spectra of CMCh and CMCh microgels shown in Figure 2a, the wide-
stretching peak in the 3200–3550 cm−1 band is noticeable for both CMCh, i.e., for CMCh
polymer and its microgel. It has been reported that DVS shows an FT-IR peak at 1312 cm−1

(S=O asymmetric stretching vibrations) and at 1131 cm−1 for S=O symmetric stretching
vibrations [47]. Since the S=O (asymmetric stretching vibrations) peak of DVS seen in
1310 overlaps with the O-H peak of CHCh, and the S=O (symmetric stretching vibrations)
peak in 1100 coincides with the ether peak, -CH2-O- of CMCh, no new peak is visualized
upon microgel formation by DVS crosslinking of CMCh. It is also evident that some of
the stretching frequencies of CMCh and crosslinked CMCh microgel peaks overlapped,
such as S=O stretching, C-O stretching, and O-H vibrations. On the other hand, the peak
intensity belonging to R-O-R upon crosslinking of -OH groups of CHCh molecules with
DVS at around 1100 cm−1 is increased.

The thermal gravimetric analysis provides a quantitative measurement of weight
change as the temperature is increased. Figure 2b shows a thermal gravimetric analysis of
CMCh and CMCh microgels. In the thermal degradation graph of CMCh, about 1.2 wt%
at 239 ◦C and about 29 wt% at 291 ◦C were degraded, and heating up to 600 ◦C, 49.8 wt%
of CMCh remained. The CMCh microgels, on the other hand, retained 73.5 wt% of their
initial weight at 249.1 ◦C. At 303.6 ◦C, 33.5% of its weight remained, and at about 600 ◦C,
3.4% of the weight of the CMCh microgels remained.

In a 1 mM KNO3 solution, in varying pH (2.5–11.5) solutions, the zeta potential values
of CMCh microgels’ were investigated. The pH was found to be 10.22, and the zeta potential
was −16.9 ± 1.2 mV for 20 mg/mL microgel in 1 mM KNO3. The zeta potentials against
changing pH are given in Figure 3a. Based on these data, the isoelectric point (IEP) was
calculated as pH 4.4. When the IEP is greater than 7, the surface is called a basic surface.
When the IEP is less than 7, the surface is called an acidic surface. In this study, CMCh
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microgels IEP is less than 7. This indicates that the surface of the CMCh microgels has
an acidic character. From this point of view, it can be deduced that the acidic characters
due to -OH and -COOH groups on the surface are more than the basic characters such as
-NH2 groups.
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Figure 2. (a) FT-IR spectrum of CMCh and CMCh microgels and (b) and their thermal degradation
(TG %) curves.

Fe(II) chelating activity of CMCh and CMCh microgels was investigated in the
125–2000 mg/mL concentration range. As seen in Figure 3b, Fe(II) chelating capability
of both CMCh and CMCh microgels increases depending on the concentration of micro-
gels. CMCh and CMCh microgel chelate Fe(II) ions at very high rates. At 250 mg/mL
concentration, CMCh chelates 67.3 ± 9.3% of Fe(II) ion, while CMCh microgel chelates
only 53.6 ± 10.3% of it. This can be understandable because of the crosslinked structure
of CMCh microgels; some of the carboxylic acid amine groups from CMCh chains are not
readily available for chelation with Fe(II) due to the microgel network.

The hydrolytic degradation of CMCh microgels was investigated by gravimetric
analysis at pH 1, 7.4, and 9 as simulation environments for the stomach [49], physiological
conditions [49], and duodenum [50] conditions, respectively. The incubation times of 24 h,
48 h, and 72 h were chosen, and their results are illustrated in Figure 4a as the weight loss
(%) of the microgels.
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As seen in Figure 4a, the weight loss (%) of CMCh microgels was determined as
68.1% ± 3.7%, 27.3% ± 4.0%, 62.1% ± 2.3% at pH 1, 7.4, and 9, respectively, in 24 h. These
results indicated that CMCh microgels are highly degradable under acidic (pH 1) and basic
(pH 9) conditions. Further, it was found that CMCh microgels are highly stable under
physiological conditions, pH 7.4. The hydrolytic degradation of CMCh microgels was
also analyzed for longer incubation times, 48 h and 72 h. According to the degradation
results, 68.4% ± 2.4%, 27.7% ± 4.1%, 63.2% ± 0.5% weight loss (%) at 48 h incubation,
and 69.1% ± 0.5%, 27.8% ± 3.0%, 64.7% ± 2.9% were measured for 96 h incubation times
at pH 1, 7.4, and 9, respectively. As seen, more than 50% of the microgels were degraded
within the first 24 h at pH 1 and pH 9, indicating that hydrolytic degradation of CMCh
microgels was in line with the desired degradation profile for certain applications. Consider-
ing the regional pH changes observed in the human body due to reasons such as inadequate
blood perfusion, tumor formation, hypoxia, and inflammation [51,52], controllable drug
release from CMCh microgels could be obtained by endogenous stimuli. For example, the
tumor microenvironment is more acidic (pH 5.6 to 6.8) compared to physiological pH [53].
Therefore, it can be said that pH-dependent drug release for targeting certain body parts
could be achieved by drug-loaded CMCh microgels with suitable drug loads. Furthermore,
the degradation rate of the microgels did not change significantly between 24 h and 72 h,
revealing that CMCh microgels can remain stable for up to 3 days after degradation at a
certain rate. In addition, the hydrolytic degradation of CMCh microgels was performed at
pH 7.4 and 37 ◦C at various times, as shown in Figure 4b. As seen at 4 h, no degradation
of CMCh microgels was observed. It was observed that, at 8 h, 16 h, 24 h, 48 h, and 96 h
incubation times, 9.57%, 19.1%, 27.3%, 27.78%, and 27.81% of the weight loss were observed,
respectively, for the prepared CMCh microgels. Furthermore, by reducing the crosslinker
ratio, microgels with higher degradability can be obtained [54]. The degradation profiles of
10% and 25% crosslinked CMCh microgels, which can be degraded at a higher rate, will be
investigated in our future studies for different applications.

Fibroblasts are differentiated into many cell types, including adipogenic, chondro-
genic, and osteogenic cells [55]. L929 fibroblasts are adhesive cells derived from Mouse
C3/An connective tissue. L929 fibroblasts, with their reproducible biological responses and
susceptibility to toxic effects, are considered correct cells for biocompatibility studies [56].
Therefore, CMCh and CMCh microgel samples up to 1000 µg/mL concentrations were
used in biocompatibility studies on L929 fibroblasts at 24 h incubation time.

As illustrated in Figure 5, the cell viability (%) values of the natural CMCh polymer
and CMCh microgels were found to be 97.2 ± 1.8% and 96.6 ± 1.7%, respectively, at
the highest concentration, 1 mg/mL. According to the biocompatibility test data and the
Anova statistical test results, there is no statistical difference between each (50–1000 ug/mL)
concentration of CMCh and the control. For CMCh microgels, it was not statistically
different from the control at all concentrations. Therefore, prepared microgels, with their
excellent cell compatibility, allow them to be designed and safely used for biological,
biomedical, and pharmaceutical applications.

Van is loaded into CMCh microgels for a short amount of time, 2 h, by adsorption
method. Van loading amount of CMCh microgels was found to be 111.42 ± 7.08 mg/g. As
previously stated in the previous sections, Van is a large active pharmaceutical compound
antibiotic. Here, a high amount of drug loading for Van was reported. Van-loaded microgels
(Van@CMCh) underwent SEM analysis to further examine the microgels in their drug-
incorporated forms, and the corresponding images are given in Figure S1. The drug-loading
process was carried out in an aqueous solution, and the loaded particles were washed with
ethanol solution. In Figure S1, it is seen that the spherical shape of the prepared materials
did not change after Van loading. It assumed that Van drug molecules (seen as smaller
particles) are homogenously distributed into CMCh microgels. Van release studies from
Van@CMCh microgels were performed at pH 7.4 and 37 ◦C in vitro, and the corresponding
graphs are illustrated in Figure 6.
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Figure 6. (a) Vancomycin (Van) release profile (mg/g) with time and (b) Van release (%) within
4 days.

As seen in Figure 6, within the first hour, the sixth hour, and twelfth hour of the drug
release, 5.55 ± 0.1, 9.35 ± 1.1, and 12.14 ± 1.3 mg/g Van were released from Van@CMCh
microgels which equal to 4.98%, 8.38% and 10.89% of the loaded Van, respectively. It
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can be said that even up to 30 h, 4.6 ± 0.1 mg/g (4.13% of the loaded antibiotic) was
released, which indicates the rapid release of the antibiotic. Van release from Van@CMCh
microgels was linear up to 50 h, whereas from 50 h to 96 h, the drug released was found
at a considerably slower rate. Overall, 79.99 mg/g Van was released from Van@CMCh
microgels, which shows that 71.8% of the loaded drug was released within 4 days, which
also fits the desired amount. The calibration curve of Van in PBS solution at 280 nm is given
in Figure S2. Moreover, different kinetic models such as zero order, first order, Higuchi,
and Korsmeyer–Peppas models were applied to the drug release graphs to examine the
Van release from CMCh microgels. The calculated values for each model were summarized
in Table 1, and the corresponding release (%) vs time (day) plots for related models are
given in Figure S3.

Table 1. The list of kinetic models and parameters calculated for the release of Van from
Van@CMCh microgels.

Kinetic Model Parameters Van@CMCh Microgels

Zero order
k0 25.582
R2 0.9652

First order
k1 0.327
R2 0.9264

Higuchi kH 30.667
R2 0.8257

Korsmeyer–Peppas
kKP 22.437

n 1.245
R2 0.9763

Correlation coefficients (R2) shown in Table 1 indicate that the Korsmeyer–Peppas
kinetic model fitted Van release the best with a higher R2 value, 0.9763. As seen, the Higuchi
model was the one fitted with the lowest R2 value of 0.8257. The R2 values of the zero-order
and first-order models for Van release are calculated as 0.9652 and 0.9264, respectively. The
Korsmeyer–Peppas kinetic model is defined as a linear and non-linear regression model in
which the n values determine the drug release mechanism [57]. Korsmeyer–Peppas model
is reported to be applicable for the release of various drugs from the drug-loaded polymeric
structures [58]. The n values for Van release from Van@CMCh microgels were calculated as
1.245, which exceeds the value of 0.89 and reveals that the release model fitted the super
case II transport [57,58].

Antibacterial potencies of CMCh, CMCh microgels, Van@CMCh, and Van were tested
against two common bacteria strains, E. coli and S. aureus, and the corresponding results
were summarized in Table 2.

Table 2. MIC and MBC values of CMCh-based materials.

Microorganisms E. coli S. aureus

Sample MIC (µg/mL) MBC (µg/mL) MIC (µg/mL) MBC (µg/mL)
CMCh - - - -

CMCh microgels - - - -
Van@CMCh microgels 64 - 8 8

Vancomycin * 15 250 0.2 0.2
* Vancomycin aqueous solution was used as control.

As shown in Table 2, CMCh and CMCh microgels did not show any antibacterial
effect on the studied microorganisms up to 2.5 mg/mL concentrations. On the other
hand, on the well plate, transparent wells (an indicator of no visible growth) contain-
ing Van@CMCh microgels were detected, and MIC and MBC values were determined
accordingly. MIC values of Van released from Van@CMCh microgels were found to be
64 µg/mL and 8 µg/mL for E. coli and S. aureus, respectively. Moreover, MBC values of
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Van released from Van@CMCh microgels were found to be 8 µg/mL. Micro-titer assay
results are also illustrated in Figure S4 as the reduction in the colony-forming units (ex-
pressed logarithmically). For E. coli, no concentration was detected that kills 99.9% of
the microorganism within 24 h. These results are correlated with the literature because
Van is mainly effective on Gram-positive bacteria and has mild antibacterial effects on
Gram-negative bacteria [34]. Further, bare Van was tested as a control. MIC and MBC
values of bare-Van were found to be 15 µg/mL and 250 µg/mL for E. coli and 0.2 µg/mL
and 0.2 µg/mL for S. aureus, respectively.

Van@CMCh microgel suspension at 5 mg/mL concentration was freshly prepared,
and 20 µL of the suspension was placed onto disks and incubated for 24 h, 48 h, and 72 h at
35 ◦C. The inhibition zone diameters and photographs of the disk diffusion assay are given
in Table 3 and Figure 7, respectively.

Table 3. Inhibition zone diameters of Van@CMCh microgels (20 µL of 5 mg/mL).

Inhibition Zone Diameter (mm) 24 h 48 h 96 h

E. coli - - 11.5 ± 1
S. aureus 11.6 ± 1.5 12.5 ± 1 14.5 ± 1.5

Gels 2023, 9, x FOR PEER REVIEW 11 of 18 
 

 

 
Figure 7. Photographs of inhibition zone diameters of Van@CMCh microgels (20 µL of 5 mg/mL) at 
24 h, 48 h, and 96 h incubation times. 

The inhibition zone for E. coli was detected only at 96 h as 11.4 ± 1 mm. Inhibition 
zone diameters for S. aureus were measured as 11.6 ± 1.5, 12.5 ± 1, and 14.5 ± 1.5 mm at 24 
h, 48 h, and 72 h incubation times, respectively. It can be noticed that for S. aureus, espe-
cially at 48 h and 96 h, a relatively less symmetrical zone was detected due to the retention 
of the particle suspension on the disc, as can be seen in Figure 7. However, since the end-
point where bacteria could grow was seen, the zones were measured with average values. 
Disk diffusion test results are strongly correlated with the in vitro drug release studies of 
Van@CMCh microgels. The inhibition zones for S. aureus from 24 h to 72 h expanded sig-
nificantly, revealing that the drug release continued, and the antibacterial effect lasted at 
least for 72 h. One of the areas where extended drug release is most needed is the admin-
istration of antimicrobial agents. Some of the antibiotics and antifungals currently used 
have become insufficiently effective due to unnecessary use, inadequate or ill-timed dos-
ing, enzymatic inactivation of drugs, changes in drug targets, and excretion of drugs by 
active transport proteins in microorganisms [59]. Antimicrobial resistance, especially seen 
in bacterial species such as Escherichia coli, Staphylococcus aureus, Klebsiella pneumoniae, and 
Streptococcus pneumonia, reveals difficult cases to treat, such as nosocomial infections [60]. 
Under selective antibiotic pressure, drug-susceptible bacteria are destroyed or stop grow-
ing, while naturally resistant bacteria can survive [61]. Therefore, it is crucial that thera-
peutic agents are given at appropriate intervals and exhibit improved absorption and dis-
tribution profiles [62]. The extended release of certain antibiotics, such as Van, could im-
prove their in vivo half-life and that bioavailability. In healthy adults, the terminal half-
life of Van is reported as 4–6 h [34]. 

In the current study, Van release from CMCh microgels lasted for a significantly 
longer time (4 days), revealing that the prepared microgels were found quite successful as 
antibiotic carriers. Furthermore, wide-spectrum antibiotics, as well as anticancer, antifun-
gal, antiviral, anti-inflammatory, antihistaminic drugs, and so on, can be loaded into 
CMCh microgels. Considering their degradability profile, controlled drug release for pH 
or temperature-sensitive drugs can also be readily achievable. 

  

Figure 7. Photographs of inhibition zone diameters of Van@CMCh microgels (20 µL of 5 mg/mL) at
24 h, 48 h, and 96 h incubation times.

The inhibition zone for E. coli was detected only at 96 h as 11.4 ± 1 mm. Inhibition
zone diameters for S. aureus were measured as 11.6 ± 1.5, 12.5 ± 1, and 14.5 ± 1.5 mm
at 24 h, 48 h, and 72 h incubation times, respectively. It can be noticed that for S. aureus,
especially at 48 h and 96 h, a relatively less symmetrical zone was detected due to the
retention of the particle suspension on the disc, as can be seen in Figure 7. However, since
the endpoint where bacteria could grow was seen, the zones were measured with average
values. Disk diffusion test results are strongly correlated with the in vitro drug release
studies of Van@CMCh microgels. The inhibition zones for S. aureus from 24 h to 72 h
expanded significantly, revealing that the drug release continued, and the antibacterial
effect lasted at least for 72 h. One of the areas where extended drug release is most needed
is the administration of antimicrobial agents. Some of the antibiotics and antifungals
currently used have become insufficiently effective due to unnecessary use, inadequate or
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ill-timed dosing, enzymatic inactivation of drugs, changes in drug targets, and excretion
of drugs by active transport proteins in microorganisms [59]. Antimicrobial resistance,
especially seen in bacterial species such as Escherichia coli, Staphylococcus aureus, Klebsiella
pneumoniae, and Streptococcus pneumonia, reveals difficult cases to treat, such as nosocomial
infections [60]. Under selective antibiotic pressure, drug-susceptible bacteria are destroyed
or stop growing, while naturally resistant bacteria can survive [61]. Therefore, it is crucial
that therapeutic agents are given at appropriate intervals and exhibit improved absorption
and distribution profiles [62]. The extended release of certain antibiotics, such as Van,
could improve their in vivo half-life and that bioavailability. In healthy adults, the terminal
half-life of Van is reported as 4–6 h [34].

In the current study, Van release from CMCh microgels lasted for a significantly
longer time (4 days), revealing that the prepared microgels were found quite successful as
antibiotic carriers. Furthermore, wide-spectrum antibiotics, as well as anticancer, antifungal,
antiviral, anti-inflammatory, antihistaminic drugs, and so on, can be loaded into CMCh
microgels. Considering their degradability profile, controlled drug release for pH or
temperature-sensitive drugs can also be readily achievable.

3. Conclusions

In this study, the single-step preparation of CMCh microgels via a microemulsion
method by crosslinking with DVS was reported. The microsphere formation was confirmed
via SEM and FT-IR spectroscopy analyses. The prepared CMCh microgels are spherical and
1.2 ± 0.4 µm size range. Despite the ease of their production, the possible residue from the
organic solvent and chemicals can be identified as a limitation. Hence, the microemulsion
polymerization technique requires a proper microgel/particle washing process to remove
the surfactant from the environment, or the surfactant-free synthesis method needs to
be considered for in vivo applications. The hydrolytic stability of CMCh microgels was
confirmed that the microgel has a pH dependent on degradation profiles and can degrade
up to about 70% at pH 1 and 9 while degrading about 30% at pH 7.4 up to 96 h contact times.
The cell cytotoxicity results of CMCh microgels performed on L929 fibroblasts indicated
that prepared CMCh microgels did not induce any significant toxicity even at 1 mg/mL con-
centration with cell viability values more than 95%. Moreover, the drug delivery efficiency
of CMCh microgels was evaluated using Van, a large antibiotic with a rapid clearance
profile and low bioavailability, as a model drug. Van-loaded CMCh microgels showed
sustained drug release up to 96 h. Furthermore, the prolonged Van release ability of CMCh
microgels was confirmed by antimicrobial activity studies on E. coli and S. aureus bacteria.
The high drug loading capability of CMCh microgels (111.42 ± 7.08 mg/g) suggests that
other large drug molecules or drugs with stability and solubility issues could be delivered
utilizing CMCh microgels as highly biocompatible drug delivery vehicles. Further, the drug
release amount and kinetic can be readily controlled by a suitable amount of crosslinker
used during particle preparation. Moreover, the higher surface area of microgels provides
many advantages over common bulk hydrogel formulations. Therefore, CMCh microgels,
with their adjustable degradability, pore characteristics, and controllable drug loading and
release properties, have many advantages for various drugs with limited activities in the
treatment of different diseases.

4. Materials and Methods
4.1. Materials

Carboxymethyl chitosan (Santa Cruz Biotechnology, Fischer Scientific, Deacetylation
degree 90%, Hampton, New Hampshire) as a starting material and divinyl sulfone (DVS,
>96%, TCI) as a chemical crosslinker was used in CMCh microgel preparation. L-alpha-
Lecithin, granular, from soybean oil (Across), sodium bis(2-ethylhexyl) sulfosuccinate
(AOT, 96%, Sigma Aldrich, St. Louis, MO, USA) as a surfactant, and Cyclohexane (Certified
ACS, Fisher Chemical™, Pittsburgh, PA, USA, 99+%), 2,2,4-trimethylpentane (isooctane,
Sigma) as a solvent were used as received in CMCh microgels preparation Vancomycin
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hydrochloride (Van HCl, Alfa Aesar, Thermo Fisher Scientific, Molecular Biology Grade,
Waltham, MA, USA) was purchased and used as a model antibiotic for drug delivery studies.
For the iron (II) chelating assay, 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-4′,4′ ′-disulfonic
acid sodium salt (ferrozine, ≥98%, from Santa Cruz Biotechnology, Dallas, TX, USA) and
iron (II) sulfate heptahydrate (FeSO4·7H2O, >99.5%, ACS reagent from Across Organics,
Geel, Belgium) were used as received. For the cell viability tests, the L929 fibroblast cell
line was obtained from the SAP Institute (Ankara, Turkey). Dulbecco’s Modified Eagle’s
Medium (DMEM/F-12, 1:1) (L-Glutamine, 15 mM HEPES, 1.2 g/L NaHCO3) as the cell
culture medium was purchased from Pan Biontech GmbH, Aidenbach, Germany. Fetal
bovine serum (FBS), antibiotic solution (penicillin–streptomycin), and trypsin-EDTA (0.25%)
were used as received (Pan Biontech GmbH, Aidenbach, Germany). Trypan Blue (0.5%
solution) was acquired from Biological Industries, and thiazolyl blue tetrazolium bromide
(MTT) was obtained from BioFroxx (Einhausen, Germany). Dimethyl sulfoxide (DMSO,
99.9%, Carlo-Erba, Val-de-Reuil, France) was used as received. Molecular porous membrane
tubing was obtained from Spectrum Laboratories (MWCO: 12-14 kD, Fischer Scientific,
San Jose, CA, USA). For antibacterial activity tests, Gram-negative bacteria Escherichia coli
ATCC 8739 and Gram-positive bacteria Staphylococcus aureus ATCC 6538 were obtained
from KWIK-STIK™ Microbiologics (St. Cloud, MN, USA). Nutrient agar and nutrient broth
as growth medium were purchased from BD Difco TM (Becton, Dickinson and Company,
Sparks, MD, USA) and used as received.

4.2. Synthesis and Characterization of CMCh Microgels

CMCh microgels were prepared by micro emission method in two different environ-
ments. Briefly, 0.05 g CMCh was dissolved in 1.5 mL 0.5 M NaOH solution. A total of
0.5 mL of this solution was placed in 0.1 M lecithin/cyclohexane medium. Then, 50 moles
of crosslinking agent, DVS was put into the mixed solution. After an hour, the solution
mixture was precipitated at 1000 rpm for 10 min. The CMCh microgels were washed
2 times with cyclohexane, 2 times with ethanol and 2 times with an ethanol: water (1:1)
mixture. Finally, it was washed once with acetone.

Similarly, 0.5 mL of the CMCh solution was put into 0.2 M AOT/isooctane medium,
and 50% DVS crosslinker was added and allowed to react for 1 h. The precipitation process
was achieved by centrifuging twice at 1000 rpm with acetone.

Using the attenuated total reflection (ATR) technique, the spectra of CMCh and CMCh
microgels were evaluated using Fourier transform infrared radiation (FT-IR, Nicolet iS10,
Thermo, Boston, MA, USA). A thermogravimetric analyzer determined the percentage of
CMCh microgels (exstar, SII TG/DTA6300, Seiko Ins. Corp, Tokyo, Japan). About 5 mg of
CMCh sample was heated from 100 to 600 ◦C with a temperature increase of 10 ◦C/min
under the influence of nitrogen gas flow of 200 mL/min for thermogravimetric analysis.

In 40 mL of 10 Mm KNO3 solution, 20 mg of CMCh microgels were suspended. Zeta
potential measurements performed in 40 mL of 1 mM KNO3 solution to determine the
surface charge of the microgels.

In accordance with the literature, chelating Fe (II) was performed [63]. For this purpose,
96 well plates were filled with 140 µL of CMCh and CMCh microgels. A 20 mL of 1 mM
Fe(ll) aqueous solution was then added to the sample and measured at 562 nm with a
Thermo Multiscan Go microplate reader. A second reading was performed after adding
40 µL of 2.5 mM ferrozine solution. The following formula was used to calculate Fe (II)
chelating activity.

Iron (II) chelating activity% =

[
1− ∆Asample

562

∆Acontrol
562

]
× 100

4.3. Degradation Profile of CMCh Microgels

The stability and degradation profiles of CMCh microgels were investigated by hy-
drolytic degradation studies at 24 h, 48 h, and 72 h incubation times at different solution
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pH values, pH 1, 7.4, and 9. For this goal, CMCh microgels weighing 20 mg were placed
in 20 mL of buffered pH solutions of pH 1, 7.4, and 9, in centrifuge tubes and kept up to
three days. At certain times, at 24 h, 48 h, and 72 h incubation times, samples were taken
and centrifuged at 10,000 rpm for 15 min to precipitate the non-degraded CMCh microgels.
Then, the supernatant was gently decanted, and the precipitated particles were dried in
an oven at 50 ◦C overnight. Weight loss (%) was calculated by the difference between
the initial microgel weight and the microgel weights at 24 h, 48 h, and 72 h incubation
periods. Moreover, hydrolytic weight loss kinetics of CMCh microgels were studied in
detail at pH 7.4 and 37 ◦C at 4 h, 8 h, 16 h, 24 h, 48 h and 96 h incubation. Hydrolytic
degradation studies were performed three times, and the mean values are given with the
standard deviations.

4.4. In Vitro Cell Compatibility Studies of CMCh Microgels

The cell viability of CMCh microgels was determined on the L929 fibroblast cell
line via colorimetric MTT assay following the literature [64]. CMCh stock solution and
CMCh microgel suspensions were prepared by weighing 10 mg of each CMCh-based
material and suspending them in 10 mL of DMEM solution. Initial concentrations of CMCh-
based samples were prepared at 1 mg/mL and diluted in DMEM to prepare different
concentrations of samples. The fibroblasts were cultured in a DMEM medium containing
10% FBS and 1% antibiotic for 4 days. For the cytotoxicity analysis, 100µL of cell suspension
containing 1 × 103 cells/mL were seeded onto a 96-well plate and incubated at 37 ◦C in
a 5% CO2/95% air atmosphere. After 24 h incubation, cells were checked and interacted
with 100µL of CMCh-based samples at 0.05–1 mg/mL concentrations. After 24 h of the
incubation period, the old culture media containing samples was discarded, and the cells
were washed with phosphate buffer saline (PBS) solution two times. Then, 0.1 mL of fresh
prepared MTT solution at 0.5 mg/mL was placed onto each well and incubated at 37 ◦C
for 3 h in a dark condition. After this period, formazan crystals produced by the active
mitochondria in viable cells were dissolved using 0.2 mL of DMSO and slowly mixed. After
20 min, the absorbance values of the wells were measured at 570 nm by using a plate reader
(Thermo Scientific, Multiskan Sky, Waltham, MA, USA). GraphPad Prism 9 software was
used for the statistical analysis of cytotoxicity analysis. Statistical differences between the
control groups and samples were measured using Dunnett’s multiple-comparison test and
one-way ANOVA. A p-value < 0.05 was considered statistically significant.

4.5. Drug Delivery Abilities of CMCh Microgels

The drug-loading process of Vancomycin (Van) into CMCh microgels was completed
by the soaking method (adsorption technique), as described in the literature [65]. Briefly,
0.1 g of CMCh microgels were immersed in 30 mL of 1 mg/mL Van aqueous solution
and stirred at 5000 rpm for 2 h. The drugs can be loaded into polymeric particles for
long periods, i.e., 12 h and 24 h [66], but the Van loading process was performed for a
shorter amount of time (2 h) in order not to degrade 50% crosslinked microgels during
the drug loading time. After Van loading, antibiotic-loaded microgels as Van@CMCh
were precipitated in the same medium at 10,000 rpm for 5 min, then washed once with an
ethanol solution to eliminate the drug molecules that adhered to the outer surface but did
not penetrate the microgel structure. Finally, Van@CMCh microgels were dried at 50 ◦C
oven overnight.

In vitro drug release studies of Van@CMCh, microgels proceeded at 37 ◦C and physio-
logical pH condition (pH 7.4) to mimic the normal body temperature. First, Van@CMCh
microgels of 50 mg were weighed and suspended in 1 mL of phosphate-buffered saline
solution (PBS, sterilized) in dialysis tubing. Then, Van@CMCh containing dialysis mem-
brane was placed in 20 mL of PBS solution in falcon tubes and kept in a shaking bath.
Uv-Vis spectra were recorded at various times, i.e., each measurement was performed three
times, and the results are given as the average values. The loaded and released amounts of
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antibiotic drug were calculated by using the calibration curve of Van at 280 nm in DI water
and PBS solutions, respectively, via UV-Vis spectroscopy.

4.6. Antibacterial Activities of Van@CMCh Microgels

Bacteria growth inhibition and bactericidal effects of Van@CMCh were investigated
against Gram-negative bacteria E. coli ATCC 8739 and gram-positive bacteria S. aureus
ATCC 6538 by micro-titer dilution and inhibition zone assays as described in the litera-
ture [67,68]. CMCh, CMCh microgels, and Van@CMCh microgels weighing 50 mg were
sterilized under UV irradiation at 355 nm and then suspended in 10 mL of PBS solu-
tion. Microgel-containing samples were sonicated for 30 s for homogenization and then
immediately used.

4.6.1. Broth Micro-Titer Dilution Assay

The bacterial suspensions were adjusted in nutrient broth (NB) to a McFarland stan-
dard of 0.5, which corresponds to 1.5× 108 CFU/mL [69]. Then, 0.1 mL of NB was added to
each well of the 96-well plate. Then, 0.1 mL of CMCh-based samples were placed in the first
well of each column on the plate and diluted with the existing media. Lastly, 10 µL of bac-
teria inoculum at 0.5 McFarland was added to each well and gently mixed. A vancomycin
aqueous solution of 1 mg/mL was used as a control. Bacteria containing well-plates were
incubated at 35 ◦C for 24 h. After this time, MIC and MBC values of CMCh-based materials
were determined as the concentration that showed no visible growth in the wells and killed
99.9% of the microorganisms, respectively.

4.6.2. Zone of Inhibition Method

Following the micro-titer assay, zone of inhibition experiments were performed for
Van@CMCh microgels against both bacteria strains at 24 h, 48 h, and 72 h incubation
periods. For this, 100 µL of E. coli and S. aureus inoculums at 0.5 McFarland were poured
onto nutrient agar solid growth medium on petri dishes. Then, sterilized 10 mm × 10 mm
spherical-shaped filter papers were placed on the petri dishes. Immediately, 20 µL of
Van@CMCh microgel suspensions at 5 mg/mL were gently placed onto filter papers and
incubated at 35 ◦C for three days. After the incubation, disks were taken, and the inhibition
zones observed around the disks were measured.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/gels9090708/s1, Figure S1: SEM images of Van@p(CMCh)
microgels at different magnifications; Figure S2: The Calibration curve of Vancomycin (Van) in
phosphate-buffered saline solution at 280 nm; Figure S3: The Van release% from Van@CMCh micro-
gels vs. time plots for related kinetic models; Figure S4: Colony forming units (CFU/mL) of (a) E. coli
and (b) S. aureus strains versus the concentration of the released amount of Van from Van@CMCh
microgels at 24 h incubation time.
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Abstract: Dressing wounds accelerates the re-epithelialization process and changes the inflammatory
environment towards healing. In the current study, a lignocellulose sponge containing pentoxifylline
(PTX)-loaded lecithin/chitosan nanoparticles (LCNs) was developed to enhance the wound healing
rate. Lecithin/chitosan nanoparticles were obtained by the solvent-injection method and charac-
terized in terms of morphology, particle size distribution, and zeta potential. The lignocellulose
hydrogels were functionalized through oxidation/amination and freeze-dried to obtain sponges.
The prepared sponge was then loaded with LCNs/PTX to control drug release. The nanoparticle
containing sponges were characterized using FTIR and SEM analysis. The drug release study from
both nanoparticles and sponges was performed in PBS at 37 ◦C at different time points. The results
demonstrated that PTX has sustained release from lignocellulose hydrogels. The wound healing was
examined using a standard rat model. The results exhibited that PTX loaded hydrogels could achieve
significantly accelerated and enhanced healing compared to the drug free hydrogels and the normal
saline treatment. Histological examination of the healed skin confirmed the visual observations.
Overall speaking, the in vivo assessment of the developed sponge asserts its suitability as wound
dressing for treatment of chronic skin wounds.

Keywords: modified lignocellulose; pentoxifylline; hydrogels; nanoparticles; rat model; wound dressing

1. Introduction

Design and production of an effective wound dressing capable of improving the
wound healing process is a major biomedical challenge [1–3]. An ideal wound dressing is
required to maintain the wound moisture, protect the wound area from infection and injury,
absorb exudate, and reduce wound pain. Moreover, it should carry wound healing factors
such as growth factors or nitric oxide to enhance the healing process [1,4]. Conventional
wound dressings such as cotton wool, bandage, lint, or gauze do not offer these properties
sufficiently. Recently, modern wound dressings such as hydrogels, cellulose sponges,
and nanofibers have been investigated to improve the wound healing process [5,6]. The
selection of suitable materials is crucial in designing wound dressing since functions and
properties of dressings are mainly determined by the dressing materials. Lignocellulose
(LC), as the naturally most abundant and renewable resource with unique properties such
as excellent mechanical performance, biocompatibility, biodegradability, and multiple
functional group, is a proper material for the development of dressings [7,8]. However, due
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to its relatively poor water solubility, its application in the biomedical field is limited. The
physical and chemical modification of LC is an effective way to improve its physicochemical
and biological properties [9,10]. It was reported that surface modification of cellulose
materials through oxidation and amination can affect the cell adhesion and cellular uptake
due to the favorable electrostatic interaction [11,12]. Moreover, it can produce a hydrogel
with ionic strength-responsive swelling properties capable of controlled drug release after
changing the conditions [13]. Pentoxifylline (PTX), an anti-inflammatory drug, is a synthetic
methyl xantine [14]. It was reported that PTX can increase the wound healing rate by
modulating gene expression of MMP-1, MMP-3, and TIMP-1 in normoglycemic rats [15]. It
can be applied orally or intravenously; however, there are some disadvantages, such as
several side effects related to the gastrointestinal tract and in the central nervous system.
The topical administration of PTX could be an alternative to heal skin disorders; however,
the predominantly hydrophilic nature of the drug makes it difficult for it to penetrate
the skin [16]. Thus, encapsulation of PTX into a colloidal delivery system would offer
reduced side effects, frequency of administration, and increased bioavailability [17]. In the
present study, to control PTX release, it was encapsulated in lecithin/chitosan nanoparticles
(LCNs). It was shown that LCNs are highly effective at delivering therapeutic agents
transdermally [18,19]. LCNs have the synergetic advantages of both lecithin and chitosan,
resulting in increasing the drug retention time at the target site and enhancing penetration
of the drug [20–24]. It was hypothesized that the inclusion of PTX loaded LCNs into
lignocellulose hydrogels can produce a dressing with the ability to control the release
capable of enhancing the wound healing process. In this study, the LC sponge was prepared
by surface modification of LC hydrogels through carboxylation (oxidation) and amination
following by freeze drying and was then filled with PTX loaded LCNs (Figure 1 shows
the schematic illustration of experimental procedures). The physicochemical properties
of the developed nanoparticles and sponge, as well as in vitro drug release and in vivo
wound healing, were investigated to study the suitability of the developed sponge for
wound healing applications. The results reveal that both the LCNs and LC sponge possess a
controlled release of PTX. Moreover, the LC sponge containing PTX-loaded LCNs increased
the rate of wound healing compared to the control group.
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Table 1. The amount of chitosan, lecithin, and PTX in the developed nanoparticles, as well as 
properties of the developed nanoparticles, including size, polydispersity index, zeta potential, and 
drug entrapment efficiency. 

Sample No Chitosan (mg/mL) Lecithin (mg) PTX (mg) Size (nm) PDI Zeta Potential (mv) EE (%) 
S1 1 2.5 1 321.4 ± 21.6 0.275 13.1 ± 0.8 35 ± 7.3 
S2 1 2.5 2 259.3 ± 11 0.042 7.43 ± 0.35 47 ± 6.8 
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S6 2 2.5 2 306.1 ± 18.2 0.14 15.5 ± 1.1 41 ± 6.5 
S7 2 5 1 365.2 ± 28.1 0.059 17.8 ± 1.8 62 ± 0.3 
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2. Results and Discussion

LCNs have great potential for the transdermal delivery of therapeutic agents due
to their ability to encapsulate drugs and sustain release [25]. In the current study, the
LCNs nanoparticles were obtained by the injection of methanolic lecithin dispersion into a
chitosan solution. Positively charged chitosan interacted with negatively charged lecithin
through self-assembly. The content of LCNs and PTX-loaded LCNs and their characteristics,
including size, polydispersity index (PDI), zeta potential and drug entrapment efficiency
(EE), are summarized in Table 1, in which the obtained results are in the range of 259–869 nm,
0.042–0.373, 7.43–43.1 mV, and 30–62%, respectively. The low PDI of the nanoparticles indicates
the uniform size distribution in all formulations. The drug release behavior from LCNs with
different chitosan, lecithin, and PTX content during 12 h is plotted in Figure 2. Results show
that at constant PTX and lecithin, the higher concentration of chitosan causes a lower release
rate with a more controlled manner. Formulations with low levels of chitosan and lecithin
(S1, S2) show a considerable burst release revealing the disability of the nanoparticle wall to
protect fast release of the highly water soluble PTX. The burst release of PTX may also be
related to the accumulation of the drug on the surface region of the nanoparticles.

Table 1. The amount of chitosan, lecithin, and PTX in the developed nanoparticles, as well as
properties of the developed nanoparticles, including size, polydispersity index, zeta potential, and
drug entrapment efficiency.

Sample No Chitosan
(mg/mL)

Lecithin
(mg) PTX (mg) Size (nm) PDI Zeta Potential

(mv) EE (%)

S1 1 2.5 1 321.4 ± 21.6 0.275 13.1 ± 0.8 35 ± 7.3
S2 1 2.5 2 259.3 ± 11 0.042 7.43 ± 0.35 47 ± 6.8
S3 1 5 1 329.3 ± 25.9 0.188 18.3 ± 2.1 30 ± 0.3
S4 1 5 2 508.2 ± 32 0.373 19 ± 2.2 45 ± 1.2
S5 2 2.5 1 864.6 ± 33.4 0.121 14.6 ± 0.5 43 ± 0.4
S6 2 2.5 2 306.1 ± 18.2 0.14 15.5 ± 1.1 41 ± 6.5
S7 2 5 1 365.2 ± 28.1 0.059 17.8 ± 1.8 62 ± 0.3
S8 2 5 2 429.4 ± 25.3 0.199 18.3 ± 0.09 45 ± 3.2
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Figure 2. In vitro release profile of the PTX from different formulations of nanoparticles (the proper-
ties of nanoparticles and their formulations are summarized in Table 1).

A full factorial design was used to optimize the process parameters for encapsulation of
PTX in LCNs. The design parameters are the concentration of chitosan, lecithin, and PTX as
their values are mentioned in Table 1. According to the results of Design Expert Software, the
optimum formulation contained 1.9 mg/mL chitosan, 3.89 mg lecithin, and 1.89 PTX, which
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was predicted to have a particle size of 422.9 nm and drug entrapment of 43.5%. The proposed
formulation was synthesized for the preparation of LC sponges containing LCNs/PTX. The
morphologies of the optimized LCNs/PTX and prepared LC sponge are demonstrated in
Figure 3. As can be seen in higher magnification images, the nanoparticles are entrapped
successfully in the sponge pores. They have a uniform shape with obvious agglomeration.
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FTIR spectroscopy analysis was performed to study the possible interaction of LC
hydrogels with nanoparticles and the drug, as well as the effect of modification on the lig-
nocellulose chemical bonds. Figure 4 illustrates the FTIR spectra of PTX, LCNs, unmodified
hydrogels, TEMPO-modified hydrogels, epichlorohydrin (EPI)/TEMPO-modified hydro-
gels, and EPI/TEMPO modified hydrogels containing LCNs/PTX. In the FTIR spectra of
PTX, peaks at 1700 cm−1, 1718 cm−1, 1548 cm−1, 756 cm−1, and 1412 cm−1 contribute to the
C-O stretching vibration of the amide bond, the C-O stretching vibration of ketone, the N-H
bending vibration of the amide, the C-N out of plane wagging of the amide, and the C-N
stretching of the amide, respectively [26]. All TEMPO-modified hydrogels, EPI/TEMPO-
modified hydrogels, and EPI/TEMPO modified hydrogels containing LCNs/PTX exhibit
a broad absorption peak at 3000–3600 cm−1, 2900 cm−1, 1300–1400 cm−1, and 1000–1200
cm−1, which are attributed to O-H single bond stretching, C-H single bond stretching, O-H
single bond and C-H single bond bending, and C–OH single bond and C-O single bond
asymmetric stretching, respectively [27]. The peak at 1600 cm−1 is related to the C-O double
bond stretching of carboxylate groups (COONa and COOCa) [28]. The O-H single bond
peak intensity at 3000−3600 cm−1 reduces in EPI/TEMPO modified hydrogels, while the
C-H single bond peak intensity at 1425 cm−1 increases in EPI/TEMPO modified hydrogels
compared to TEMPO-modified hydrogels and unmodified hydrogels. These results clearly
reveal the formation of covalent bonds between EPI and the hydroxyl groups [29].
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diabetes, wounds caused by physicochemical factors, and radiation-related injuries 

Figure 4. FTIR spectra of PTX, LCNs, unmodified hyhdrogels, TEMPO-modified hydrogels,
EPI/TEMPO-modified hydrogels, and EPI/TEMPO-modified hydrogels containing LCNs/PTX.

Figure 5 depicts the PTX release curves from unmodified hydrogels containing LCNs/PTX
and modified hydrogels containing LCNs/PTX with different LC/nanoparticle ratios. At
a higher concentration of LCNs/PTX, the hydrogels show burst release of approximately
75% in the first 3 h. Among different samples, the LC:LCNs/PTX (1:1) sample with a lower
nanoparticle concentration shows a more sustained release rate such that, in the first 9 h,
75% of the drug was released.
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In numerous studies, PTX was found to facilitate the wound healing process in a
wide variety of pathological conditions, including ulcers in a venous leg, the syndrome of
diabetes, wounds caused by physicochemical factors, and radiation-related injuries [30,31].
Similarly, hydrogel materials exhibited superiority over traditional wound treatment (oint-
ment, etc.) due to their well-known properties of high biocompatibility, biodegradability,
very low immunogenicity, excellent drug delivery (e.g., antibiotics), and ease of use. More
importantly, treatment with the hydrogels led to a preservation of the breathability and
good moistening of the tissue, which is due to the galenics of the gels consisting of wa-
ter [32]. Furthermore, the promotion of re-vascularization, a significant lower infection rate
due to moist wound management, less scarring, and aesthetically better healing results can
be achieved by applying hydrogels in wound treatments [33]. Figure 5 demonstrates the
wound healing process in different groups of NS treatment, PTX solution, LC sponge, and
LC sponge containing LCNs/PTX, on days 3, 7, 14, and 21 after surgery. In all groups, the
wound size reduces because of the body’s natural response and the biological proceeding
of wound healing. Still, on the third and seventh days of the test, the size of the wound in
the LC containing LCNs/PTX nanoparticles is obviously smaller than other groups. The
results of the wound contraction measurement summarized in Figure 6 reveal that the
size contraction from the PTX containing sponge was significantly larger than the other
group on day 7 (p ≤ 0.05). On the 14th and 21st days, wound healing proceeded in the
LCNs/PTX-loaded sponge group with almost the same initial speed; however, the healing
rate of the wound in other groups decreased significantly (p < 0.05). In general, inner-group
statistical comparison between wound size revealed that the wounds in the sponge group
containing PTX significantly increased on days 14, 7, 3, and 21, respectively, 27.83 ± 2.83,
42.39 ± 2.99, 83.56 ± 5.03, and 97.44 ± 0.85, which was faster than other groups. By compar-
ing the treatments with the developed hydrogels and normal saline, it was concluded that
all the treatments developed in this study increased the wound healing rate compared to
normal saline. Additionally, by comparing the two groups of PTX solution and LC sponge
(without PTX), it can be seen that despite the better effect of PTX, there is no significant
difference between the two groups.
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healing process. PTX activity can be divided into four main categories, including: (1) PTX 
can increase the deformation ability of red blood cells (RBCs), while decreasing the RBCs 
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Figure 6. Wound healing process of treated rats with normal saline, free PTX, LC sponge, and LC
sponge containing LCNs/PTX, (a) Photographical images of wound contraction on different days
of control and treated animals. (b) Representation of percentage wound contraction of control and
treated wounds. Values are expressed as mean ± SD for twenty-four animals. *: indicates the
significant differences with NS treatment group and #: indicates the significant differences with LC
sponge containing LCNs/PTX group.

According to the microscopic observations, aseptic conditions were confirmed to
be in all the wounds. As shown in Figure 7, in wounds treated with normal saline, the
inflammatory response was higher than the other treated wounds. Necrotic debris on
the surface of the tissue was almost removed in the wound treated with the LC sponge
containing LCNs/PTX. As observed in H&E staining images, the areas associated with
neovascularization (open lumen vascular structures and endothelial cell clusters) were
greater in the blank group than other groups treated with wound dressings. The reduction
of these areas in LC sponge containing LCNs/PTX wound dressings groups indicates
the completion of the healing process. Other signs of wound healing, in addition to
neovascularization areas visible in this group, include the thickness of the epidermis
layer (E) and the formation of the keratin layer (K) on the epidermis layer, as well as the
presence of skin appendages such as new follicles (N.F) and sebaceous glands (Sc. G) in the
dermis layer. These can be attributed to the role of PTX in facilitating tissue repair and the
wound healing process. PTX activity can be divided into four main categories, including:
(1) PTX can increase the deformation ability of red blood cells (RBCs), while decreasing the
RBCs aggregation and vasoconstriction and has reducing effects on blood viscosity [34].
(2) PTX showed immunological activities that are effective by various mechanisms such
as: inhibiting the activation of T and B lymphocytes, reducing the release of TNF-α from
monocytes, releasing of peroxides from neutrophils, reducing the neutrophil degranulation,
decreasing the leukocytes aggregation/ adhesion, and increasing their deformability and
chemotaxis. PTX also modulates or blocks the inflammatory actions of IL-1 and TNF-α
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on neutrophils and has some effects on other cytokines, such as IL-6, IL-8, VEGF, and
TGF-β1 [15,35,36] (3). Effects on platelet aggregation and adhesion [37], and finally (4),
effects on properties of connective tissue and direct wound healing such as decreasing the
levels of fibroblast collagen, fibronectin, and glycosaminoglycans, as well as reducing the
response of fibroblast to IL-1 and TNF-α [38].
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Figure 7. Histological changes during the wound-healing process. Histology of the wound tissue of
experimental groups, (a1,a2) NS treatment, (b1,b2) PTX solution, (c1,c2) LC sponge and (d1,d2) LC
sponge containing LCNs/PTX. N.F, follicles; Sc. G, sebaceous glands; K, keratin layer; E, epidermis layer.

3. Conclusions

In this study, the EPI/TEMPO modified lignocellulose hydrogels were developed and
filled with LCNs containing PTX to control drug release for wound healing applications.
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Using full factorial design software, an optimized formulation of nanoparticles prepared
from different concentrations of ingredients was suggested based on the results of particle
size, zeta potential, and drug load/release. The prepared nanoparticles were entrapped
successfully in the sponge pores and attached to its pore wall, as is evident from SEM
observation. The drug release study from hydrogels revealed that a lower concentration of
PTX in the hydrogels resulted in more sustained drug release. The results of the wound
healing evaluation in the animal model indicated the higher healing rate by treatment
with sponges containing PTX-loaded LCNs. The developed sponge with control release
behavior has shown the potential to be used in wound treatment applications.

4. Materials and Methods
4.1. Materials

PTX was kindly provided by Amin Pharmaceutical Company (Isfahan, Iran), soy
lecithin (Degussa, GmbH, Freising, Germany), low molecular weight chitosan from Sigma
Company (Saint Louis, MO, US), glacial acetic acid, and all other reagents were purchased
from Merck Chemical Company (Darmstadt, Germany), LC nanofibrils hydrogel was
purchased from Nano Novin Polymer (Gorgan, Iran).

4.2. Preparation of Chitosan Coated Lecithin Nanoparticles

In order to prepare drug-loaded lecithin nanoparticles, the desired amount of the
drug was dissolved in methanol, followed by the dissolution of lecithin in the prepared
drug solution using sonication. The methanol was evaporated using a rotary evaporator to
obtain the PTX-loaded lecithin film. The prepared film was dispersed in 1 mL methanol
using a sonication bath to re-disperse the drug-loaded lecithin films. The chitosan solution
was prepared by dissolving defined amounts of chitosan (Table 1) in 5 mL distilled water
containing 1% acetic acid for 24 h, and the pH was increased to 4.7 by adding NaOH
1M solution. For the preparation of chitosan-coated lecithin nanoparticles (LCNs/PTX),
the methanolic lecithin–PTX solution was added to the chitosan solution under probe
sonication. The blank nanoparticles were prepared using a similar procedure without the
PTX addition. A full factorial design suggested by the Design Expert software (version
10.0.7, US) was used for optimization of the chitosan concentration (A), lecithin amount
(B), and PTX amount (C) as main independent variables. NPs size, zeta potential, loading
efficiency, and release efficiency were studied as dependent variables. The minimum and
maximum levels of each parameter were determined based on preliminary experiments.
The composition of prepared NPs and observed responses are presented in Table 1. Design
Expert software was used to analyze the statistical significance and optimization of the
NPs formulation.

4.3. Particle Size and Zeta Potential Measurement

First, 0.1 mg of prepared nanoparticles was dispersed in 10 mL of deionized water for
30 min in a sonication bath (85 W, 42 kHz), and their particle size, polydispersity index
(PDI), and zeta potential were read using Zetasizer (Zetasizer 3600, Malvern Instrument
Ltd., Worchestershire, UK).

4.4. Entrapment Efficiency

To determine the entrapment efficiency of the nanoparticles, the unentrapped PTX
was measured by centrifuging a suspension of LCNs-PTX nanoparticles in deionized water
at 12,000 rpm. The UV absorbance of the supernatant was read spectrophotometrically at
274 nm. Then, the entrapment efficiency (EE%) was calculated as:

EE % = (Initial drug quantity − Unentrapped quantity of drug)/(Total drug) × 100%.
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4.5. Surface Modification of LC Hydrogels

The surface modification of LC hydrogels was performed through carboxylation (oxi-
dation) and amination according to the previously reported method with some minor modi-
fication [13]. For the oxidation reaction, 3.145 g of LC hydrogels (equal to 0.1 g of dry weight)
was suspended in an 80 mL solution containing 15 mg 2,2,6,6-tetramethylpiperidine-1-oxy
(TEMPO) and 98.87 mg of sodium bromide. Then, 101 µL of sodium hypochlorite was
added to start the oxidation reaction. The pH was kept at 10.5 by adding an appropriate
amount of 1 M sodium hydroxide. The reaction was continued on the stirrer at room tem-
perature and 600 rpm for 4 h. Finally, 2 mL of ethanol was added to the reaction mixture.
The obtained hydrogel was washed with distilled water by centrifugation at 7800 rpm
for 10 min and repeated until the oxidized hydrogel reached the pH of approximately
7. For the amination reaction, a 3.145 g sample of hydrogel was added to the 40 mL of
1 M sodium hydroxide solution and heated with constant stirring to 60 ◦C. Then, 140 µL
of epichlorohydrin was added and allowed to react with stirring at 600 rpm and 60 ◦C
for 2 h. The solution was washed with distilled water by centrifugation at 7800 rpm for
approximately 10 min until the pH reached below 12. The precipitated hydrogel was
re-suspended in 40 mL of 0.01 M sodium hydroxide, and the proper amount of ammonium
hydroxide (29.4% w/v) was added to adjust the pH of the solution to 12. The mixture was
then left to stir at 600 rpm and 60 ◦C for an additional 2 h. The resultant hydrogel was
washed and centrifuged until the pH was reduced to 7 and stored at 4 ◦C.

4.6. Preparation of LC Sponge Containing Drug Loaded Nanoparticles

The cationic and anionic forms of the surface modified nanofibers were added together
in equal amounts to obtain the cross-linked form hydrogel. To load nanoparticles in the
prepared hydrogel, 2 mg of nanoparticles were dispersed in 1 mL of deionized water and
mixed evenly with different amounts of the prepared hydrogels (0.5, 1, and 2 g). The
mixtures were then frozen overnight and freeze dried for 48 h to obtain nanocomposite
sponges. For comparison purposes, LCNs and LCNs/PTX nanoparticles were also added
to 2 g of non-modified hydrogel and freeze dried in a similar manner to assess the effect of
cross-linking on the release profile of drug.

4.7. Fourier Transform Infrared Spectroscopy

All samples including LCNs/PTX nanoparticles and sponges were ground well with
potassium bromide and made into pellets. The spectra of samples were recorded using
a FTIR spectrometer (JASCO model FT/IR 6300FV, Tokyo, Japan) in the 350–4000-cm−1

region.

4.8. SEM Observation

The morphologies of LCNs/PTX nanoparticles and dried hydrogels were studied
using field emission scanning electron microscopy (FESEM-SEM Hitachi F41100, Japan) at
an acceleration voltage of 20 kV.

4.9. In Vitro Drug Release Studies

Drug release studies were carried out using the dialysis technique, in which 0.5 mL
of the drug/nanoparticles dispersion or 1.5–2 g sponge were placed inside a dialysis bag,
sealed, and submerged in release media (19.5 mL of phosphate buffer saline solution
and Tween 80 at pH 7.4) while stirred at 200 rpm. Through the dialysis membrane, the
released drug diffused to the outer release media, from where the samples were taken for
further analysis. To measure the amount of drug released, 1 mL of the release medium was
centrifuged for 5 min at 12,000 rpm and UV-spectrophotometrically examined at 274 nm,
and returned to the test media. The studies were repeated three times, and the results were
reported as mean ± standard deviation.
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4.10. In Vivo Wound Healing Studies

All experimental procedures were in accordance with approved guidelines of the
Animal Committee of Isfahan University of Medical sciences, Iran (ethical code No.:
IR.MUI.RESEARCH.REC.1397.267). A full-thickness excisional wound model was used to
evaluate the wound healing ability of the prepared hydrogels. Twenty-four healthy adult
male Wistar rats (8–10 months old, weighing 220–250 g) were obtained from the animal lab
of the Department of Pharmaceutics, Isfahan University of Medical Sciences. The animals
were kept at a controlled ad libitum condition of 22 ± 2 ◦C and 50–60% humidity. Then,
the rats were randomly divided into four groups (6 rats in each group), including blank
group, PTX group, PTX free sponge, PTX loaded sponge. The animals were anesthetized
by intraperitoneal injection of 10 mg/kg xylazine and 80 mg/kg ketamine, then their
backs were shaved, and an approximate 3 cm midline incision was made in the skin and
subcutaneous tissue. The wound in blank group was treated with 1 mL of normal saline.
In other groups the content of PTX was set to be 1.5 mg. The wound was covered with a
gauze dressing and the dressing was changed every day.

4.10.1. Macroscopic Observation of the Wound-Healing Process

After 3, 7, 14, and 21 days of wound creation, the healing progress was recorded
using a digital camera. The rate of wound closure and reduction in the wound size were
determined by measuring wound area using an image analyzing program. The wound
closure was calculated as:

Wound closure (%) = [1 − (open wound area/initial wound area)] × 100

After the study period, the animals were sacrificed and skin tissue samples were
removed surgically for histological evaluation.

4.10.2. Histological Examination

On day 21 post-treatment, the treated excision wounds were immediately fixed in 10%
formaldehyde, dehydrated with ethanol (70%), and then were embedded in paraffin blocks.
The blocks were sectioned into 5 µm slides and stained with hematoxylin-eosin (H&E) to
study the best stage of healing. Stained samples were examined under a light microscope
(Olympus CX 21, Tokyo, Japan), and a digital camera was used to take the photo image
from stained slides.

4.11. Statistical Analysis

The data were presented as mean and standard deviation. The results were statistically
analyzed by IBM SPSS Statistics 26 Software using a one-way ANOVA test. In all of the
evaluations, p < 0.05 was considered statistically significant.
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Abstract: Polyglycerol dendrimers (PGD) exhibit unique properties such as drug delivery, drug
solubilization, bioimaging, and diagnostics. In this study, PGD hydrogels were prepared and evalu-
ated as devices for controlled drug release with good solubilization properties. The PGD hydrogels
were prepared by crosslinking using ethylene glycol diglycidylether (EGDGE). The concentrations
of EGDGE and PGDs were varied. The hydrogels were swellable in ethanol for loading paclitaxel
(PTX). The amount of PTX in the hydrogels increased with the swelling ratio, which is proportional
to EGDGE/OH ratio, meaning that heterogeneous crosslinking of PGD made high dense region of
PGD molecules in the matrix. The hydrogels remained transparent after loading PTX and standing in
water for one day, indicating that PTX was dispersed in the hydrogels without any crystallization
in water. The results of FTIR imaging of the PTX-loaded PGD hydrogels revealed good dispersion
of PTX in the hydrogel matrix. Sixty percent of the loaded PTX was released in a sink condition
within 90 min, suggesting that the solubilized PTX would be useful for controlled release without
any precipitation. Polyglycerol dendrimer hydrogels are expected to be applicable for rapid release
of poorly water-soluble drugs, e.g., for oral administration.

Keywords: polyglycerols; dendrimers; hydrogels; paclitaxel; release; solubilization; FTIR
imaging; hydrotrope

1. Introduction

Dendritic glycerol is a glycerol molecule with a branched chemical structure similar
to those of polyglycerol dendrimer (PGD) (Figure 1a) and hyperbranched polyglycerol
(HPG) (Figure 1b). Dendritic glycerol consists of a polyether structure, similar to the highly
biocompatible polyethylene glycol (PEG), as the backbone with a branched structure, and
has many hydroxyl groups at the ends [1–3]. In addition to its high water solubility and
biocompatibility, it has advantages such as higher thermal stability compared to PEG [4].
One reason for using PGDs in bio-applications is that the single molecular weight and
monodisperse nature of PGDs with perfect degree of branching (DB) make them suitable
for targeted modification of molecular ends. In addition, the ability to precisely control
the molecular weight allows for a detailed examination of the effects of molecular weight,
molecular size, and number of end groups on the system. Hyperbranched polyglycerol
is easy to synthesize and can generate high-molecular-weight polymers in a single step,
which is difficult with the stepwise organic synthesis that is required for PGD. To date,
PGDs and HPGs have been used as nanocapsules for drug delivery [5,6], dispersions of
metal ions using host–guest interactions [7], protein adsorption inhibitory surfaces [8–12],
hydrogels [13–17], human serum albumin substitutes [18], organ preservation solutions [19],
and solvents for poorly water soluble drugs as hydrotropes [20–26].
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Figure 1. Representative structure of (a) PGD and (b) HPG; OH groups in the dotted circles constructs
liner parts, resulting in decreasing DB.

Hydrogels are composed of a three-dimensional polymer network formed by cross-
linked hydrophilic polymer chains. They are insoluble in water and can hold a large amount
of internal water [27,28]. The preparation of hydrogels using HPG has been reported by
Oudshoorn et al. The gelation is carried out using potassium persulfate as a radical
initiator [13]. Other crosslinking methods include enzymatic catalysis [14] and biomimetic
mineralization [15]. The expected advantages of HPG hydrogels are that the low viscosity
of HPG in water enables the preparation of hydrogels with high polymer concentrations
and controlled mechanical properties [29]. Hyperbranched polyglycerol hydrogels have
reportedly been used as bioinks for microfabrication [30], scaffolds for living cells [14,31,32],
and drug delivery systems for poorly-water-soluble drugs and proteins [33]. However,
PGD-crosslinked hydrogels have not been reported so far.

We have shown that PGDs are a hydrotrope for paclitaxel (PTX; 5β,20-Epoxy-1,2α,4,7β,
13α-hexahydroxytax-11-en-9-one4,10-diacetate2-benzoate13-ester with (2R,3S)-N-benzoyl-
3-phenyllisoserine, molecular formula C47H51NO14, corresponding to molecular weight
of 853.91 Da). Paclitaxel is a well-known anti-tumor agent with poor water solubility
(0.6 ± 0.08 µg/mL [34]), so that it is clinically formulated in a mixture composed of 1:1
blend of Cremophor EL (polyethoxylated castor oil) and ethanol [35]. Paclitaxel promotes
the assembly of microtubles, resulting in cancer cells death via protecting from the disas-
sembly of microtubules induced by cold or calcium treatment [36]. Polyethylene glycol 400
(PEG400), which is known as a co-solvent for dissolving PTX at high concentration, requires
about 50 wt% to dissolve 0.1 mg/mL of PTX, while about 10 wt% is sufficient for PGD [20].
Furthermore, precipitation occurs upon dilution, suggesting that PGD does not incorporate
PTX but functions as a “hydrotropic” molecule that dissolves PTX by interacting with the
surrounding PTX molecules. In order to apply this dissolution property, the dissolved
PTX release must be controlled. In the present study, PGD-crosslinked hydrogels were
prepared by using ethylene glycol diglycidylether (EGDGE). If the local concentration
of PGDs can be increased by chemical crosslinking, the solubility of PTX is expected to
increase. Crosslinking conditions such as the solvent and concentration were varied, and
the obtained hydrogels were evaluated in terms of swelling, PTX loading, dissolution state
of PTX, and release of PTX.

2. Results and Discussion

Polyglycerol dendrimer of generation 3 (PGD-G3)was crosslinked by reaction with
EGDGE (Figure 2). It is well-known that hydroxyl groups in water-soluble polysaccharides
can be modified by glycidyl ethers in NaOH aqueous solution [37] and in DMSO in the
presence of appropriate catalysts such as DMAP [38]. Since PGD-G3 has many hydroxyl
groups, these methods are applicable to the preparation of crosslinked PGD-G3 hydrogels.
As shown in Table 1, the concentrations of EGDGE and PGD-G3 were varied. Since the
solubility of EGDGE in 1 M NaOH solution is limited, additional 1 M NaOH was added
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to the reaction mixture when the ratio of EGDGE and hydroxyl groups of PGD-G3 was
increased. This results in decreasing the final concentration of PGD-G3. The swelling ratio
in water increased with increasing concentration of EGDGE and decreasing concentration
of PGD-G3. All the hydrogels prepared in 1 M NaOH reached their equilibrium swelling
at around 10 h (Figure 3). When both DMSO and DMAP were used for gel preparation,
the concentrations of EGDGE and PGD-G3 both increased, and the swelling ratio for G3-
EG(DMSO)0.75 was the lowest among all samples. All the hydrogels were stiff, except for
G3-EG(NaOH)0.75, which could not maintain a disc shape. Taking the largest swelling
ratio of G3-EG(NaOH)0.75 into account, the crosslinking condition for G3-EG(NaOH)0.75
induced partially intramolecular crosslinking of PGD-G3 molecules. The hydrogels were
also swellable in ethanol, which allows loading of PTX.
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Figure 2. Synthetic scheme of PGD-G3 hydrogels using EGDGE as crosslinking agent
(G3-EG hydrogels).

Table 1. Preparation conditions and swelling properties of PGD-G3 hydrogels.

Sample Code Conc. of EGDGE
(mmol/mL)

Conc. of
PGD-G3 (wt. %)

EGDGE/OH
Groups

Swelling Ratio (q)

In Water In Ethanol

G3-EG(NaOH)0.15 0.682 32 0.15 5.39 1.16
G3-EG(NaOH)0.5 1.261 18 0.5 9.12 –

G3-EG(NaOH)0.75 1.215 11 0.75 36.20 4.28
G3-EG(DMSO)0.75 3.035 30 0.75 1.94 –
G3-EG(NaOH)1.0 1.621 11 1.0 11.39 3.83
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Figure 3. Swelling behavior of G3-EG hydrogels in water at 25 ◦C: black: G3-EG(NaOH)0.15, red: G3-
RG(NaOH)0.15, blue: G3-EG(NaOH)0.75, green: G3-EG(NaOH)1.0. Detailed preparation conditions
of each hydrogel are summarized in Table 1 (mean ± S.E.M., n = 3).
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In order to compare the influence of the generation of PGD, PGD-G4 hydrogels were
prepared in a similar manner in NaOH (Table 2). The swelling ratio for each hydrogel was
slightly smaller than that for each G3-EG hydrogel, even with similar concentrations of
EGDGE and PGDs. This may be due to the denser network of hydroxyl groups that can act
as a more hyperbranched structure on the nanoscale than those in PGD-G3. However, the
tendency of swelling for PGD-G3 and PGD-G4 was the same.

Table 2. Preparation conditions and swelling properties of PGD-G4 hydrogels.

Sample Code Conc. of EGDGE
(mmol/mL)

Conc. of
PGD-G4 (wt. %)

EGDGE/OH
Groups

Swelling Ratio (q)

In Water In Ethanol

G4-EG(NaOH)0.15 0.658 32 0.15 4.68 1.36
G4-EG(NaOH)0.5 1.217 18 0.5 7.41 2.05
G4-EG(NaOH)0.75 1.171 11 0.75 37.44 2.45
G4-EG(NaOH)1.0 1.564 11 1.0 9.95 2.14

Figure 4 shows the PTX amount loaded into hydrogels as a function of the swelling
ratio in water. The PTX amount is proportional to the swelling ratio (except for G3-
EG(NaOH)0.75 and G4-EG(NaOH)0.75 in Tables 1 and 2), indicating that the dissolved
PTX was entrapped in the spaces between the crosslinks in the swollen hydrogel. In other
words, heterogeneous crosslinking of PGD made a high-density region of PGD molecules
in the matrix, and this region is likely to act as a hydrotrope. To confirm the PTX solubility,
a small amount of water was added to the G4-EG(NaOH)1.0 hydrogel after loading PTX to
reach maximum swelling, and the gel was left to stand for one day. The hydrogel remained
transparent although its shape collapsed (Figure 5), indicating that PTX was dispersed in
the hydrogels without any crystallization in water.

Gels 2022, 8, x FOR PEER REVIEW 5 of 11 
 

 

 
Figure 4. PTX solubility, determined by HPLC, per 1 g dried hydrogels (G3-EG(NaOH)0.5, 
G3-EG(NaOH)1.0, G4-EG(NaOH)0.15, G4-EG(NaOH)0.5, and G4-EG(NaOH)1.0) as a function of 
swelling ratio in water. 

 
Figure 5. Photographs of (a) PTX-loaded dried G4-EG(NaOH)1.0 hydrogel and (b) swollen 
PTX-loaded G4-EG(NaOH)1.0 hydrogel. A small amount of water was added to G4-EG(NaOH)1.0 
hydrogel after loading PTX, and the hydrogel was left to stand for one day. 

Finally, PTX release from the PTX-loaded G4-EG(NaOH)1.0 hydrogel was evaluated 
in vitro. Approximately 60% of PTX was released in 90–150 min (Figure 7). Since PTX 
normally takes 1–2 days to be released when distributed and retained in the hydrophobic 
domain of micelles such as PEG-PLA block copolymers [40], these results suggest that the 
rapid release was governed by hydrotropic dissolution based on intermolecular interac-
tions between PTX and the crosslinked PGD molecules. Under the release experimental 
conditions, PTX precipitation was not observed, and the hydrogel remained transparent 
even after 700 min. From this result, it is suggested that the remained PTX in the hydrogel 
(approximately 40%) was still solubilized in the hydrogel and entrapped in the 
G4-crosslinked matrix. The calculated amount of the released PTX at 150 min was 5.5 
μg/mL, the concentration of which is reported to decrease cell viability to less than 40% 
using PTX-loaded nanoparticles against MCF-7 cells [41]. From these results and reports, 
the release of PTX can be achieved at the therapeutic level in vitro. We think that the 
PTX-loaded G4-EG or G3-EG hydrogels can be fabricated to nanogels by further chemical 
modification of OH-groups in combination with “click” chemistry [42] or the miniemul-

Figure 4. PTX solubility, determined by HPLC, per 1 g dried hydrogels (G3-EG(NaOH)0.5, G3-
EG(NaOH)1.0, G4-EG(NaOH)0.15, G4-EG(NaOH)0.5, and G4-EG(NaOH)1.0) as a function of swelling
ratio in water.
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Figure 5. Photographs of (a) PTX-loaded dried G4-EG(NaOH)1.0 hydrogel and (b) swollen PTX-
loaded G4-EG(NaOH)1.0 hydrogel. A small amount of water was added to G4-EG(NaOH)1.0
hydrogel after loading PTX, and the hydrogel was left to stand for one day.

In order to check the degree of PTX dispersion, FTIR imaging was performed using
the PTX-loaded dried G4-EG(NaOH)1.0 hydrogel. Typical FTIR spectra of PTX-rich and
PTX-poor regions are shown in Figure 6a. Bands due to hydroxyl groups were observed
from 3000 to 3500 cm−1 in both cases with the same absorbance (data not shown), which
is consistent with a previous report on polyglycerol-based hydrogels [39]. However, the
absorbance at 1700 to 1730 cm−1 increased in the PTX-rich region (see red circle in Figure 6a),
suggesting the presence of carbonyl groups of PTX in the PTX-rich region. Based on these
results, the absorbance values around 3000–3500 cm−1 and 1700–1730 cm−1 were adopted
for 2D imaging of the PGD matrix and PTX distribution for 0.1 mm-thick gels (Figure 6b).
As shown in Figure 6c, hydroxyl groups of PGD were not homogeneously distributed in the
measured area, suggesting heterogeneous crosslinking by EGDGE. Interestingly, carbonyl
groups of PTX were likely to be located in the PGD-rich region (Figure 6d). These results
indicated that PTX was dispersed in the gel matrix, and it was assumed that PGD and PTX
molecules interacted in the hydrogel and remained in a dissolved state.

Finally, PTX release from the PTX-loaded G4-EG(NaOH)1.0 hydrogel was evaluated
in vitro. Approximately 60% of PTX was released in 90–150 min (Figure 7). Since PTX
normally takes 1–2 days to be released when distributed and retained in the hydrophobic
domain of micelles such as PEG-PLA block copolymers [40], these results suggest that the
rapid release was governed by hydrotropic dissolution based on intermolecular interactions
between PTX and the crosslinked PGD molecules. Under the release experimental condi-
tions, PTX precipitation was not observed, and the hydrogel remained transparent even
after 700 min. From this result, it is suggested that the remained PTX in the hydrogel (ap-
proximately 40%) was still solubilized in the hydrogel and entrapped in the G4-crosslinked
matrix. The calculated amount of the released PTX at 150 min was 5.5 µg/mL, the concen-
tration of which is reported to decrease cell viability to less than 40% using PTX-loaded
nanoparticles against MCF-7 cells [41]. From these results and reports, the release of PTX
can be achieved at the therapeutic level in vitro. We think that the PTX-loaded G4-EG
or G3-EG hydrogels can be fabricated to nanogels by further chemical modification of
OH-groups in combination with “click” chemistry [42] or the miniemulsion technique [43].
Such nanogels could be applicable for effective oral chemotherapy [41].
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Figure 6. (a) Typical FTIR spectra of PTX-loaded dried G4-EG(NaOH)1.0 hydrogel (green line: PTX-
rich region; blue line: PTX-poor region), (b) micrograph of PTX-loaded dried G4-EG(NaOH)1.0
hydrogel, (c) FTIR image of PTX-loaded dried G4-EG(NaOH)1.0 hydrogel using absorbance
around 3000–3500 cm−1 (hydroxyl groups of PGD matrix), (d) FTIR image of PTX-loaded dried
G4-EG(NaOH)1.0 hydrogel using absorbance around 1700–1730 cm−1 (carbonyl groups of PTX).
Measurement area: 600 × 600 µm.
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3. Conclusions

Polyglycerol dendrimers crosslinked by reacting with EGDGE exhibited an increased
local concentration in the gel matrix, and PTX was successfully loaded into the hydrogels.
The amount of loaded PTX was proportional to the swelling ratio of the hydrogels, re-
gardless of the generation of PGD (G3 and G4). Fourier-transform infrared spectroscopic
imaging of the PTX-loaded PGD hydrogels proved that PTX was retained and distributed
in the hydrogel matrix after loading based on hydrotropic solubilization. Sixty percent
of PTX was released in a few hours without recrystallization in the sink state, which is
expected to be applicable for rapid release of PTX, e.g., for oral administration.

4. Materials and Methods
4.1. Materials

1,1,1-Tris(hydroxymethyl)propane (TMP) and dimethylaminopyridine (DMAP) were
purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). Allyl chloride,
N-methylmorpholine N-oxide (NMO), 50 wt.% sodium hydroxide solution, and paclitaxel
(PTX) were purchased from Sigma-Aldrich (Tokyo, Japan). Tetrabutylammonium bromide,
OsO4 (4% in water), and ethylene glycol diglycidylether (EGDGE) were purchased from
Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Generation 3 and 4 PGDs (PGD-G3:
Mn = 1689, m/z 1712 [M + Na]+, calculated by MALDI-TOF-MS spectrometry (Voyager
2000, AB SCIEX); PGD-G4: Mn = 3508, m/z 3491 [M-H2O]) were prepared as described in
previous papers [25,44].

4.2. Preparation of PGD Hydrogels Crosslinked by Ethylene Glycol Diglycidyl Ether (EGDGE)

PGD-G3 and G4 hydrogels using EGDGE as a crosslinking agent (G3-EG and G4-EG
hydrogels) were prepared by the following methods.

4.2.1. PGD-G3 Hydrogels Prepared in NaOH Aqueous Solution [G3-EG(NaOH)]

PGD-G3 hydrogels were prepared by crosslinking using EGDGE in 1 M NaOH aque-
ous solutions at 60 ◦C overnight in a sample bottle (molding size: 14 × 3.5 mm). The
detailed conditions and swelling properties are summarized in Table 1 and Figure 3. The
number following (NaOH) in the sample code refers to the ratio of EGDGE and hydroxyl
groups in one PGD-G3 molecule.

The swelling ratio was calculated by the following equation:

Swelling ratio (q) = Ws/Wd

where Ws is the weight of swollen hydrogel and Wd is the weight of the dried hydrogel.

4.2.2. PGD-G3 Hydrogels Prepared in DMSO [G3-EG(DMSO)]

PGD-G3 hydrogels were prepared by crosslinking using EGDGE in DMSO in the
presence of dimethylaminopyridine (DMAP) as a catalyst at 60 ◦C overnight. The detailed
conditions and swelling properties are summarized in Table 1. The number following
(DMSO) in the sample code refers to the ratio of EGDGE and hydroxyl groups in one
PGD-G3 molecule. The swelling ratio was calculated by the method described above.

4.2.3. PGD-G4 Hydrogels Prepared in NaOH Aqueous Solution [G4-EG(NaOH)]

In a similar manner to G3-EG hydrogels, PGD-G4 hydrogels using EGDGE as
a crosslinking agent (G4-EG hydrogels) were prepared. The detailed conditions and
swelling properties are summarized in Table 2.

4.3. PTX Loading of G3-EG and G4 Hydrogels

Each dried hydrogel was weighed to obtain the initial weight of the gel. PTX was
dissolved in EtOH (1 mg/mL), and the hydrogels were placed in an EtOH solution of
PTX for 2 days to allow the gels to reach swelling equilibrium. After two days, the gels
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were withdrawn from the PTX solution and stored in an oven (37 ◦C) until dry. After
drying, acetonitrile was added to the gel to extract trapped PTX. The extraction % of PTX
was more than 98% (9.0 µg/mL), because acetonitrile is a good solvent for PTX [45]. The
PTX concentration was then measured using high-performance liquid chromatography
(HPLC) (Agilent 1100 series) using a Symmetry column (Waters, Milford, MA, USA) at
25 ◦C. The mobile phase consisted of acetonitrile–water (45:55, v/v) with a flow rate of
1.0 mL/min. A diode array detector was used with a detection wavelength of 227 nm. The
PTX concentrations in the samples were obtained from a calibration curve.

4.4. FTIR Imaging

The dried G4-EG(NaOH)1.0 hydrogel was sliced into samples with a thickness of about
0.1 mm. The sliced sample was placed on the sample holder of a multichannel infrared
microscope system (FTIR-6200 with IMV-4000, JASCO, Tokyo, Japan). FTIR imaging was
performed under the following conditions:

Objective focusing mirror magnification: ×16

Number of measurement points: 48 × 48

Measurement region: 1 point 12.5 × 12.5 µm (48 × 12.5 = 600 × 600 µm)

Number of integrations: 16

Resolution: 8 cm−1

4.5. PTX Release from G4-EG Hydrogels

The PTX-loaded G4-EG(NaOH)1.0 hydrogel was immersed in an aqueous solution.
N,N-Diethylnicotinamide (1.5 M in PBS, pH 7.4) solution was used as the release medium
to maintain an infinite sink without requiring simulated flow conditions [46]. Samples
were taken at predetermined time intervals and assayed for PTX by isocratic reverse-phase
HPLC (see Section 4.3).
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Abstract: Topical and transdermal drug delivery are advantageous administration routes, especially
when treating diseases and conditions with a skin etiology. Nevertheless, conventional dosage forms
often lead to low therapeutic efficacy, safety issues, and patient noncompliance. To tackle these
issues, novel topical and transdermal platforms involving nanotechnology have been developed.
This review focuses on the latest advances regarding the development of nanoemulgels for skin
application, encapsulating a wide variety of molecules, including already marketed drugs (micona-
zole, ketoconazole, fusidic acid, imiquimod, meloxicam), repurposed marketed drugs (atorvastatin,
omeprazole, leflunomide), natural-derived compounds (eucalyptol, naringenin, thymoquinone, cur-
cumin, chrysin, brucine, capsaicin), and other synthetic molecules (ebselen, tocotrienols, retinyl
palmitate), for wound healing, skin and skin appendage infections, skin inflammatory diseases,
skin cancer, neuropathy, or anti-aging purposes. Developed formulations revealed adequate droplet
size, PDI, viscosity, spreadability, pH, stability, drug release, and drug permeation and/or retention
capacity, having more advantageous characteristics than current marketed formulations. In vitro
and/or in vivo studies established the safety and efficacy of the developed formulations, confirming
their therapeutic potential, and making them promising platforms for the replacement of current
therapies, or as possible adjuvant treatments, which might someday effectively reach the market to
help fight highly incident skin or systemic diseases and conditions.

Keywords: anti-aging; nanoemulgels; nanoemulsions; neuropathy; skin cancer; skin infection; skin
inflammation; topical administration; transdermal administration; wound healing

1. Introduction
1.1. The Skin: Properties and Advantages and Limitations as a Drug Delivery Route

The skin consists of three primary layers: the epidermis, the dermis, and the hypo-
dermis [1–3]. The epidermis, the outermost layer, is divided into several sublayers, with
the deepest layer being known as the stratum basale (also called the basal layer). This layer
contains rapidly dividing basal cells that continually undergo mitosis to replace the cells
lost from the skin’s surface. As these basal cells divide and mature, they gradually move
upwards toward the skin’s surface [4,5]. Above the stratum basale lies the stratum spinosum,
which provides strength and support to the epidermis. The cells in this layer have spiny
projections that interlock with neighboring cells, enhancing tissue integrity [6,7]. Further
up is the stratum granulosum, where the cells begin to produce large amounts of keratin
and other proteins. As these cells mature, they form flattened, granular layers, preparing
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to become the outermost protective barrier of the skin [7,8]. Finally, we have the stratum
corneum, the outermost layer of the epidermis. This layer is composed of tough, flattened,
and fully keratinized cells known as corneocytes. These corneocytes are continuously shed
and replaced by new cells from the lower layers. The stratum corneum acts as a formidable
barrier, preventing the entry of pathogens and chemicals, and excessive water loss [9–11].
Beneath the epidermis lies the dermis, a thicker and more complex layer of the skin, pri-
marily composed of connective tissue, which includes collagen and elastic fibers, providing
structural support and elasticity to the skin. The dermis houses blood vessels, nerves,
hair follicles, sebaceous glands, and sweat glands. It also contains sensory receptors and
specialized cells like Merkel cells, responsible for detecting touch and pressure [12–14].
Lastly, the hypodermis, or subcutaneous tissue, forms the deepest layer of the skin. It is
mainly composed of adipose tissue (fat) that acts as an insulator and cushion, regulating
body temperature and providing protection to underlying organs and structures [15,16].

Several factors can affect the properties of the skin. Environmental factors such as
ultraviolet (UV) radiation from the sun can cause skin damage, premature aging, and
increase the risk of skin cancer. Pollution, chemicals, and harsh weather conditions can also
impact the skin’s health and appearance [17–19]. Additionally, lifestyle choices, such as
diet, smoking, and alcohol consumption, can also influence the skin’s elasticity and overall
health. Hormonal changes, stress, and certain medical conditions may also lead to skin
issues, which can consequently evolve into pathological conditions, such as acne, eczema,
and psoriasis, among others [20–23]. Understanding the intricate organization of the skin’s
layers and their functions is essential for maintaining healthy skin. Proper care, protection
from harmful environmental factors, and a balanced lifestyle can contribute to the overall
health and well-being of this remarkable organ [24,25].

Furthermore, the fact that the skin, as the body’s largest external organ, serves as a pro-
tective barrier against various external factors, makes drug delivery on or through the skin
a significant challenge, since the skin exhibits a very low or even nonexistent permeability
to most drug molecules [26–28]. Factors such as stratum corneum composition, hydration,
anatomical site, and individual variations contribute to the overall high complexity of
skin drug permeation, and the understanding of the skin’s characteristics is essential for
optimum drug delivery, in both topical and transdermal administration [24,29,30].

Transdermal and topical drug administration are both methods of delivering medica-
tions to the body through the skin. However, there are some key differences between the
two [31,32]. Transdermal application refers to the delivery of medications through the skin,
and into the bloodstream, allowing active ingredients to have systemic effects since they
are meant to be distributed throughout the body. Hence, the formulation is designed to
penetrate the skin’s surface and reach the bloodstream [33,34]. It is commonly used for med-
ications that require slow, continuous release into the bloodstream over an extended period
of time, and often used for systemic conditions such as hormone replacement therapy, pain
management, or nicotine replacement therapy, among other applications [35–37]. Drugs
are usually delivered through patches, gels, or creams, specifically designed to facilitate
absorption through the skin and controlled release into the bloodstream [38–41]. On the
other hand, topical administration involves applying medications directly to the skin’s
surface to exert local effects on the area of application. In this case, the drug is meant to stay
primarily at the site of application and will probably not be designed to penetrate deeply
into the skin’s layers and reach the bloodstream [42–44]. Hence, this administration route
is typically used for localized conditions, such as skin infections, rashes, inflammation, and
other skin-related issues [45–47]. Formulations are designed to target specific areas without
affecting the entire body, and come in various forms, including creams, ointments, lotions,
sprays, and foams, depending on the intended application [48–50].

Nevertheless, although topical and transdermal drug delivery have gained significant
interest due to their numerous advantages, including noninvasiveness, easy administration,
and possibility of a localized therapy, conventional pharmaceutical forms often lack an
answer to the many challenges that drug delivery on or through the skin presents, such as
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drug permeation and/or retention, drug metabolism by the skin’s enzymes, or effective sol-
ubilization of hydrophobic drugs [33,51–53]. Here, novel approaches using nanotechnology
for drug encapsulation and delivery can be the answer.

1.2. Nanotechnology for Efficient Skin Drug Delivery: A Special Focus on Nanoemulsions and
Nanoemulgels

Nanosystems are generally characterized as being structures in the nanosize range
which are capable of encapsulating drug molecules for improved drug delivery. Several
different types of nanosystems have been developed over the years, each with their own
specific composition and characteristics (Figure 1) [54–57].
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Nanoparticles (NPs) are the most common general type of nanosystems, with the term
typically referring to particles within the size range of 1 to 100 nm [58,59]. Their adjustable
physicochemical properties, such as size, shape, and surface characteristics, contribute
to tailored and improved physiological performance, when compared to conventional
pharmaceutical forms, generally leading to more effective treatment and minimization
of the side effects [60–63]. NPs also hold significant potential for targeted delivery of
active ingredients to specific locations, in contrast to conventional formulations which
usually require the administration of larger quantities of active ingredients in order to reach
a therapeutically effective response, and often fail to target the desired area of interest,
resulting in an extensive and potentially harmful penetration of the drugs into healthy
tissues, hence causing systemic side effects [60,64,65]. Key considerations include these
particles’ size and structure, which is essential to optimize their performance and minimize
potential harm, with surface modification by different types of substances, such as polymers
and other molecules, being important in what concerns stability, specificity, and therapeutic
effectiveness [66–68]. NPs can be divided into various subcategories, including organic
and inorganic nanocarriers [69–71].

Inorganic NPs include mesoporous silica nanoparticles (MSNs), which are nanoscale
structures composed of silica, with large surface areas and well-defined pores. Their
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ordered porous structure, with uniform pore sizes ranging from 2 to 50 nm, allows for
efficient encapsulation and controlled release of active substances [72,73]. The large surface
area of MSNs provides a space for active ingredient loading, leading to high drug-loading
capacity and enhanced therapeutic efficacy, but despite these advantages, MSN synthesis
requires precise control over particle size, pore site, and surface chemistry, which can
be complex and time-consuming [74–76]. Carbon nanotubes (CNTs) are another type of
inorganic nanocarrier, being cylindrical structures composed of carbon atoms arranged in
hexagonal lattice, producing a large surface area that offers significant loading capacity for
efficient encapsulation of therapeutic agents [77,78]. They possess unique advantages, such
as high mechanical strength, exceptional electrical conductivity, thermal stability, protection
of incorporated substances from degradation, controlled release capacity, and targeting
ability [79–81]. These properties, combined with their nanoscale dimensions, make CNTs
attractive candidates for therapeutic applications. Nevertheless, they have quite significant
disadvantages, especially their poor water solubility and potential for toxicity [82–84].
Given the potential toxicity of inorganic nanoparticles, among other disadvantages, organic
nanocarriers have been preferred for various applications [85,86].

There are many types of organic nanocarriers, all having in common high biocompati-
bility with the human body, an essential criterion for drug delivery in order to minimize
toxicity and side effects [87,88]. Liposomes, the first to be developed, and also the first to
effectively reach the pharmaceutical market, are spherical nanocarriers with single (small
or large unilamellar vesicles) or multiple (multilamellar vesicles) bilayered membranes,
formed of natural or synthetic lipids, which enclose an aqueous core [89–92]. They have
showed a number of advantages compared to conventional systems, including enhanced
drug delivery, drug protection from degradation, improved bioavailability, and even pro-
longed half-life in the blood circulation when functionalized with specific polymers (such
as polyethylene glycol (PEG)) on their surface (stealth or PEGylated liposomes) [82,93,94].
On the other hand, solid lipid nanoparticles (SLNs) are formed by dispersing melted
solid lipids in water, while emulsifiers are employed to stabilize the dispersion. These
nanocarriers provide a lipophilic lipid matrix that facilitates the dispersion or dissolution
of lipophilic drugs, providing controlled drug delivery, biocompatibility, high drug pay-
load, and improved bioavailability of poorly water-soluble drugs [82,95,96]. Nevertheless,
some important disadvantages of SLNs reside in their inability to encapsulate hydrophilic
drug molecules, and stability issues have been reported, including burst release of the
drugs during storage [97,98]. Another relevant nanocarrier subcategory is the polymeric
micelles (PMs), self-assembled nanostructures formed by amphiphilic block copolymers
in aqueous solutions. These nanosystems consist of a hydrophobic core, inside which
hydrophobic drugs can be encapsulated, and a hydrophilic shell, stabilizing the micelle,
which is made possible by the unique structure of block copolymers. These structures
can also be surface-functionalized with targeting ligands to achieve specific delivery to
target cells or tissues [99–101]. On the other hand, also composed of polymers, polymeric
nanoparticles (PNPs) are nanocarriers that are fabricated using biocompatible polymers,
typically poly (lactic-co-glycolic acid) (PLGA), PEG, chitosan, or polycaprolactone (PCL),
amongst others. PNPs have the ability to encapsulate and protect various types of drugs
including small molecules, proteins, peptides, and nucleic acids. The encapsulation also
improves their stability, and controls their release kinetics, which allows for sustained or
targeted drug delivery [102–104]. However, both PMs and PNPs have been reported to
exhibit toxicity, slow clearance, formulation instability issues due to aggregation, and low
drug-loading capacity [102,105,106].

Additionally, all mentioned nanocarrier types have complex preparation methods,
which are time-consuming, costly, and often lead to scale-up issues, while also many times
not being environment-friendly due to the use of organic solvents and the need for high
energy amounts during production [107–109].

Given the overall stability, toxicity, low drug-loading, and problematic preparation
issues that are seen with other nanocarrier types, nanoemulsions and nanoemulgels have
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arisen as advantageous solutions with high potential. Nanoemulsions are kinetically stable
biphasic dispersions of two immiscible phases, an oil phase and a water phase, which are
combined with surfactants and/or cosurfactants to increase their stability. Two main types
of nanoemulsions exist, water-in-oil (W/O) or oil-in-water (O/W), with the latter being the
most common [110–112]. Usually, O/W nanoemulsions contain from 5% to 20% oils/lipids,
with this amount increasing up to 70% when the nanoemulsion is W/O. The type of the
oil used in the formulation of nanoemulsions depends on the active substances that are
intended to be solubilized, with the selection often being performed based on a solubility
criterion (oils that solubilize the active substance the best) [111,113]. On the other hand,
surfactants are amphiphilic molecules, which are used to stabilize the nanoemulsions, to
reduce the interfacial tension and prevent the aggregation of the internal phase droplets.
They usually have an ability to absorb quickly at the oil–water interface, and provide
steric, electrostatic, or dual electro-steric stabilization. Cosurfactants may be used as surfac-
tant complements to strengthen the interfacial film, if they fit suitably in areas which are
structurally weaker [114–116]. There is an ongoing effort in both industrial preparations
and scientific works to ensure that the components which are used in the development
of nanoemulsions be strictly nontoxic, generally-regarded-as-safe (GRAS) excipients, in
order to ensure maximum biocompatibility and decrease the propensity for side effects
potentiated by the formulation [117,118]. Nanoemulsions can be produced by high-energy,
low-energy, or low- and high-energy combination methods [117,119]. High-energy emulsi-
fication methods depend on mechanical devices, which use energy for creating powerful
disruptive forces to reduce the size of the formed droplets. Ultrasonicators, microfluidizers,
and high-pressure homogenizers can be used, including on an industrial level. These
methods have the advantage of being able to nanoemulsify almost any oil, but the depen-
dence on instrumental techniques is associated with high costs and the generation of high
temperatures, which might not be feasible for all formulation components (for example,
thermolabile drugs) [120,121]. Hence, low-energy methods, such as phase inversion or
spontaneous emulsification, are the most advantageous, since it is the energy stored in the
system that is used to produce the ultrafine droplets, leading to lower production costs
and an easy application [122,123]. One of the most used low-energy methods is the phase
inversion temperature method, to take advantage of changes in the aqueous/oil solubility
of surfactants in response to temperature fluctuation. This will include the conversion of a
W/O to an O/W nanoemulsion, or the reverse, via an intermediary bicontinuous phase.
The change of temperature from low to high causes the opening and reversal of interfacial
structure, which leads to phase inversion. However, this method has a substantial disad-
vantage, which is that it cannot be used for thermosensitive drugs [124–126]. Hence, the
most beneficial low-energy method ends up being spontaneous emulsification, in which
the components are usually just mixed with each another, resorting to manual mixing or
low-energy mixers (such as mechanical stirring or vortex stirring). This, of course, only
happens when the right components are mixed in the right proportions, with the oils,
surfactants and cosurfactants having to be miscible with one another, and with reasonably
high amounts of surfactants/cosurfactants being valuable for maximum formulation stabi-
lization, homogeneity, and low droplet size [127–129]. Regardless of the used preparation
method, nanoemulsions’ droplet size usually varies between 20 and 500 nm, hence being
small and responsible for these formulations’ clear or hazy appearance [117,130]. This
type of nanosystem can be used in many different dosage forms, such as creams, sprays,
gels, aerosols, or foams, and various administration routes, such as intravenous, oral,
intranasal, pulmonary, ocular, topical, or transdermal drug delivery [111,131,132]. They
have several relevant advantages, such as a high solubilization capacity, great long-term
physical stability, which reduces the propensity for conventional destabilization mech-
anisms to occur (such as creaming, coalescence, or Ostwald ripening), and a very large
surface area available for drug absorption to occur [133–135]. Nevertheless, for certain
applications, nanoemulsions might not be the ideal dosage form, since they tend to be fluid
and do not usually have bioadhesion capability, which can lead to a short retention time of
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the preparation at the site of administration, an important parameter in transdermal and
topical administration. In order to tackle these issues, nanoemulsions can be transformed
into nanoemulgels [136,137].

Nanoemulgels are hybrid colloidal systems composed of nanosized oil droplets dis-
persed in an aqueous gel matrix, combining the properties of both nanoemulsions and
hydrogels, which solve important issues such as spreadability and skin retention of the
preparations by increasing their viscosity [136,138]. The methodology for preparing a
nanoemulgel entails the creation of a gel-based formulation using common and already
described emulsification techniques, similar to those that are used in the preparation of
nanoemulsions [139,140]. As topical or transdermal administration systems, they function
as drug reservoirs, facilitating the controlled release of the drug from the inner phase to
the outer phase, and subsequently onto the skin. Aside from controlled drug delivery, na-
noemulgels exhibit several advantages over alternative topical formulations, which include
compatibility with the skin, high viscosity, adhesiveness, good spreadability, and long-
lasting therapeutic effects [139,140]. In what concerns common excipients that are used as
part of a nanoemulgel’s composition, oil selection is usually dependent on the intended
hydrophobicity, viscosity, permeability, and stability in the formulated nanoemulsion, but
oils from natural sources, such as oleic acid, are commonly used, or chemically modified
oils with medium chain mono-, di-, or tri-glycerides, such as Capryol® 90, Miglyol® 812, or
Labrafac™ [141–143]. Additionally, there are several categories of surfactants, and among
the most used are cationic surfactants (such as amines and quaternary ammonium com-
pounds, or lecithin), anionic surfactants (such as sodium bis-2-ethylhexylsulfosuccinate,
or sodium dodecyl sulfate), zwitterionic surfactants (such as phospholipids), and non-
ionic surfactants (such as Tweens, Lauroglycol® 90, Cremophor® EL, or Cremophor® RH
40) [137,144,145]. Frequently used cosurfactants include propylene glycol, PEG 400, ethyl
alcohol, or Transcutol®, with alcohol-based cosurfactants hence being the most preferred
due to their capability to split between oil and water phases, thereby improving their misci-
bility [139,146,147]. Lastly, there are different types of gelling agents used in nanoemulgel
formation, including natural gelling agents such as bio-polysaccharides (such as pectin,
carrageenan, alginic acid, locust bean gum, or gelatine), derivates of bio-polysaccharides
(such as xanthan gum, starch, dextran, or acacia gum), as well as semisynthetic (such as
hydroxypropyl cellulose, ethyl cellulose, and sodium alginate) and synthetic polymers
(such as carbomers or poloxamers) [136,137,148].

When developing a novel nanoemulgel, several properties have to be evaluated, in
order to assess whether the preparation has optimum characteristics for the intended
application, including droplet size, polydispersity index (PDI), zeta potential, pH, rheo-
logical properties, stability, bioadhesion, spreadability, in vitro drug release, ex vivo drug
permeation, toxicity potential, and in vitro and/or in vivo assessment of the therapeutical
potential of the developed formulation for the intended purpose. This review focuses on
the latest advances regarding the development of novel nanoemulgels for transdermal or
topical administration, for the treatment of several highly impactful diseases and conditions
(Figure 2), such as skin wound healing, skin and appendage infections, skin inflammatory
diseases, skin cancer, neuropathy, and skin aging. A critical analysis is performed regarding
formulation composition and preparation, and all relevant characterization parameters, in
order to assess the true potential of these formulations as novel functional platforms for
drug delivery onto or through the skin (summary in Table 1).
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2. Topical and Transdermal Nanoemulgels for the Treatment of Skin Diseases and
Other Applications
2.1. Skin Wound Healing

Skin wounds are physical injuries of the skin tissue, which lead it to break and open.
Wound healing is a complex process, which requires a coordinated series of cellular and
molecular events, which aim to restore the integrity and functionality of damaged tis-
sues [164–166]. It includes inflammation, cell migration, tissue formation, and remodeling,
and due to lack of effectiveness or slow therapeutic action, new strategies are needed for
efficient and fast wound healing [167–169]. In this context, Morsy et al. [149] developed a
novel nanoemulgel formulation containing atorvastatin for wound healing application. De-
spite the fact that atorvastatin (ATR) is primarily prescribed as a lipid-lowering medication,
to manage cholesterol levels, high cholesterol levels have been associated with impaired
wound healing, which means that atorvastatin may indirectly contribute to improved
wound healing outcomes [170–172]. Furthermore, this drug also shows anti-inflammatory
properties, and angiogenic effects, which promote the formation of new blood vessels,
leading to an adequate blood supply that is crucial for tissue regeneration [173–175]. Addi-
tionally, it has also been described as targeting and inhibiting the growth of microorganisms,
including common wound pathogens, and has been linked to other pleiotropic effects, such
as antioxidant properties, modulation of cellular signaling pathways, and promotion of
cell proliferation and migration, which make this drug a quite relevant candidate due to
multiple wound-healing-related beneficial effects [173,176,177]. The incorporation of ATR
into a nanoemulgel formulation intended to allow a controlled and sustained release at the
wound site, maximizes its potential therapeutic effects. Hence, the developed nanoemulgel
was prepared by using a combination of high-pressure homogenization and ultrasonica-
tion techniques. First, the gel was prepared by adding sodium carboxymethyl cellulose
(CMC) to water and stirring continuously until gel formation. After that, a primary O/W
emulsion was made, containing ATR solubilized in a mixture of liquid paraffin, Tween®

80, and propylene glycol, to which water was slowly added, and vortexed. Then, to this
drug-loaded emulsion, the polymeric gel base was added and mixed for 5 min. Afterward,
this primary emulgel was sonicated, for 10 min, in order to reduce its droplet size and
finally obtain the required nanoemulgel. The developed formulations were characterized
for particle size, PDI, zeta potential, viscosity, spreadability, in vitro drug release, stability,
ex vivo permeation, and in vivo wound healing properties. The physicochemical character-
ization showed a small particle size of approximately 100 to 200 nm (Figure 3A,B), a good
homogeneity with a PDI value of less than 0.3, and the zeta potential was found to be within
the range of −20 to −30 mV, indicating good stability and preventing particle aggregation.
Additionally, the viscosity and spreadability of the nanoemulgel was determined to be in
the range suitable for topical application, ensuring ease of spreading and adherence to the
wound area. The in vitro drug release profile (Figure 3C), determined across semiperme-
able cellulose membranes for 6 h, demonstrated a sustained release of the drug from the
developed nanoemulgel over time, with a reduced initial burst release when compared to
a CMC gel, and with a higher overall release when compared to an emulgel. Moreover,
stability studies, which it underwent for a duration of 6 months, under storage conditions
of 60% relative humidity and a temperature of 4 ◦C, indicated no noticeable alterations in
several evaluated properties, such as color, appearance, spreading, or viscosity. In addition,
an ex vivo permeation study (Figure 3D), through excised rat skin, revealed that the ATR
nanoemulgel had a higher permeation, both in what concerns cumulative amount and
velocity, than the drug-loaded emulgel, gel, or solution, after 2 h, also exhibiting the shortest
lag time. Furthermore, a histopathological analysis of rats’ skin, after nanoemulgel topical
application in an in vivo study, supported its positive effect on wound healing, showing
reduced inflammation and increased angiogenesis, with a marked improvement in the
skin histological architecture, and considerable healing after 21 days of ATR nanoemulgel
treatment (Figure 3E–G). Additionally, although the developed gel-based formulations may
encounter drawbacks such as limited residence time at the application site, the nanoemulgel
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formulation can address this concern by exhibiting enhanced retention in the affected area,
and therefore prolonged retention, enabling a steady release of the drug, and facilitating
extended contact with the skin surface.
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Figure 3. (A) Droplet size distribution of the developed ATR nanoemulgel; (B) surface morphology of
the developed ATR nanoemulgel; (C) in vitro drug release profiles of the developed ATR nanoemulgel,
compared to an emulgel and gel; (D) ex vivo drug permeation profiles of the developed ATR
nanoemulgel, compared to an emulgel, a gel, and a solution; (E) wound area variation of rat skin
after topical administration of the developed ATR formulations, after 0, 7, 14, and 21 treatment days;
(F,G)—healing score (F) and photomicrographs (G) of rat skin before treatment (a), and after 21 days
of topical administration of an ATR gel (b), an ATR emulgel (c), or an ATR nanoemulgel (d), where
black arrows represent the absence of epidermal layer epithelization, blue arrows represent loss of
collagen fibers normal arrangement in the dermal layer, green arrows represent severe congestion,
yellow arrows represent hemorrhage, and black circles represent inflammatory cell infiltrations;
ATR—atorvastatin; adapted from Morsy et al. [149], reproduced with permission from MDPI (Creative
Commons CC BY 4.0 470 license).
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Wounds are strongly connected to health disorders such as immune system diseases,
diabetes, chronic peripheral vascular disorders, and various infectious and inflammatory
diseases. In this context, chronic wounds pose a significant healthcare challenge due
to their slow healing and susceptibility to infections [178,179]. Eucalyptol has been re-
ported to function as a good penetrant in transdermal and topical drug delivery systems
and is also claimed to possess antibacterial properties against human and food-borne
pathogens [180,181]. Hence, Rehman et al. [150] developed a nanoemulgel for wound
healing incorporating eucalyptus oil, obtained from Eucalyptus globulus, into a nanoemulgel
(Figure 4A), developing an effective platform designed to enhance the stability, permeation,
and controlled release of eucalyptol, one of the main constituents of eucalyptus oil, thereby
promoting its therapeutic efficacy in wound healing. The preparation of the nanoemulgel
was divided into two steps, with the first including the preparation of different primary
O/W nanoemulsions by solvent emulsification diffusion method. The nanoemulsions were
made of an aqueous phase containing the hydrophilic surfactant Tween® 80 and distilled
water, and an oil phase containing black seed oil, the hydrophobic surfactant Span® 60, and
the cosurfactant/cosolvent propylene glycol. These two phases were mixed together using
a magnetic stirrer, and then the nanoemulsion was produced by droplet size reduction
using a high-speed homogenizer. From the selected primary nanoemulsion, nanoemulgels
were created, where Carbopol® 940 was used as the gelling agent. A Carbopol gel was
produced by adding it to distilled water and mixing until a clear solution was formed, and
then the pre-prepared nanoemulsion was added to the gel, in ratio of 1:1, with the pH being
adjusted to a value of 5–6 using triethanolamine. These nanoemulgels were subsequently
subjected to characterization. For the stability studies, temperature tests and centrifuga-
tion were used, with all formulations being subjected to storage at different conditions,
namely, 8 ◦C, 25 ◦C, 40 ◦C, and 40 ◦C, with 40% relative humidity, for 28 days. Results
showed that all the formulations were stable under the studied conditions, with no phase
separation being observed after subsequent centrifugation. A Fourier-transform infrared
spectrophotometer analysis was also employed to investigate the chemical interactions
and compatibility between the components. By analyzing the produced spectra, it was
possible to identify specific functional groups and molecular vibrations, confirming the
absence of any major chemical changes or incompatibilities that could potentially affect
the stability or therapeutic properties of the formulations. It was also shown that the pH
had a major effect on the stability of the systems, as triethanolamine, used to adjust the
formulation’s pH to simulate the pH of the skin, affected the transparency and disrupted
the internal structure of the formulations. Furthermore, organoleptic homogeneity tests
were performed, where changes in color, phase separation, consistency, and liquefaction
were observed. All the formulations were observed to be off-white in color, and smooth
in terms of consistency, and showed also reasonable to good spreadability. Additionally,
the drug content analysis showed that the drug was uniformly distributed throughout the
nanoemulgels. In the study of in vitro drug release (Figure 4B), the nanoemulgel which
released the highest amount of drug was selected. The selected nanoemulgel’s particle
size, PDI, and zeta potential were also determined. The droplet size was found to be
around 139 ± 5.8 nm, the PDI was less than 0.45, and the zeta potential was measured
to be −28.05 mV. After formulation physicochemical characterization, an in vivo study
evaluated the wound-healing activity of the nanoemulgel in rabbits. The percentage of
wound contraction was measured over a 15-day period, and they compared a negative
control group, a nanoemulgel group, and a standard commercial product group. The
results showed that the percentage of wound contraction for the nanoemulgel group on day
15 was 98.17%, indicating a significant improvement in wound healing compared to the
negative control group (70.84%). Additionally, a statistical analysis using one-way ANOVA
confirmed that the developed nanoemulgel had a wound-healing activity similar to that of
the commercial cream, confirming its effectiveness in promoting wound healing. Thus, the
performed comprehensive characterization studies, including physicochemical analysis
and in vivo wound evaluations, provide valuable insights into the developed formulation’s
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potential efficacy. Overall, based on the provided information, we can conclude that the
topically applied nanoemulgel formulation containing eucalyptus oil as an active ingredi-
ent demonstrated significant wound-healing activity and stability in the tested conditions,
hence being a potentially novel and effective strategy for skin wound healing.
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profiles of different nanoemulgels; adapted from Rehman et al. [150], reproduced with permission
from MDPI (Creative Commons CC BY 4.0 470 license).

Diabetes mellitus remains a significant global health concern, affecting millions of
individuals worldwide. One of the most debilitating complications of diabetes is the de-
velopment of chronic, nonhealing wounds. These wounds pose substantial challenges
for patients and healthcare providers, leading to increased morbidity, including the risk
of limb amputation, and significant healthcare costs [182–184]. To address this critical
issue, researchers are continuously exploring innovative approaches to improve wound
healing and management. Hence, a study conducted by Yeo et al. [151] also focused on
the fabrication and characterization of a topical nanoemulgel, containing tocotrienols and
naringenin, for the management of diabetic wounds. In that study, researchers aimed to
develop a nanoemulgel formulation taking advantage of the therapeutic potential of two
bioactive compounds: tocotrienols, which are members of the vitamin E family with potent
antioxidant and anti-inflammatory properties, and naringenin, a flavonoid known for its
wound healing and tissue regeneration capabilities [185–188]. The study aimed to explore
the synergistic effects of these compounds, with the goal of creating a multifunctional
nanoemulgel that could accelerate wound closure, improve tissue repair, and alleviate
the underlying inflammation often associated with diabetic wounds. With the aim of
entrapping naringenin within the oil droplets of the o/w nanoemulgel, the oil phase was
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chosen according to the highest achievable solubilization for this compound. Among the
tested oils, Capryol® 90 demonstrated the highest solubilization of naringenin, and hence
was selected. Furthermore, the addition of tocotrienols to Capryol® 90 did not significantly
impact the solubility of naringenin, suggesting successful and stable encapsulation of the
drug with the chosen oil base. Additionally, in order to ensure the safety and biocom-
patibility of the formulation, the selection of appropriate surfactants is vital. Nonionic
surfactants were prioritized due to their GRAS status and their ability to withstand pH
or ionic strength changes. Solutol® HS15, with an HLB value of 15.2, was chosen as the
primary surfactant. It offers several advantages, including low toxicity, good biocompati-
bility, and permeation-enhancement ability, making it a suitable choice for this formulation.
To further stabilize the nanoemulsion and achieve a flexible interfacial film, Transcutol®

P, a cosurfactant and cosolvent, was selected to work in combination with Solutol® HS15.
Transcutol® P has been extensively studied for its skin-permeation-enhancing properties,
without significantly affecting the diffusion of permeants across the skin. Moreover, it has
the capability of creating an intracutaneous depot, increasing the reservoir capacity in the
stratum corneum for incorporated therapeutics. These properties make Transcutol® P an
ideal choice for the development of a nanoemulgel, especially for topical application. The
preliminary nanoemulsions were prepared using the spontaneous emulsification method,
followed by sonication and vortexing for increased homogenization. For the drug-loaded
nanoemulsions, naringenin was solubilized in the mixture of Capryol 90 and tocotrienols,
and then the surfactant and cosurfactant were added. Distilled water was added dropwise
with continuous stirring, to achieve a final naringenin concentration of 2 mg/mL. To for-
mulate and optimize a stable primary nanoemulsion, several critical characteristics were
considered, including droplet size, PDI, and zeta potential, as they significantly impact the
in vivo stability and overall performance of the formulations. The mean droplet size for
most blank nanoemulsions was found to be less than 200 nm, with a trend for increased
droplet size with higher oil concentrations, which aligns with previous findings in the
literature, where an increment in oil content usually leads to larger droplet sizes due to
a reduction in specific surface area. The zeta potential of the preliminary nanoemulsions
ranged from −4 mV to +11 mV. Although nanoemulsions with low absolute zeta potential
values can theoretically be more prone to being unstable, due to low electrostatic repulsion,
several studies have shown that stable nanoemulsions can be formulated using nonionic
surfactants with low surface charge values. This observation was confirmed in the study,
where the formulated nanoemulsions, containing nonionic surfactants, exhibited good
thermodynamic stability, in thermodynamic stability studies involving centrifugation,
heating–cooling cycles, and freeze–thaw cycles, with no signs of phase separation, crack-
ing, or creaming, hence ensuring their potential as stable delivery systems. The stable
and optimized naringenin nanoemulsion was chosen as the starting point to formulate
the nanoemulgels, being mixed with 1%, 1.5%, or 2% w/v Carbopol® 934 or Carbopol®

940 gel bases. The ratio of naringenin nanoemulsion to gel base was 1:1, and the mixture
was stirred for 10 min at 500 rpm. Triethanolamine was used to adjust the pH to 4.9–5.3,
ensuring a slightly acidic environment beneficial for wound healing. The nanoemulgels
were allowed to stand for 24 h to remove trapped air. The addition of the gelling agent
led to a significant reduction in the size of the dispersed droplets. Furthermore, the zeta
potential of the nanoemulgels decreased when compared to the optimized nanoemulsion,
indicating a more negative surface charge, attributed to the presence of carboxylate ions
on the Carbopol molecules. The incorporation of the gel matrix also further stabilized the
dispersed oil droplets, indirectly supporting the stability of the nanoemulgel formulations.
The optimized nanoemulgel had nanometric globules (145.6 ± 12.5 nm) with a PDI of
0.452 ± 0.03 and a zeta potential of −21.1 ± 3.32 mV. The spreadability of the formulations
decreased with an increase in gelling agent concentration, which is typical for fluid gels
that are easily spread over the affected area. The optimized nanoemulgel showed good
spreadability and a high viscosity of 297600 cP. The nanoemulgels also showed promising
mucoadhesive properties, with better adhesion being proportional to the concentration and
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grade of Carbopol that was used. In vitro drug release studies, in phosphate buffer saline
(PBS), showed that Carbopol® 934-containing nanoemulgels exhibited higher drug release
compared to those with Carbopol® 940, possibly due to their lower viscosity. Additionally,
an initial burst release was observed in the first 2 h of the assay, which has been deemed
typical of polymer-matrix-based formulations. The in vitro drug release of naringenin from
the nanoemulgel was revealed to have controlled and sustained characteristics, adding up
to 74.62 ± 4.54% within a time period of 24 h. Hence, overall, the findings from that study
provide valuable insights into the formulation of stable naringenin nanoemulsions and
nanoemulgels, paving the way for potential applications in wound healing treatments and
other topical delivery approaches. Further studies and clinical evaluations may be needed
to fully explore the therapeutic potential of the developed formulations in wound healing
or other dermatological conditions.

Algahtani et al. [152] also aimed to develop a novel topical nanoemulgel formulation,
loaded with thymoquinone (TMQ), and evaluate its effectiveness in wound healing. TMQ
is a bioactive compound derived from Nigella sativa, and it has been widely studied for its
potential therapeutic effects, including antioxidant, antimicrobial, anti-inflammatory, and
wound healing properties. It has shown promise in promoting wound closure and tissue
regeneration. However, its effectiveness in wound healing is limited by poor water solubil-
ity and low skin permeation [189–191]. Hence, the study aimed to develop a nanosystem
formulation, encapsulating TMQ within the internal phase’s oil droplets, using black seed
oil as a natural carrier, and stabilized by a surfactant and cosurfactant mixture, with the
addition of the aqueous phase leading to a primary O/W nanoemulsion. To prepare the
TMQ-loaded nanoemulsion, a high-energy method was used, employing an ultrasonication
technique. Initially, the researchers prepared a coarse emulsion by combining 5% w/w
(50 mg/g) of TQM with the mixture of the oil phase and a surfactant/cosurfactant mixture
(Kolliphor® EL/Transcutol® HP). The components were mixed by using a vortex mixer, and
then added to the aqueous phase, while continuously vortexing for 1 min. Then, in order
to improve the emulsion’s properties, the coarse emulsion was subjected to ultrasonication,
using an ultrasonic homogenizer in a water bath. This process helped to break down
larger droplets into smaller ones, and enhance the stability of emulsion, transforming it
into a nanoemulsion. The increase in surfactant mixture concentration decreased the mean
droplet size, and the ultrasonication time also significantly influenced the mean droplet
size and PDI of the nanoemulsions. When the ultrasonication time increased from 3 to
5 min, the mean droplet size decreased. Nevertheless, an ultrasonication time higher than
that, leading to an excessive exposure to ultrasonication energy known as overprocessing,
caused intense turbulence, leading to collisions between the nanoemulsion’s droplets and
their subsequent coalescence, resulting in larger droplet sizes. The average globule sizes of
selected nanoemulsions varied between 40.02 and 99.66 nm, and the PDI value between
0.052 and 0.542. Nanoemulsion viscosity was also measured, being between 71.04 mPas
and 88.82 mPas, and drug content varied between 98.74% and 99.32%. The zeta potential
of these primary nanoemulsions was measured to be in the range of −26.7 to −30.6 mV,
which is expected to contribute to their stability, since high repulsive forces between the
nanoemulsion droplets might help prevent their coalescence. Furthermore, the preliminary
formulations’ stability was effectively assessed, and all were found to be stable when sub-
jected to various tests, including heating–cooling cycles, centrifugation, and freeze–thaw
cycles. The formulations that demonstrated thermodynamic stability were selected for
the in vitro drug release studies (Figure 5A) using the dialysis bag technique. The bags
were filled with 1 mL of TMQ nanoemulsion formulation, and throughout the study, at
specific time intervals, aliquots were withdrawn and replaced with PBS, up to 24 h. The
aliquots were then analyzed by using UV-spectroscopy to quantify the amount of TMQ
released from each formulation. After 12 h, more than 80% of the drug was released from
all screened nanoemulsions, with the maximum cumulative drug release (at 24 h) varying
between 84.3% and 87.1%. Additionally, comparing the TMQ nanoemulsions to a TMQ
aqueous suspension, a significantly higher drug release was observed in the nanoemul-
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sions. A selected drug-loaded nanoemulsion was then incorporated into a hydrogel system,
creating the intended semisolid dosage form, a nanoemulgel. To form the nanoemulgel, the
selected nanoemulsion was uniformly dispersed into a Carbopol® 940 gel matrix. This step
aimed to create a final concentration of 0.5% TQM in nanoemulgel form, with the desired
consistency, making it more suitable for topical application and ensuring a patient-friendly
experience. The pH of the developed nanoemulgel was found to be within the range of
skin’s acid mantle (5.53), making it suitable for topical use, ensuring compatibility with the
skin, and minimizing potential irritation. Moreover, the prepared nanoemulgel exhibited a
similar rheological behavior to a placebo gel, demonstrating pseudoplastic behavior, with
thixotropic properties, which is desirable for topical application. It also demonstrated
excellent spreadability, making it suitable for topical application on wounded skin, and
with the spreading area increasing proportionally with the applied force. Drug skin per-
meability and deposition investigation was conducted in an ex vivo study, using a Franz
diffusion cell, on excised skin from Wistar rats, comparing the developed nanoemulgel to
a conventional gel formulation. For that study, a shaved and excised dorsal skin sample
from a Wistar rat was placed between the donor and receptor compartments of the Franz
diffusion cell. Then, 500 mg of the test formulation was placed in the donor compartment,
and the receptor compartment was filled with phosphate buffer. At various intervals, 1 mL
aliquots were withdrawn and replaced with fresh media. Subsequently, these aliquots
were diluted and quantified using a UV-spectrophotometer to estimate drug permeation
through time. Results confirmed the expected enhancement in drug permeation, with
the TMQ nanoemulgel showing a significantly enhanced cumulative drug permeation
(549.16 µg/cm2) when compared to the conventional gel form (120.75 µg/cm2). Also, the
percutaneous drug flux of TMQ from the nanoemulgel was approximately five times higher
(23.14 µg/cm2·h) than from the conventional gel form (4.78 µg/cm2·h), as was the perme-
ability coefficient (9.26 K × 10−3 vs. 1.91 K × 10−3). This enhanced permeation may be
attributed to the presence of surfactant/cosurfactant mixture in the developed formulation,
and to the small droplet size characteristic of the developed nanosystem. In addition, in
order to estimate drug deposition in rat skin, the tape stripping technique was employed.
After the 12 h ex vivo skin permeability study, the skin sample was removed from the
assembly and washed with buffer. The first strips were discarded, and the subsequent
15 strips were used to remove the subcutaneous layer. The treated skin sample and the
stripped tape were then chopped and incubated in ethanol to fully extract the drug. The
incubated sample was sonicated and centrifugated before analyzing the extracted drug by
using a UV-spectrophotometer, to determine the amount of drug deposited in the skin. The
skin deposition of TMQ from the nanoemulgel form was significantly higher, measured
to be 965.65 µg/cm2, compared to 150.93 µg/cm2 from the gel formulation. Moreover,
the local accumulation efficiency of the nanoemulgel was higher by a factor of 1.4 when
compared to the conventional gel, indicating a greater drug accumulation in the skin for
localized and prolonged therapeutic action. Moreover, according to the in vivo studies
performed in a Wistar rat wound model, the application of the nanoemulgel on the wounds
resulted in accelerated wound closure, evidenced by reduced wound size, enhanced re-
epithelization, and increased collagen deposition, with higher efficacy than control groups
(no treatment, standard 1% w/w silver sulfadiazine cream, and TMQ conventional gel)
(Figure 5B). On the fourth day post-wounding, untreated rats displayed a hard thrombus
swelling and exudates at the wound area. In contrast, animals from other groups exhibited a
comparatively softer thrombus with reduced inflammation and no discharge. By the eighth
day, reddish connective tissue, or granulation tissue, started forming in all groups. The
complete epithelization time for the untreated group was 16.6 days. The groups with 1%
silver sulfadiazine cream, TMQ conventional gel, and TMQ nanoemulgel had significantly
shorter complete epithelization periods of 11.6, 14.33, and 10.33 days. A histopathological
analysis (Figure 5C), on day 20 after treatment, revealed that the TMQ-nanoemulgel-treated
group displayed larger amounts of granulation tissue and fewer mononuclear inflamma-
tory cells compared to animals treated with 1% silver sulfadiazine and TMQ conventional
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gel. These findings suggest that the developed TMQ nanoemulgel has a significant wound
healing potential, comparable to the 1% silver sulfadiazine cream, making it a promising
formulation for topical wound healing applications. Thus, a topical TMQ nanoemulgel
formulation was developed, by combining biocompatible polymers, oils, surfactants, and
cosurfactants, resulting in a stable nanoemulgel with enhanced drug delivery potential
and, hence, improved therapeutic efficacy, making it a promising formulation for potential
use in dermatological applications, and specifically for improved skin wound healing.

Gels 2024, 10, x FOR PEER REVIEW 18 of 58 
 

 

 
Figure 5. (A) In vitro drug release profiles of the TMQ-loaded nanoemulsions, compared to a drug 
aqueous suspension; (B) percentage of contraction of wound area variation, in the in vivo study, 
assessed for 20 days, with topical application of the developed TMQ nanoemulgel (TMQ-NEG), a 
conventional TMQ gel (TMQ-gel), a silver sulfadiazine formulation (Silver sulfadiazine), or no treat-
ment (Untreated); (C) histopathology analysis of the rat’s skin at day 20, newly healed, after topical 
application of the developed TMQ nanoemulgel (TMQ-NEG), a conventional TMQ gel (TMQ-gel), 
a silver sulfadiazine formulation (Marketed), or no treatment (Untreated), stained with hematoxy-
lin-eosin (a) or Van Gieson (b), with arrows indicating the stratum corneum (A), the papillary dermis 
(B), collagen fibers (C), sebaceous glands (D), or hair follicles (E); adapted from Algahtani et al. [152], 
reproduced with permission from MDPI (Creative Commons CC BY 4.0 470 license). 

Recently, natural compounds like curcumin have gained attention for their potential 
therapeutic effects on wound healing due to their anti-inflammatory, antioxidant, and an-
timicrobial properties. However, the clinical application of curcumin has been limited by 
its low solubility in aqueous media and poor skin permeability [192–194]. To tackle these 
issues, Algahtani et al. [153] developed a novel approach to enhance the wound healing 
potential of curcumin, through its formulation into a nanoemulgel, using the high-energy 
emulsification method of ultrasonication, known for its efficiency in producing nanosized 
droplets, in order to ensure uniform dispersion and stability of the nanoformulation. The 
first step involved the preparation of a preliminary O/W nanoemulsion, where curcumin 
was encapsulated within the oil droplets using Labrafac™ PG as the selected oil, and us-
ing a surfactant–cosurfactant system (Tween® 80 and PEG 400). The droplet size of the 
curcumin-loaded nanoemulsion system was significantly influenced by the ratio of the 

Figure 5. (A) In vitro drug release profiles of the TMQ-loaded nanoemulsions, compared to a
drug aqueous suspension; (B) percentage of contraction of wound area variation, in the in vivo
study, assessed for 20 days, with topical application of the developed TMQ nanoemulgel (TMQ-
NEG), a conventional TMQ gel (TMQ-gel), a silver sulfadiazine formulation (Silver sulfadiazine),
or no treatment (Untreated); (C) histopathology analysis of the rat’s skin at day 20, newly healed,
after topical application of the developed TMQ nanoemulgel (TMQ-NEG), a conventional TMQ
gel (TMQ-gel), a silver sulfadiazine formulation (Marketed), or no treatment (Untreated), stained
with hematoxylin-eosin (a) or Van Gieson (b), with arrows indicating the stratum corneum (A),
the papillary dermis (B), collagen fibers (C), sebaceous glands (D), or hair follicles (E); adapted
from Algahtani et al. [152], reproduced with permission from MDPI (Creative Commons CC BY 4.0
470 license).

Recently, natural compounds like curcumin have gained attention for their potential
therapeutic effects on wound healing due to their anti-inflammatory, antioxidant, and
antimicrobial properties. However, the clinical application of curcumin has been limited by
its low solubility in aqueous media and poor skin permeability [192–194]. To tackle these
issues, Algahtani et al. [153] developed a novel approach to enhance the wound healing
potential of curcumin, through its formulation into a nanoemulgel, using the high-energy
emulsification method of ultrasonication, known for its efficiency in producing nanosized
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droplets, in order to ensure uniform dispersion and stability of the nanoformulation. The
first step involved the preparation of a preliminary O/W nanoemulsion, where curcumin
was encapsulated within the oil droplets using Labrafac™ PG as the selected oil, and
using a surfactant–cosurfactant system (Tween® 80 and PEG 400). The droplet size of
the curcumin-loaded nanoemulsion system was significantly influenced by the ratio of
the Smix phase in the formulation components. Specifically, when the nanoemulsion
system had a Smix ratio of 2:1, the droplet size was notably reduced, compared to the
nanoemulsion system with a Smix ratio of 1:1. Additionally, the droplet size was found to
be significantly influenced by the ultrasonication time. Specifically, 5 min of ultrasonication
resulted in a notable reduction in droplet size, compared to only 3 min of ultrasonication,
at constant Smix concentration and ratio. Additionally, the effect was more pronounced
at a lower Smix concentration, rather than at higher ones. Nevertheless, the Smix ratio
and ultrasonication time did not have a remarkable effect on the PDI. Selected preliminary
nanoemulsions achieved a droplet size of less than 100 nm, with mean droplet sizes in a
range from 49.61 to 84.23 nm, and PDI values from 0.10 to 0.23. Thermodynamic stress
testing was also conducted on curcumin-loaded nanoemulsions, to assess their stability.
The formulations exhibited high stability under heat–cooling cycles, freeze–thaw cycles,
and centrifugation. This stability was attributed to the reasonably high zeta potential
values, ranging from −15.96 ± 0.55 mV to −20.26 ± 0.65 mV, which minimized droplet
coalescence and physical instability. The viscosity of the selected preliminary nanoemul-
sion systems was also evaluated, at room temperature, by rotational viscosimeter, with
the results ranging from 83.74 mPas to 89.82 mPas. The difference in viscosity values was
attributed to the increased concentration of surfactant between formulations (a reasonably
viscous component). A UV-visible spectrophotometric analysis confirmed that the selected
nanoemulsion formulations had high curcumin content, ranging from 98.86% to 99.23%.
Thus, these formulations showed high drug encapsulation. With droplet sizes around
50 nm and desirable surface charges, the selected nanoemulsions were chosen for further
investigation, as they were proven ideal for topical application, enabling improved skin
permeability and deeper penetration. Hence, in vitro drug release was assessed, with all
nanoemulsions being able to release up to 85% of curcumin within the first 12 h, while
the release from aqueous suspension (control) was only around 10% at the same time.
The small droplet size of the nanoemulsions could have been a critical factor in positively
influencing the in vitro drug release, since it produces a large surface area for drug dif-
fusion and, potentially, absorption to occur. The next step involved incorporating the
curcumin nanoemulsion into a Carbopol® 940 gel matrix, in order to form the curcumin
nanoemulgel. The purpose was that this combination could take advantage of the benefits
of both nanoemulsion and gel systems, both the high drug-loading capacity and improved
skin permeation of nanoemulsions, and the enhanced stability and ease of application of
gels. The drug concentration achieved in the final nanoemulgel preparation was 0.5% w/w
of curcumin, and the formulation exhibited a favorable physicochemical profile, with a
measured gel strength of 46.33 s, while the placebo gel system had a strength of 44.66 s.
Additionally, the drug content uniformity of the curcumin nanoemulgel was calculated,
showing a uniform dispersion of curcumin within the hydrogel, with a uniformity of
98.93%. Furthermore, the curcumin nanoemulgel exhibited a similar rheological profile
to the placebo gel, with the incorporation of curcumin not affecting its rheological behav-
ior, and exhibiting a thixotropic behavior, which is desirable for topical pharmaceutical
dosage forms. Hence, the developed nanoemulgel proved to have the desired consistency
for patient-friendly topical use, which aligned with small droplet size, appropriate zeta
potential, a pH within the acceptable range for skin application, and optimal drug release
properties, suggested its safe and effective application for wound healing. This adequacy
for skin application was confirmed by the ex vivo skin permeation study results, con-
ducted on excised rat skin, on Franz diffusion cells, to assess the ability of the curcumin
nanoemulgel to penetrate the skin barrier. The results showed improved skin permeation
of curcumin from the nanoemulgel formulation, further confirming its potential as an
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effective topical delivery system for wound healing applications. The cumulative amount
of curcumin which permeated through the skin from the nanoemulgel was 773.82 µg/cm2,
versus only 156.90 µg/cm2 from the conventional gel formulation. In addition, the cur-
cumin nanoemulgel showed a six-fold increase in percutaneous drug flux compared to
the conventional curcumin gel. Similarly, the permeability coefficient from the curcumin
nanoemulgel also increased approximately six-fold when compared to the conventional
gel. Furthermore, the permeation enhancement ratio and local accumulation efficiency of
curcumin from the nanoemulgel were significantly higher than from the gel, with a shorter
lag time (0.75 h versus 2.37 h). Moreover, the in vivo wound-healing activity (Figure 6A,B)
from the nanoemulgel and gel formulations were evaluated and compared to a commonly
used silver sulfadiazine formulation. The topical application of these formulations was
performed and monitored, in Wistar rats, for 20 days. The results showed that all treated
groups exhibited significant wound-healing activity compared to the untreated group. The
curcumin nanoemulgel demonstrated almost equivalent wound-healing activity to the
silver sulfadiazine gel, with both formulations leading to almost complete wound healing
at day 20. Moreover, the histopathological evaluation (Figure 6C) confirmed the enhanced
wound-healing activity of curcumin from the nanoemulgel formulation, showing reduced
inflammatory cells and extensive collagen fiber production.
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sions, compared to the control (drug suspension); (B) in vivo wound-healing activity, in a rat model,
of the developed curcumin nanoemulgel (CUR-NEG), compared to a curcumin conventional gel
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2.2. Skin and Skin Appendage Infections

The escalating global health threat posed by drug-resistant microbial and fungal
infections necessitates the development of innovative and effective therapeutic strate-
gies [195,196]. In this context, miconazole nitrate is a broad-spectrum antifungal medica-
tion commonly used to treat various fungal infections, especially on the skin. However,
its therapeutic efficacy can be limited by factors such as poor drug permeation and low
bioavailability [197,198]. Hence, a study by Tayah et al. [154] aimed to address these limita-
tions by formulating miconazole into a nanoemulgel for topical application. Formulation
composition was determined by selecting the excipients in which miconazole was most
soluble, by dissolving it in various oils and surfactants. It was observed that olive oil and
almond oil had the highest solubility, and among the surfactants, Tween® 80 and Span®

80 demonstrated the greatest ability to solubilize the drug. These oils and surfactants were
selected as the drug vehicle, and hence preliminary O/W nanoemulsions were produced,
using the self-emulsification technique. Optimized nanoemulsion formulations were cho-
sen based on a ternary phase diagram (Figure 7A), according to which it was evident
that the almond-oil-based formulations displayed the smallest particle size (170 nm) and
PDI values (0.193). Therefore, the formulation containing almond oil was selected for
subsequent experiments. Miconazole nanoemulgel formulations were then prepared by
incorporating the preliminary miconazole nanoemulsions into a Carbopol® 940 hydrogel,
with Carbopol at different concentrations. The particle size and PDI remained consistent
when the transformation of the nanoemulsion into nanoemulgels occurred (Figure 7B),
with the three Carbopol concentrations (0.4%, 0.6%, and 0.8%) showing similar behav-
ior, with particle sizes ranging from 170 to 180 nm. The zeta potential results confirmed
the potential stability of the nanoemulgel formulations, with values just below −30 mV.
Regarding the rheological properties of the nanoemulgel, its viscosity decreased with an
increase in the shear rate, which indicated pseudoplastic behavior. The release of the
drug was evaluated and compared to a market product, using the dialysis method. The
results showed an inverse relationship between Carbopol concentration and release profile,
which is in accordance with an increased viscosity. Hence, the formulation with the lowest
Carbopol concentration (0.4%) exhibited the highest cumulative drug release. Furthermore,
another in vitro drug release assay was also performed, this time using a Franz cell diffu-
sion test (Figure 7C), to measure the cumulative drug release from the selected miconazole
nanoemulgel (0.4% Carbopol) and compare it to a conventional marketed Daktazol® cream
(same drug molecule). After 6 h, the developed miconazole nanoemulgel exhibited a cumu-
lative drug release of 29.67%, while the conventional Daktazol® cream achieved a release
of 23.79%. Hence, the developed nanoemulgel achieved a higher drug release within the
studied timeframe, while still retaining a controlled release profile. Then, the antifungal
activity of the developed miconazole nitrate-loaded nanoemulgel was evaluated against
selected fungal strains, and its performance was also compared to that of the conventional
gel formulation. The antifungal activity was assessed by conducting an agar-based test
on Candida albicans, and the size of the inhibition zone was measured as an indicator of
effectiveness. The miconazole nanoemulgel demonstrated the highest activity, with an
inhibition zone of 40.9 ± 2.3 mm, showing significant improvements in antifungal activity
when compared to the marketed formulation, hence suggesting a promising approach to
overcome the limitations of current conventional gel formulations. These findings support
the conclusion that the developed novel miconazole nanoemulgel formulation exhibited
improved antifungal activity, as well as increased but controlled drug release, and other de-
sirable characteristics, compared to the conventional cream. Nevertheless, further research
will be required to evaluate the safety and in vivo efficacy of this novel formulation, and to
address regulatory considerations for its potential clinical use. Yet, the development of this
miconazole nitrate-loaded nanoemulgel formulation shows promising results in enhancing
the antifungal activity of miconazole, with improved drug delivery properties, presenting a
potential solution to enhance the therapeutic efficacy of miconazole nitrate in the treatment
of skin fungal infections.

109



Gels 2024, 10, 45 Gels 2024, 10, x FOR PEER REVIEW 23 of 58 
 

 

 
Figure 7. (A) Ternary phase diagrams of the preliminary nanoemulsions containing either olive oil, 
Tween® 80, and Span® 80, or almond oil, Tween® 80, and Span® 80; (B) droplet size and 

Figure 7. (A) Ternary phase diagrams of the preliminary nanoemulsions containing either olive oil,
Tween® 80, and Span® 80, or almond oil, Tween® 80, and Span® 80; (B) droplet size and polydispersity
index of the developed miconazole nitrate preliminary nanoemulsion and nanoemulgel formulations;
(C) in vitro drug release profiles, in Franz diffusion cells, of the developed miconazole nitrate nanoemul-
gel, compared to the marketed product, Daktazol® cream; adapted from Tayah et al. [154], reproduced
with permission from Elsevier (license number 5671991093263); (D) droplet size (a) and zeta potential (c)
of the developed omeprazole-loaded nanoemulsion, and droplet size (b) and zeta potential (d) of the
developed omeprazole-loaded nanoemulgel; (E) minimum inhibitory concentration determination
assay of the developed omeprazole-loaded nanoemulgel, against selected bacterial strains, using
a 96-well microplate (arrow shows decrescent antimicrobial activity); (F) cumulative drug release
percentage from the developed omeprazole-loaded nanoemulsion and nanoemulgel formulations;
(G) cumulative drug permeation from the developed omeprazole-loaded nanoemulsion and na-
noemulgel formulations; adapted from Ullah et al. [155], reproduced with permission from MDPI
(Creative Commons CC BY 4.0 470 license).
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In another study, Ullah et al. [155] aimed to exploit the intrinsic antimicrobial prop-
erties of omeprazole, while utilizing chitosan’s unique properties to enhance drug deliv-
ery and targeting capabilities. In this context, the combination of omeprazole, a widely
used proton pump inhibitor with known antimicrobial properties, and chitosan, a natural
biopolymer with remarkable biocompatibility and mucoadhesive characteristics, holds
significant promise [199,200]. Hence, the fabrication and comprehensive characterization
of a novel omeprazole-based chitosan nanoemulgel formulation, intended for potential an-
timicrobial application, was performed. A preliminary O/W nanoemulsion was previously
produced, with an oil phase consisting of olive oil and Span® 80, and where omeprazole
was solubilized. The aqueous phase was prepared by dissolving Tween® 80 in distilled
water. Then, both phases were mixed, with the oil phase being gradually added dropwise
to the aqueous phase, and with both phases being heated and stirred. The mixture was then
gradually cooled, still with continuous stirring, to ensure thorough homogenization and
formation of a homogenous nanoemulsion. Different nanoemulsions were prepared, with
varying concentrations of constituents, for optimization purposes. Then, the optimized
nanoemulsion was transformed into a nanoemulgel by replacing the aqueous phase with
a chitosan solution (0.1% w/w) prepared in 1% acetic acid. The optimized preliminary
nanoemulsion showed a high entrapment efficiency of 81.36 ± 1.98%, while the resulting
nanoemulgel exhibited similar values, with an entrapment efficiency of 78.23 ± 3.76%.
The optimized nanoemulgel exhibited a droplet size of 369.7 ± 8.77 nm, and a PDI of
0.316, with the zeta potential values of the optimized drug-loaded nanoemulsion and
nanoemulgel formulations being −11.2 ± 5.4 mV and −15.3 ± 6.7 mV, respectively, indi-
cating a potentially relevant physical stabilization of the system due to the electrostatic
repulsion between the droplets (Figure 7D). In the rheological analysis, the nanoemulgel
exhibited higher viscosity compared to the nanoemulsion, which was to be expected, being
attributed to the presence of the highly viscous Carbopol gel base, making it beneficial
for the application of the formulation on the skin. Additionally, both the nanoemulsion
and nanoemulgel formulations demonstrated excellent spreadability and extrudability,
ensuring convenient application. Moreover, the pH values of the optimized nanoemulsion
and nanoemulgel formulations remained consistently within the acceptable range of hu-
man skin pH, throughout an evaluation period of 38 days, highlighting their suitability
for effective transdermal drug delivery. The overall stability of the optimized drug-loaded
nanoemulgel formulation and the changes in particle size during storage were also assessed.
The formulation’s appearance and clarity remained constant throughout the stability test-
ing, and there was no change in the nanoemulgel’s particle size during storage at room
temperature. However, under accelerated storage conditions, the particle size progressively
increased from 369.7 ± 8.77 nm to 405 ± 9.65 nm, 480 ± 8.87 nm, and 529 ± 9.41 nm, at
the end of the first, second, and third months, respectively. This observation indicates
that higher storage temperatures led to a rise in particle size. Hence, while the optimized
nanoemulgel formulation demonstrated stability under standard storage conditions, it
experienced particle clustering when exposed to elevated temperatures. During the in vitro
drug release analysis (Figure 7F), the nanoemulsion demonstrated a rapid initial release of
omeprazole, with approximately 85.28% of the drug being released after 24 h. Conversely,
the nanoemulgel exhibited a slightly lower initial burst release, with approximately 82.16%
of the drug being released after the same time period. Hence, both formulations displayed a
controlled drug release profile, but with high cumulative value, ideal for topical application.
The study also aimed to evaluate the skin permeation capabilities of both the nanoemul-
sion and nanoemulgel formulations, a factor that is closely related to the preparations’
potential efficacy for transdermal drug administration. To assess this parameter, an ex
vivo permeation assay was conducted (Figure 7G), using rabbit skin, providing insights
into the drug permeation profiles of these formulations. The results revealed that the
nanoemulsion demonstrated a higher permeation (82.18 ± 1.66 µg/cm2) when compared
to the nanoemulgel (72.21 ± 1.71 µg/cm2), but this fact could simply be related to the
higher viscosity of the nanoemulgel, which can be beneficial where formulation retention
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at the application site is concerned. Moreover, the success of transdermal drug permeation
is influenced by several physicochemical properties, including particle size, zeta poten-
tial, and surface area. These factors play a pivotal role in determining the diffusion rate
and the formulation’s ability to penetrate the skin effectively. Since both formulations
have similar composition, in this context the surfactant Tween® 80 likely played a vital
role, by inducing lipid packing fluidization and optimizing the aqueous content in the
stratum corneum, through a skin lipid extraction method. Additionally, Span® 80, as a
cosolvent and cosurfactant, also exerted an impact on drug permeation, contributing to
these formulations’ favorable permeation profile. Furthermore, the combined effect of these
formulations’ components probably reduced the epidermis’ barrier functions, providing
the formulations with an advantage in promoting transdermal drug delivery. Additionally,
the optimized nanoemulgel formulation displayed superior antibacterial effects compared
to nanoemulsion (Figure 7E). The nanoemulgel exhibited reduced minimum inhibitory
concentration (MIC) values against both Gram-negative bacteria (Escherichia coli, Klebsiella
pneumoniae, Pseudomonas aeruginosa) and Gram-positive bacteria (Staphylococcus aureus).
The formulation’s excipients and unique characteristics likely also contributed to its en-
hanced antibacterial activity. This improved effect was attributed to the nanoemulgel’s
ability to transiently open tight junctions on the bacterial membrane, thereby increasing
its antibacterial efficacy. Additionally, the presence of unsaturated fatty acids such as
lactic acid in the formulation, further contributed to its antibacterial properties, by causing
bacterial cell membrane rupture and eventual lysis. Therefore, overall, the nanoemulgel
demonstrated promising potential as an effective strategy for controlling bacterial growth
and promoting rapid healing. This is particularly critical in preventing the persistence of
bacterial strains in injured skin tissues. In conclusion, the developed omeprazole-loaded
chitosan nanoemulgel formulation represents a promising advancement in the field of
antimicrobial drug delivery, offering new opportunities to combat microbial infections
effectively and contribute to improved patient outcomes, while holding significant potential
for therapeutic benefits in targeted drug delivery through the skin.

Fungal infections pose a substantial public health concern, affecting a significant
number of individuals globally. Conventional antifungal therapies often encounter chal-
lenges such as drug resistance and limited efficacy, and hence the need for the exploration
of alternative treatment strategies arises [201–203]. In this context, another study, by
Vartak et al. [156], focused on the development and characterization of a novel Ebselen
nanoemulgel, intended for the effective treatment of topical fungal infections. Ebselen (EB)
is a well-established antioxidant and anti-inflammatory synthetic compound; nevertheless,
it has limited solubility in commonly used solvents [204–206]. But since it has been proven
to have reasonable solubility in dimethylacetamide (DMA), this cosolvent was selected
to be part of the formulation’s composition. The rest of the excipients were also selected
on a highest drug solubility basis, with Kolliphor® ELP being selected as surfactant, and
medium chain triglycerides (Captex® 300 EP/NF) as oil phase. Additionally, in order
to prevent drug precipitation and enhance formulation stability, a gelling polymer mix-
ture was added to the external phase, hence producing an O/W nanoemulgel. Different
polymers and polymer combinations were evaluated. This was achieved by mixing the
components in a 5:7 ratio of oil to surfactant, and then mixing the resulting nanoemul-
sion in a 1:1 ratio with the gel bases, to create the final nanoemulgels. Hydroxypropyl
methylcellulose (HPMC) K4M and Aquaphor, both present at a concentration of 0.5% w/w,
formed a clear system when combined with 1 mg of EB in DMA. However, an increase in
EB loading to approximately 2 mg caused immediate precipitation of EB. Similarly, when
EB was added to a Carbopol® 974P and Poloxamer 407 gel, at different gelling concentra-
tions and loading levels, precipitation of the drug occurred. In contrast, the nanoemulgel
prepared using Soluplus® showed a delayed precipitation effect. This polymer was also
proven to be an effective solubilizer for EB, hence playing a crucial role as both a solubility
and drug-loading enhancer, and a formulation viscosity enhancer and stabilizer. Optical
microscopy (Figure 8A) and scanning electron microscopy (SEM) (Figure 8B) images of
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EB-loaded nanoemulgels supported the stability of the Soluplus gel, when compared to all
other gel compositions, not showing any drug precipitation. In contrast, the HPMC K4M
nanoemulgels displayed distinct precipitation of EB throughout the system, manifesting as
large, irregularly shaped crystals with small oil globules. In the optimized Soluplus® spon-
taneously formed nanoemulgel, EB was present at 1% w/w, and the nanosystem revealed a
droplet size of 54.82 ± 1.26 nm and zeta potential of −1.69 mV. Furthermore, the findings
of rheological studies showed that the optimized EB-loaded nanoemulgel displayed a non-
Newtonian fluidic behavior. The observed decrease in viscosity with increasing rotational
speed confirms the pseudoplastic behavior of the nanoemulgel, rendering it an ideal choice
for topical application. In the in vitro drug release study (Figure 8C), HPMC K4M and
Aquaphor nanoemulgels initially showed similar drug release, but after 24 h, the HMPC
K4M gel exhibited a three-times higher drug release. Interestingly, the release profile of
EB in a DMA solution was similar to that of the Soluplus® nanoemulgel, which demon-
strated approximately two- and four-times higher release than the HPMC and Aquaphor
formulations, respectively, after 24 h. Additionally, the optimized nanoemulgel exhibited a
controlled release profile. Furthermore, the membrane deposition study (Figure 8D), which
quantified the drug entrapped within the used membrane, showed that the nanoemulgel
prepared using Soluplus® displayed a significantly higher drug deposition, compared to all
other formulations, from 2.3- to 5-fold higher. Relating to the formulations’ antifungal activ-
ity, resazurin, a redox indicator, was employed to assess the viability of fungal organisms,
more specifically, multi-drug-resistant Candida albicans and Candida tropicalis, in culture
plates. In a 48 h study, conducted in RPMI media, the EB-loaded optimized nanoemulgel
demonstrated potent antifungal activity, exhibiting an MIC of 20 µM, exhibiting higher
efficacy than the control, terbinafine hydrochloride (100 µM), a known antifungal drug. In
conclusion, the developed novel topical EB nanoemulgel revealed improved drug solu-
bility, membrane permeability, and deposition, and even displayed substantial antifungal
activity against Candida infections (with higher potency than terbinafine hydrochloride, a
commonly used antifungal agent), making it a potentially more effective alternative than
existing conventional treatments.
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Figure 8. (A) Optical microscopy images of the EB-loaded preliminary nanoemulgels, containing
either Soluplus® (a), HPMC (b), Poloxamer 407 (c), Carbopol® 974P (d), or Aquaphor (e); (B) scanning
electron microscopy images of the optimized nanoemulgels, either drug-loaded Soluplus® formulation
(i), Soluplus® vehicle (ii), drug-loaded HPMC formulation (iii), or HPMC vehicle (iv); (C,D) in vitro
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cumulative drug release (C) and membrane drug deposition (D) of the different EB-loaded na-
noemulgels; **** p < 0.0001; DMA—dimethylacetamide; EB—Ebselen; HPMC—hydroxypropyl
methylcellulose; SBH—Soluplus®; adapted from Vartak et al. [156], reproduced with permission
from Elsevier (license number 5672000024708).

Mahtab et al. [157] also developed a novel formulation for fungal infection treatment,
namely, a transungual delivery system utilizing a nanoemulgel with ketoconazole for
the efficient management of onychomycosis, a prevalent fungal infection that affects the
nails and presents significant challenges in terms of treatment effectiveness and patient
adherence [207,208]. At first, different primary nanoemulsions were produced, using GRAS
excipients, with Labrafac ™ Lipophile WL1349 (medium-chain triglycerides of caprylic
(C8) and capric (C10) acids) as the oil phase (highest ketoconazole solubility capacity),
Polysorbate 80 as the surfactant, and PEG 400 as the cosurfactant. The surfactant and
cosurfactant were combined in varying weight ratios (1:0, 1:1, 1:2, 2:1, 3:1, 1:3, and 4:1), with
increasing concentrations of either the surfactant or cosurfactant in relation to each other.
After solubilization of the drug within it, the mixture of oil, surfactant, and cosurfactant was
then added dropwise to the aqueous phase, under moderate agitation on a vortex mixer, to
form the nanoemulsions. Subsequently, high-pressure homogenization was used to achieve
a desirable droplet size, and the resulting products were visually evaluated for clarity,
transparency, and flowability. The selected primary nanoemulsion, with a surfactant-
to-cosurfactant ratio of 3:1, revealed a mean droplet size of 77.52 ± 0.92 nm, a PDI of
0.128 ± 0.035, a zeta potential of—5.44 ± 0.67 mV, a pH of 6.2 ± 0.34, and a viscosity of
20.00 ± 1.24 cP. Additionally, stability studies confirmed the physicochemical stability of
the system for 3 months, with the optimized nanoemulsion only showing very negligible
changes in the previously evaluated parameters, with no phase separation of floccula-
tion being observed. From the optimized nanoemulsion, nanoemulgels were prepared
by adding Carbopol® Ultrez 21 as gelling agent, glycerin as humectant, methylparaben
playing the role of antimicrobial agent, thioglycolic acid as a penetration enhancer, and
aminomethyl propanol as a pH-adjusting agent, to achieve a pH in the range of 6 to 6.5.
Different nanoemulgels were prepared, using a combination of high-pressure homogeniza-
tion and ultrasonication techniques, with different ratios of Carbopol-to-thioglycolic acid:
0.5 to 1.0, 1.0 to 1.5, and 1.5 to 1.0. Among these variations, the 1.0 to 1.5 proportion was
found to have the best visual appearance, being glossy, creamy, viscous, and having a smooth
and homogeneous texture, with no signs of phase separation, and was therefore selected
for further studies. The physicochemical properties of the optimized nanoemulgel were
extensively characterized, including pH (6.4 ± 0.24), viscosity (1142 ± 10.33 cP), spreadability
(3.5 ± 0.22 g cm/s), extrudability (1.4 ± 0.56 g/cm2), firmness (13450 ± 231 g), consistency
(6133 ± 19 g s), cohesiveness (169 ± 2.23 g), and adhesiveness (20.4 ± 0.81 g). Additionally,
in vitro drug release studies showed that the optimized nanoemulgel exhibited sustained
release of ketoconazole from the nanoemulgel over time, suggesting its potential for pro-
longed therapeutic effectiveness. The observed sustained release pattern indicates that the
formulation was able to release the drug gradually over time, which can be potentially
beneficial for treatment outcomes, as it might ensure a continuous and prolonged presence
of the antifungal agent at the site of infection. Moreover, ex vivo transungual permeation
results, in a goat hooves model, showed that the optimized nanoemulgel demonstrated
higher drug permeation (77.54 ± 2.88%) when compared to the primary optimized na-
noemulsion (62.49 ± 2.98%) and an aqueous drug suspension (38.54 ± 2.54%) during a
period of 24 h. Additionally, the nanoemulgel’s antifungal activity was assessed against
clinical isolates of dermatophytes, namely, Trichophyton rubrum and Candida albicans, using
the agar diffusion method. The ketoconazole-loaded nanoemulgel displayed superior
antifungal activity when compared to a conventional gel, with a larger zone of inhibition,
highlighting its potential for better therapeutic outcomes. The developed formulation’s
skin irritation potential was also assessed on rats, with the nanoemulgel showing minimal
skin irritation, with no significant signs of erythema or edema, compared to the positive
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control. In addition, the histopathological analysis showed no significant pathological
changes, indicating its safety for topical application. Therefore, overall, the results suggest
that the optimized nanoemulgel holds promise as an effective delivery system for nail
fungal infection treatment.

Another study, by Almostafa et al. [158], also focused on the development of a novel
approach to combat skin bacterial infections, using a nanoemulgel formulation containing
fusidic acid (FA) and myrrh oil. FA is a potent antibiotic, effective against a panoply of Gram-
positive bacteria, but it has poor water solubility, which poses a significant challenge for its
effective formulation [209–211]. Myrrh oil, a traditional herbal extract, was used to modify
and enhance the transdermal delivery of FA. In addition to these components, Tween®

80 was used as a surfactant, Transcutol® P as a cosurfactant, and CMC as a viscosifying and
gelling agent. In initial studies, it was observed that increasing oil concentrations led to a
relative increase in particle size for all preliminary nanoemulsions. Contrarily, a decrease
in nanoemulsion particle size was observed with an increase in surfactant concentration,
while keeping the oil concentration constant, due to a reduction in surface tension. The
particle size of all developed preliminary nanoemulsions ranged from 116 to 226 nm.
Moreover, the in vitro release of FA from the fabricated nanoemulsion formulations was
evaluated, and results showed that the percentage of FA released from all nanoemulsion
formulations ranged from 40.1 to 75.6%, exhibiting a controlled release profile. Increasing
oil concentration resulted in a decrease in the percentage of FA released, due to the resulting
larger particle size, since it provides a smaller surface area. On the other hand, increasing
Tween 80 and Transcutol P concentrations led to a substantial increase in the percentage
of FA release, which can be attributed not only to these excipients’ strong solubilizing
ability, but also to the resulting smaller particle size. Hence, overall, the particle size of the
formulations was revealed to have a crucial role in the drug release process, as systems
with smaller particle sizes achieved maximum drug release. The preliminary nanoemulsion
formulation was hence transformed into a nanoemulgel by adding CMC to the external
phase, and this formulation was also characterized for relevant parameters. The pH value
for the FA nanoemulgel formulation was found to be within an acceptable range at 6.61,
making it potentially safe for topical application and minimizing the risk of skin irritation.
The viscosity was also measured to assess the formulations’ rheological behavior, as this
influences drug diffusion and in vitro release. The viscosity of the developed nanoemulgel
was found to be 25265.0 cP, higher than that of the corresponding CMC gel formulation,
15245.0 cP, which was also measured for comparison purposes. Hence, both fell within an
appropriate range for topical application. The spreadability, which determines whether the
uniform application of the formulation on the skin is possible or not, was also determined.
Results showed that the FA gel exhibited a spreadability of 40.5 mm, while the nanoemulgel
formulation had a spreadability of 33.6 mm, both indicating excellent spreadability despite
the observed difference between the two formulations. The formulations were also studied
for stability during storage at 4 ◦C and 25 ◦C, for 1 and 3 months, and both showed
nonsignificant variation in physical properties under all studied conditions, compared
to their freshly prepared counterparts. The in vitro drug release (Figure 9A) of FA from
the developed gel and nanoemulgel formulations was also evaluated and compared to
an FA suspension. The results revealed that the drug was completely released from
the suspension after 120 min, reaching 99.5% of cumulative release. In contrast, the
FA gel and nanoemulgel formulations released 80.3% and 59.3% of FA after 180 min,
exhibiting a more controlled release profile, as is intended for topically applied formulations.
These results can be explained by the substantially increased viscosity of the gel and,
especially, the nanoemulgel formulations, which slowed down the diffusion of the drug
from the formulations and into and through the membrane. Additionally, the nanoemulgel
formulation could have acted as a drug reservoir, where the drug passed from the inner
phase to the outer one, further slowing the release rate. Furthermore, FA release from
both preparations remained consistent during storage (Figure 9C,D), when compared
to freshly prepared formulations. The results confirm the stability of the formulations
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and demonstrate the efficacy of nanoemulgels as nanocarriers. Skin permeability studies
(Figure 9B) were also conducted, with the permeability of FA when incorporated into
different formulations being evaluated using excised animal skin. The results further
supported the potential of the developed formulations, since they showed that the FA
nanoemulgel exhibited the highest permeability, followed by the FA gel, and only then the
FA suspension, which exhibited the lowest skin permeability. This proven superiority of
the nanoemulgel and gel formulations when compared to the drug suspension could be
due to the incorporation of Transcutol P, a known effective permeation enhancer, especially
effective in increasing permeation through the skin (more specifically, the stratum corneum),
which certainly contributed to the significantly improved drug permeation profile through
rat skin. The safety of the developed formulations was also tested, with the animals’ back
skin being treated with the test formulations, and then undergoing a thorough examination
to check for any sensitivity reactions. Fortunately, no signs of inflammation, irritation,
erythema, or edema were observed on the inspected area during the entire 7-day study
period. These results indicate that the formulations are potentially safe and well tolerated
by the skin, without causing any adverse reactions or sensitivity issues. Moreover, the
antibacterial activity of the developed FA nanoemulgel was evaluated (Figure 9E) against
various microorganisms and compared to a placebo nanoemulgel and a common marketed
cream. The FA nanoemulgel showed significant antibacterial activity against Staphylococcus
Aureus, Bacillus subtilis, and Enterococcus faecalis, with a larger inhibition zone than the
placebo or the marketed cream. Moreover, both the FA-loaded nanoemulgel and the
placebo nanoemulgel exhibited significant inhibition zones against Candida albicans, Shigella,
and Escherichia coli, while the marketed cream showed a negative effect against these
bacteria. The combination of FA and myrrh oil in the developed nanoemulgel likely
contributed to this enhanced antibacterial activity. In conclusion, FA was successfully
incorporated into a nanoemulgel prepared with myrrh essential oil, showing good physical
properties for topical application, enhanced skin permeation, no skin irritation, and potent
antibacterial and antifungal activity, against several different types of microorganisms,
with the combination of FA and myrrh essential oil showing synergistic effects. Hence,
the results demonstrated that the developed nanoemulgel showed promise as a potential
topical or transdermal drug delivery system for the treatment of skin bacterial or fungal
infections, offering a new platform for innovative and effective topical treatments, and
providing a basis for future research and clinical applications in dermatology.
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Figure 9. (A) In vitro FA release profiles from the developed nanoemulgel (FA-NEG), compared
to a conventional gel (FA-G) and a drug suspension (Free FA), where * p < 0.05 compared to the
drug suspension, and @ p < 0.05 compared to the conventional gel; (B) ex vivo FA permeation
profiles, across rat skin, from the developed nanoemulgel (FA-NEG), compared to a conventional
gel (FA-G) and a drug suspension (Free FA), where * p < 0.05 compared to the drug suspension, and
# p < 0.05 compared to the conventional gel; (C,D) variation of the in vitro drug release during stability
studies, under storage at 4 ◦C and 25 ◦C for 1 and 3 months, for the developed nanoemulgel (C) and
conventional gel (D) formulations; (E) inhibition zone diameter photographs after treatment with the
developed FA-loaded nanoemulgel (A), placebo nanoemulgel (B), or marketed FA formulation (C),
on Bacillus subtilis (1), Staphylococcus aureus (2), Enterococcus faecalis (3), Candida albicans (4), Shigella
(5), and Escherichia coli (6); FA—fusidic acid; adapted from Almostafa et al. [158], reproduced with
permission from MDPI (Creative Commons CC BY 4.0 470 license).

2.3. Skin Cancer

Skin cancer is a prevalent form of cancer with increasing incidence rates worldwide.
Conventional treatment options often come with limitations, such as systemic side effects
and inadequate skin permeation [212–214]. To fight these limitations, Nagaraja et al. [142]
also developed a novel topical nanoemulgel formulation, incorporating nanosized droplets
encapsulating the drug, chrysin, a flavonoid with proven anticancer potential, into a gel
matrix for improved drug delivery and extended release, aiming for it to be an effective skin
cancer treatment [215–217]. Stable lipid-based nanoemulsifying preconcentrates containing
chrysin, made of Capryol® 90 (oil and hydrophobic surfactant), Tween® 80 (hydrophilic
surfactant), and Transcutol® HP (cosurfactant and cosolvent), were designed to be easily
reconstituted in a gel base made of Pluronic® F127 (gelling agent). The formulation compo-
nents were selected in order to achieve the highest chrysin solubilization and, consequently,
drug strength in the final formulation. Additionally, a surfactant mixture of 2:1 of Tween®

80 to Transcutol® HP was proven to be the best combination for highest solubilization. The
physicochemical characterization of the nanoemulsifying drug delivery system showed its
small particle size (Figure 10A), of less than 300 nm, a good homogeneity, with a PDI value
around 0.26, indicating narrow droplet size distribution, and a negative zeta potential value,
of about −15 mV, indicative of reasonable formulation stabilization potential. Moreover,
the formulation was further stabilized by the incorporation of the oil droplets in a semisolid
gel base. The chrysin-nanoemulsifying preconcentrate was added to water containing
the gelling agent, Pluronic® F-127, at 10 ◦C, for easier mixture and overall nanoemulgel
preparation, due to this polymer’s thermosensitive properties. In addition, the droplet size
and PDI values of the system did not change significantly after a 3-month storage period,
hence ensuring its good stability under the studied conditions. Regarding the results of
the performed ex vivo permeation studies (rat abdominal skin), while a chrysin conven-
tional Pluronic® gel base, used as control, showed poor penetration through the skin, the
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developed nanoemulgel exhibited a superior performance due to the presence of nanosized
droplets, which resulted in better and faster skin permeation. In vitro cytotoxicity studies
of the developed chrysin nanoemulgel were performed on various skin cancer cell lines,
including A375 (human melanoma, Figure 10B), A375.S2 (human melanoma), SK-MEL-2
(human melanoma, Figure 10C), B16-F1 (murine melanoma), and A431 (human epidermoid
carcinoma). Results showed that chrysin had matrix metalloproteinase-2 inhibitory activity,
leading to a strong antiproliferative effect, with cell mobility and migration inhibition, with
the developed nanoemulgel having a better performance than the control formulation,
leading to deeper changes in cancer cell morphology. Furthermore, biocompatibility tests
were also carried out, on L929 cells (noncancerous murine cells), which showed no changes
in cell growth, therefore making the developed formulation safe for topical application. In
conclusion, the incorporation of chrysin into a topical nanoemulgel formulation resulted
in a significant enhancement of its therapeutic response in cytotoxicity studies, with the
developed drug delivery platform technology exhibiting substantial advantages when
compared to conventional formulations, such as its versatility, extended skin permeation,
and retention, and the ability to potentially reduce systemic drug absorption.

A different study, by Algahtani et al. [159], aimed to develop a novel formulation that
combined the immunomodulatory effects of imiquimod (IMQ) and the anti-inflammatory
properties of curcumin (CUR), for skin cancer treatment, using a nanoemulgel delivery
system (Figure 11A). IMQ is a commonly used chemotherapeutic agent for skin can-
cer [218,219]. On the other hand, the combination with CUR has been shown to improve
the therapeutic effectiveness of various chemotherapeutics, with this molecule also having
intrinsic anticancer properties [220,221]. Nevertheless, the topical delivery of IMQ and
CUR can be difficult due to their poor solubility and low skin penetration properties, and
IMQ has been shown to lead to psoriasis-like lesions when applied topically [222,223].
Hence, the purpose of the incorporation of both IMQ and CUR into a topical nanoemulgel
was to not only enhance drug permeation and provide sustained release of these drugs,
but also reduce IMQ’s topical side effects, leading to improved therapeutic outcomes for
skin cancer patients. For the selection of the most adequate excipients, IMQ solubility
studies were performed at room temperature, and results showed that this drug’s solubility
was maximized in oleic acid, in the oil category, which best mixed with Tween® 20, in
the surfactant category, and Transcutol® HP, in the cosurfactant/cosolvent category, to
form a stable nanoemulsion system through spontaneous emulsification, an advantageous
low-energy method. Different ratio mixtures of oil and surfactant/cosurfactant were tested,
and the different nanoemulsions were formed by addition of the aqueous phase. The
preparation procedure included the accurate weighting of the necessary quantity of CUR
and dissolving it completely in a homogeneous mixture of oil, surfactant, and cosurfactant,
with the help of vortex mixing. Then, the aqueous phase was added, and the mixture
was vortexed again. Clear, easily flowable, and transparent formulations were selected for
further studies and characterized for relevant parameters. The analysis showed that the
optically clear nanoemulsion formulations were composed of fine dispersed droplets in
nanosized dimensions, ranging between 91.07 and 98.88 nm (Figure 11B). An increase in
oil droplet size was correlated with an increase in oleic acid concentration and a decrease
in surfactant/cosurfactant concentration. The zeta potential of the droplet surface was
negative, ranging from −10.9 to −35.8 mV (Figure 11B), due to the presence of anionic
groups in the fatty acids and glycols present in the nanoemulsions’ composition. This could
be a potential advantage, as nanoemulsion droplets with a negative zeta potential tend
to be more able to penetrate deeper in the skin. For the thermodynamic stability studies,
the nanoemulsion formulations were subjected to stress conditions, namely, centrifuga-
tion, and heating–cooling and freeze–thaw cycles. Results confirmed their stability, since
they did not show any physical changes such as phase separation, creaming, cracking, or
coalescence. The final selected preliminary nanoemulsion formula, with a drug strength
of 15 mg/mL, had a high percentage of drug content of 99.26%, a narrow droplet size
distribution (10.57 nm) with a PDI of 0.094, a negative zeta potential of −18.7 mV, and a
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viscosity of 125.48 cP. The in vitro drug release for the optimized nanoemulsion was also
performed (Figure 11C) using the dialysis bag technique. The release of IMQ from an
aqueous suspension (control) was just 11% at 24 h, while the release from the preliminary
nanoemulsion, containing IMQ only, was quite high, being around 92%. The incorporation
of CUR into the nanoemulsion did not affect the release of IMQ, since the drug release
from the formulation combining both drugs was 92.84% for IMQ and 83.94% for CUR.
The selected nanoemulsion was then transformed into a nanoemulgel by incorporating
Carbopol® 934 as the gelling agent. The nanoemulgel had a mean droplet size of 78.39 nm
and PDI of 0.254, which were still considered adequate for system stability and topical
application. In spreadability studies, the spreading factors of the placebo nanoemulgel,
the IMQ-loaded nanoemulgel, and the IMQ-CUR-loaded nanoemulgel were found to be
equivalent, being equal to 0.82 cm2/m, 0.85 cm2/m, and 0.87 cm2/m, respectively. Hence,
all formulations showed good extrudability potential from the container tube, adequate
for patient-friendly applications. The overall drug content in the final nanoemulgel for-
mulation was quite high, being around 99%, and the measured pH was 5.5, adequate in
order to minimize skin irritation, since the ideal value is between 5 and 6. Ex vivo skin
permeation and deposition studies were then performed in rat skin using Franz diffusion
cells. Again, different formulations were compared, namely, the placebo nanoemulgel, the
IMQ-loaded nanoemulgel, and the IMQ-CUR-loaded nanoemulgel. Formulations were
introduced in the donor compartment, and the aliquots were taken at specified periods
of time, filtered, and analyzed using UV-visible spectrophotometry. The tape stripping
technique was used to determine the amount of drug deposited on the skin layer. The
skin deposition of IMQ from the IMQ-nanoemulgel was 1205.2 µg/cm2, and 1367 µg/cm2

from the IMQ-CUR-nanoemulgel, which was 5 times higher than that obtained from a
conventional gel formulation (control). CUR skin deposition was also around 9 times
higher (5178 µg/cm2) in the developed IMQ-CUR-nanoemulgel than in the conventional
gel formulation (570 µg/cm2). The percutaneous IMQ drug flux was also determined, being
equal to 0.042 µg/cm2.h for the IMQ-nanoemulgel, and 0.071 µg/cm2.h for the IMQ-CUR-
nanoemulgel, which was around 18 times higher than for the conventional gel formulation
(0.004 µg/cm2.h). Hence, the developed nanoemulgel showed an improved permeation
profile when compared to a conventional gel formulation, with the nanoemulgel containing
both IMQ and CUR displaying apparent synergistic effects. In vivo studies were also
performed, on mice, and skin pathological changes after 10 days of topical application of
different formulations were monitored. Psoriasis-like symptoms started to appear on mice
treated with the IMQ conventional gel formulation from the 2nd day of application and
worsened until the 10th day. On the other hand, mice treated with the IMQ-nanoemulgel
exhibited a delayed appearance of these symptoms, which was possibly correlated with
a more controlled drug release from the formulation. Fortunately, the application of the
IMQ-CUR-nanoemulgel did not lead to the appearance of psoriasis-like symptoms, which
was connected with the antipsoriatic activity of CUR. Additionally, on the 11th day after
the application of the formulations on the skin, the skin was collected for histopathology
analysis (Figure 11D). While untreated skin showed regular epidermis and dermis, skin
treated with the conventional gel showed hyperkeratosis, parakeratosis, acanthosis, and
epidermal infiltrates. The IMQ-nanoemulgel treated skin showed comparable results, but
less thickening of the epidermis layer, but the skin treated with the IMQ-CUR-nanoemulgel
showed similar characteristics to untreated normal skin, with only a reduced number of
infiltrates being observed. Hence, a stable nanoemulgel with optimal rheological prop-
erties, allowing easy spreadability on the skin, exhibiting high encapsulation efficiency
for both IMQ and CUR, with sustained release profiles and enhanced permeation across
the skin barrier, was successfully developed, while reducing psoriasis-like lesions in an
animal model.
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Figure 10. (A) Developed chrysin nanoformulation’s droplet size and size distribution, with trans-
mission electron microscopy image (left), scanning electron microscopy image (middle), and photon 
cross-correlation spectroscopy results (right); (B) A375 cells’ morphological observation and growth 
inhibition after no treatment (control cells, a), treatment with chrysin solution (b), or treatment with 
the developed chrysin nanoemulgel (c), and respective in vitro cytotoxicity profile (cell viability %) 

Figure 10. (A) Developed chrysin nanoformulation’s droplet size and size distribution, with trans-
mission electron microscopy image (left), scanning electron microscopy image (middle), and photon
cross-correlation spectroscopy results (right); (B) A375 cells’ morphological observation and growth
inhibition after no treatment (control cells, a), treatment with chrysin solution (b), or treatment with
the developed chrysin nanoemulgel (c), and respective in vitro cytotoxicity profile (cell viability %)
(d); (C) SK-MEL-2 cells’ morphological observation and growth inhibition after no treatment (control
cells, a), treatment with chrysin solution (b), or treatment with the developed chrysin nanoemulgel
(c), and respective in vitro cytotoxicity profile (cell viability %) (d); adapted from Nagaraja et al. [142],
reproduced with permission from MDPI (Creative Commons CC BY 4.0 470 license).
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Figure 11. (A) Schematic representation of the developed IMQ-CUR-nanoemulgel; (B) droplet size 
(a) and zeta potential (b) distribution of the developed preliminary nanoemulsion; (C) in vitro IMQ 
and CUR drug release profiles from different formulations, including an IMQ-nanoemulsion (IMQ-
NE, with no CUR), IMQ-CUR-nanoemulsion (with both IMQ and CUR), and an IMQ aqueous sus-
pension (control); (D) histopathology images of the mice’s skin after the ten days of topical treat-
ment, with either the IMQ gel (b), the IMQ-nanoemulgel (c), the IMQ-CUR-nanoemulgel (d), or no 
treatment (a); CUR—curcumin; IMQ—imiquimod; adapted from Algahtani et al. [159], reproduced 
with permission from MDPI (Creative Commons CC BY 4.0 470 license). 

2.4. Skin Inflammatory Diseases 
Psoriasis is a chronic inflammatory skin disorder affecting millions of individuals 

worldwide, being characterized by abnormal keratinocyte proliferation and inflamma-
tion. Current treatment options have limitations; hence, there arises the need for the de-
velopment of novel and effective therapies [224–226]. In this context, another study, by 
Pund et al. [146], investigated the transcutaneous delivery of leflunomide, an immuno-
modulatory drug, using a nanoemulgel formulation for the treatment of both melanoma 
and psoriasis [227–229]. Based on leflunomide solubility studies, the excipients selected to 
form the preliminary O/W nanoemulsion were Capryol® 90, Cremophor® EL, and Trans-
cutol® HP, as oil base, surfactant, and cosolvent, respectively. These components were 
found to have good miscibility with each other, and the formed preliminary 

Figure 11. (A) Schematic representation of the developed IMQ-CUR-nanoemulgel; (B) droplet size (a)
and zeta potential (b) distribution of the developed preliminary nanoemulsion; (C) in vitro IMQ and
CUR drug release profiles from different formulations, including an IMQ-nanoemulsion (IMQ-NE,
with no CUR), IMQ-CUR-nanoemulsion (with both IMQ and CUR), and an IMQ aqueous suspension
(control); (D) histopathology images of the mice’s skin after the ten days of topical treatment, with
either the IMQ gel (b), the IMQ-nanoemulgel (c), the IMQ-CUR-nanoemulgel (d), or no treatment (a);
CUR—curcumin; IMQ—imiquimod; adapted from Algahtani et al. [159], reproduced with permission
from MDPI (Creative Commons CC BY 4.0 470 license).

2.4. Skin Inflammatory Diseases

Psoriasis is a chronic inflammatory skin disorder affecting millions of individuals
worldwide, being characterized by abnormal keratinocyte proliferation and inflammation.
Current treatment options have limitations; hence, there arises the need for the develop-
ment of novel and effective therapies [224–226]. In this context, another study, by Pund
et al. [146], investigated the transcutaneous delivery of leflunomide, an immunomodu-
latory drug, using a nanoemulgel formulation for the treatment of both melanoma and
psoriasis [227–229]. Based on leflunomide solubility studies, the excipients selected to form
the preliminary O/W nanoemulsion were Capryol® 90, Cremophor® EL, and Transcutol®

HP, as oil base, surfactant, and cosolvent, respectively. These components were found to
have good miscibility with each other, and the formed preliminary nanoemulsion was
transformed into a nanoemulgel by incorporating it into a gel matrix made of Pluronic®
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F-127. The preliminary nanoemulsions were evaluated for droplet size, which was found
to be in the range of 98.7 to 280.92 nm, with a PDI between 0.2 and 0.3, indicative of
narrow size distribution, and a slightly negative zeta potential of −7,8 mV. These character-
ization parameters were also measured in the nanoemulgel, with no significant changes
being observed. Regarding the nanoemulgel’s viscosity, the shear thinning nature of the
poloxamer gel was demonstrated by the decrease in viscosity at higher shear rates, which
allows for effortless dispensing of the product from the container and smooth application
on the skin. Additionally, the nanoemulgel demonstrated potent antipsoriatic activity
by inhibiting the proliferation of human keratinocytes (HaCaT cell line) and reducing
proinflammatory cytokine levels, such as interleukin-6 and tumor necrosis factor-alpha.
The suppression of these proinflammatory cytokines is crucial in mitigating the inflam-
matory response associated with psoriasis. Moreover, the developed formulations also
exhibited antipsoriatic activity by effect on leukocyte infiltration and keratinocyte pro-
liferation. Furthermore, the nanoemulgel displayed significant antimelanoma activity
by inducing apoptosis in A375 and SK-MEL-2 melanoma cells and inhibiting tumor cell
proliferation. These effects were attributed to the cytotoxicity of leflunomide, which can
target multiple signaling pathways involved in cancer growth and survival. Safety assays
involved systemic biocompatibility assessment, by hemolytic toxicity evaluation, with
results showing that the nanoemulgel had a minimal 0.25% hemolytic toxicity compared to
the positive control (Triton-X), suggesting its compatibility with blood cells and potential
for reducing the risk of adverse effects. In conclusion, the development and characterization
of a novel leflunomide-loaded nanoemulgel was successful, with the results indicating
that the developed formulation possesses favorable physicomechanical characteristics
for transcutaneous delivery and exhibiting promising in vitro antipsoriatic and antime-
lanoma activity, suggesting its potential as a novel therapeutic approach for the treatment of
these diseases.

In another study, by Shehata et al. [160], the authors presented the development,
characterization, and optimization of a novel eucalyptus-oil-based nanoemulgel loaded
with meloxicam (Figure 12A) aimed at enhancing the anti-inflammatory efficacy of the
drug for topical application. Nonsteroidal anti-inflammatory drugs, such as meloxicam
(MX), have been widely used to alleviate inflammatory conditions; however, their ap-
plication is often limited by issues like systemic toxicity and poor drug delivery to the
targeted site [230,231]. To overcome these limitations, a nanoemulgel formulation was
designed to facilitate controlled drug release and improve local drug concentration, as
chronic inflammation is a critical pathophysiological process associated with numerous
dermatological disorders with a strong inflammatory basis, hence necessitating effective
and targeted therapeutic interventions. Therefore, in their research, several preliminary
nanoemulsion formulations were developed by carefully blending specific ingredients.
To create the oily phase, 1% (w/w) of MX was combined with a precise amount of euca-
lyptus oil and a cosolvent/cosurfactant, Transcutol® P. For the aqueous phase, varying
quantities of Tween® 80 (as a surfactant) and PEG 400 (as a cosurfactant) were mixed with
distilled water. The two phases were then meticulously merged, but achieving a well-
mixed and stable nanoemulsion required high shear homogenization, so the formulation’s
homogeneity was further enhanced by sonication. Additionally, the high solubility of
meloxicam in the various components further confirmed their suitability as part of the
formulation’s composition, with solubility values of 216 ± 11 mg/mL in eucalyptus oil,
130 ± 10 mg/mL in Tween® 80, 68 ± 6 mg/mL in Transcutol® P, and 146 ± 5 mg/mL in PEG
400. In the pursuit of optimal formulations, several nanoemulsions incorporating MX were
developed, with different excipient proportions. Remarkably, all formulations exhibited
excellent stability at room temperature, showing no signs of phase separation. The devel-
oped nanoemulsions displayed particle sizes within the nanometric range, ranging from
139 ± 2.31 to 257 ± 3.61 nm. Predictably, an increase in oil concentration led to larger
particle sizes, likely due to a corresponding increase in the dispersed phase. Conversely,
when the surfactant concentration was increased, while keeping the oil concentration con-
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stant, the formulation’s particle size decreased, a finding that aligned with previous studies,
which reported an inverse relationship between nanoemulsion particle size and surfactant
concentration. The results of the in vitro drug release studies (Figure 12B) performed on
the preliminary nanoemulsions showed that the percentage of MX released from the NE
formulations varied between 55.0 ± 2.8% and 87.6 ± 3.9% after 6 h, hence exhibiting a
controlled release profile. Notably, increasing the oil concentration in the preparation led
to a decrease in MX release, likely due to the larger particle size, resulting in a smaller
surface area available for drug release. The optimized nanoemulsion formulation was then
transformed into a nanoemulgel by integrating HPMC as the gelling agent. A conventional
HPMC gel formulation, containing MX, was also developed, for comparison purposes.
Both the MX-loaded nanoemulgel and the MX-gel formulation appeared smooth, homoge-
nous, and physically stable, demonstrating drug distributions above 99.3%, indicating a
uniform dispersion of the drug. Additionally, both formulations, and especially the MX-
nanoemulgel formulation, showed suitable viscosity for easy skin application (Figure 12C)
and satisfactory spreadability (Figure 12D). Moreover, stability assessment, over 1 and
3 months, showed nonsignificant variations in the MX-nanoemulgel formulation’s charac-
terization parameters. In vitro drug release comparison revealed that the MX-nanoemulgel
exhibited a lower percentage of drug release (39.4 ± 3.7%) compared to the MX-gel
(52.1 ± 4.2%) and the optimized preliminary nanoemulsion (83.9 ± 2.41%), hence exhibiting
a more controlled release pattern. This could be attributed to the incorporation of HPMC
into the formulation’s external phase, resulting in a slower drug release due to increased
viscosity. Nevertheless, the results of the ex vivo skin permeation study (Figure 12E), across
rat skin, supported the superiority of the developed nanoemulgel when compared to the
other formulations, since it was observed that after 6 h a significantly greater amount of
MX permeated from the nanoemulgel formulation, with a steady-state transdermal flux
value of 141.28 ± 9.17 µg/cm2, compared to the permeation from the MX-gel formulation,
which showed a value of 84.28 ± 10.83 µg/cm2. The permeation of the MX-nanoemulgel
was found to be enhanced by 1.68-fold when compared to the conventional MX-gel. This
increased permeation of the drug from the nanoemulgel formulation can be attributed to
its small particle size, leading to a larger surface area than the conventional gel formulation,
since by incorporating the drug into nanosized globules its permeation through the skin
layer is facilitated. Furthermore, the presence of Tween® 80, PEG 400, and Transcutol®

P in the formulation also played a vital role in enhancing MX permeation from the na-
noemulgel, due to these surfactants/cosurfactants’ capacity for increasing drug permeation
through biological barriers. Moreover, according to the skin irritation tests performed on
animals treated with the developed topical MX-nanoemulgel to ensure the safety of the
formulation, no irritation, erythema, or edema were observed, indicating its safety. In
addition, an in vivo anti-inflammatory study (Figure 12F), in which edema was induced in
the rats’ hind-paw, was also performed. The thickness of the edema directly correlated with
the percentage of inflammation. After 12 h, inflammation percentages were 81.3 ± 6.4%,
59.8 ± 6.4%, 41.5 ± 4.6%, and 27.8 ± 5.7% for the control group, placebo (nanoemulgel vehi-
cle, with no drug), MX-gel, and MX-nanoemulgel groups, respectively. The placebo group’s
reduced inflammation percentage, when compared to the control group, confirmed the anti-
inflammatory effects of eucalyptus oil. Furthermore, the MX-nanoemulgel-treated group
demonstrated a significantly higher anti-inflammatory effect when compared to the MX-gel
group, suggesting the nanoemulgel’s greater anti-inflammatory effect due to improved skin
permeability. Hence, the study provided evidence of eucalyptus oil’s anti-inflammatory
effects, and its synergistic action with MX, making the developed nanoemulgel a promising
option for treating inflammation-related skin conditions. In conclusion, an MX-loaded
nanoemulgel was successfully developed and optimized, offering a promising nanocarrier
topical formulation for enhanced drug delivery, good adhesion, and easy application onto
the skin.
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what concerns viscosity (C) and spreadability (D); (E) ex vivo drug permeation profiles of the de-
veloped preliminary MX-nanoemulsion (MX-NE), conventional MX-gel (M-G), and MX-
nanoemulgel (MG-NEG), with * p < 0.05 compared to the preliminary MX-nanoemulsion, and $ p < 
0.05 compared to the conventional MX-gel; (F) anti-inflammatory effects of various formulations 
on rat hind-paw edema, including the developed MX-nanoemulgel (MG-NEG), a conventional 

Figure 12. (A) Schematic representation of the developed MX and eucalyptus oil nanoemulgel,
including performed physicochemical and efficacy characterization studies; (B) in vitro drug release
profiles of the developed preliminary MX-nanoemulsion (MX-NE), conventional MX-gel (MX-G),
and MX-nanoemulgel (MX-NEG), with * p < 0.05 compared to the preliminary MX-nanoemulsion,
and # p < 0.05 compared to the conventional MX-gel; (C,D) stability profiles of the developed MX-
nanoemulgel formulation, after 1 and 3 months, under storage at 4 ◦C and 25 ◦C, in what concerns
viscosity (C) and spreadability (D); (E) ex vivo drug permeation profiles of the developed preliminary
MX-nanoemulsion (MX-NE), conventional MX-gel (M-G), and MX-nanoemulgel (MG-NEG), with
* p < 0.05 compared to the preliminary MX-nanoemulsion, and $ p < 0.05 compared to the conventional
MX-gel; (F) anti-inflammatory effects of various formulations on rat hind-paw edema, including
the developed MX-nanoemulgel (MG-NEG), a conventional MX-gel (M-G), a placebo formulation
(nanoemulgel vehicle with no drug), and a control group (no treatment), with * p < 0.05 compared
to the control group, $ p < 0.05 compared to the placebo group, and # p < 0.05 compared to the
conventional MX-gel group; MX—meloxicam; adapted from Shehata et al. [160], reproduced with
permission from MDPI (Creative Commons CC BY 4.0 470 license).
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A different study, by Abdallah et al. [161], focused on the preparation, characteriza-
tion, and evaluation of a topical nanoemulgel containing brucine as an active substance
(Figure 13A). Brucine is a natural alkaloid produced from Strychnos nux-vomica L. seeds.
This plant-derived molecule has been used in traditional medicine to relieve arthritis and
traumatic pain [232,233]. Aside from having antitumor and antiangiogenic activities, it
has relevant anti-inflammatory and antinociceptive effects. Nevertheless, its clinical use
is limited due to high lipophilicity, and consequent low water solubility, and to high tox-
icity, especially in oral administration [234–236]. Hence, the study aimed to develop a
nanoemulgel containing brucine for anti-inflammatory and antinociceptive topical effects,
hence increasing its targeted delivery and decreasing systemic side effects. A preliminary
nanoemulsion was formulated first by mixing brucine with a suitable oil (myrrh oil), sur-
factant (Tween® 80), cosurfactant (PEG 400), and cosolvent (ethyl alcohol), and then adding
water. This formulation was then transformed into a nanoemulgel by incorporating it
into a gel matrix, with sodium carboxymethyl cellulose as gelling agent, followed by a
high-energy homogenization technique—high-pressure homogenization plus sonication.
The droplet size of the developed nanoemulgel was evaluated and compared to that of
an emulgel (same composition, but without high-energy homogenization), with results
showing that the droplet size of the nanoemulgel (151 ± 12 nm) was 10-fold smaller than
the droplet size of the emulgel (1621 ± 77 nm), hence showing significant improvement and
displaying the relevance of the use of the high-pressure homogenization plus sonication in
order to obtain the adequate nanometric size. The PDI values were also determined, which
were 0.631 for the emulgel and 0.243 for the nanoemulgel, hence indicating monodispersity
for the nanometric formulation (PDI value of less than 0.3), and further confirming the
superiority of the nanoemulgel when compared to the emulgel formulation. Furthermore,
a morphological evaluation of the nanoemulgel did not detect crystals of brucine, which
indicated adequate drug solubility. Moreover, the brucine-loaded nanoemulgel showed
adequate spreadability (48.3 ± 1.8 mm) and viscosity (62650 ± 700 cP) for topical appli-
cation, comparable to those obtained for the emulgel and a conventional gel formulation
(containing carboxymethyl cellulose). The in vitro drug release studies (Figure 13B) showed
that brucine release from all developed formulations was lower and slower than that from
a drug solution (99.5 ± 1.3%), hence exhibiting controlled release profiles. The amount of
brucine released from the conventional gel formulation was greater (69.07 ± 2.54%) than
that released from the emulgel (47.0 ± 4.32%) or nanoemulgel (58.6 ± 4.3%), probably
due to a higher aqueous content in the gel formulation. Furthermore, stability studies
showed that there were no changes in the color, homogeneity, spreadability, viscosity, or
in vitro drug release of the nanoemulgel under the studied conditions (4 ◦C and 25 ◦C),
hence making the developed formulation highly stable. Nevertheless, despite having a
sustained drug release, the developed nanoemulgel formulation showed a superior drug
permeation to all other formulations in ex vivo rat skin permeation studies using Franz
diffusion cells (Figure 13C). Results showed that the best permeation through the skin was
in fact attributed to the brucine-loaded nanoemulgel, and the worst to the brucine solution.
Additionally, the cumulative amount of drug permeated from the nanoemulgel was sub-
stantially higher than from the other tested dosage forms. Moreover, the anti-inflammatory
effects of the brucine-loaded nanoemulgel were evaluated using a carrageenan-induced
paw edema animal model (Figure 13D). The animals were treated with the nanoemulgel
formulation, and the degree of paw swelling was measured. Results showed a signifi-
cant increase in the inflammation of the control and placebo groups after 4 h. The group
treated with an oral drug solution reached the highest inflammation after 3 h, although
it was lower than the control or placebo groups. Additionally, there were no significant
differences between the brucine-loaded topical gel application and oral administration
groups. Nevertheless, the brucine-loaded topical nanoemulgel group showed maximum
inflammation after 1 h of treatment, with a remarkable decrease in swelling after 12 h.
This result could be attributed to the nanoscale size of the nanoemulsion and the high
penetration of the nanoemulgel through rat skin. Hence, a significant reduction in paw
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edema compared to the control groups indicated potent anti-inflammatory activity of the
developed nanoemulgel. The antinociceptive effects of the developed formulations were
also assessed using the acetic-acid-induced writhing test and hot plate test (Figure 13D). In
the acetic-acid-induced writhing test, the formulations were administrated to the animals
and then the number of abdominal writhing movements recorded. A reduction in writhing
movements indicated the antinociceptive potential of a given formulation, and results
showed that the developed nanoemulgel led to a significant reduction in the number of
abdominal writhing movements, leading to a greater inhibition than all other groups. In
the hot plate test, the animals were placed on a hot plate, at a temperature of 55 ◦C. Then
the time that elapsed from when the animal was put on the hot plate until any reaction
was produced was measured. Antinociceptive effects, produced from formulation adminis-
tration, will increase the time until the animals react. Results showed that the maximum
antinociceptive effect by oral administration was reached after 1.5 h and after 3 h for topical
application. The brucine-loaded nanoemulgel showed greater antinociceptive effects than
gel and emulgel dosage forms, which, again, can be due to the larger surface area and
nanosized particles, which improve the penetration of brucine through the stratum corneum,
and hence enhance its absorption to reach better antinociceptive effect. Skin irritation
studies were also performed, in order to assess the safety of the developed formulations.
Sensitivity reactions, such as edema or erythema, were monitored in the animals at 1, 8, and
24 h post-treatment. Results showed that there were no signs of erythema or edema after
24 h of treatment with the different brucine formulations, hence meaning that they were
in fact well-tolerated and not skin-sensitizing. Therefore, the developed brucine-loaded
nanoemulgel may be a safe and well-tolerated drug delivery vehicle for topical application,
also having high efficacy in permeating the skin, and producing anti-inflammatory and
antinociceptive effects.
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formulations, namely, a drug solution (Free BRU), a conventional gel, an emulgel, and a nanoemulgel;
(C) ex vivo drug permeation profiles from different BRU-loaded formulations, namely, a drug solution,
a conventional gel, an emulgel, and a nanoemulgel; (D) antinociceptive (reaction time) and anti-
inflammatory (swelling) effects of different brucine-loaded formulations after administration to mice;
BRU—brucine; adapted from Abdallah et al. [161], reproduced with permission from Elsevier (license
number 5672000458127).

2.5. Other Applications: Neuropathy and Antiaging Effects

Diabetic neuropathy is a common complication of diabetes characterized by nerve
damage that leads to pain, numbness, and tingling sensations [237–239]. Capsaicin, a
natural compound found in chili peppers, has shown promise in alleviating neuropathic
pain [240–242]. The analgesic effect of capsaicin is attributed to its potential for activation
of transient potential vanilloid type 1 receptors, leading to the depletion of inflamma-
tory neuropeptides and neuronal desensitization [240,243,244]. Additionally, capsaicin
exhibits anti-inflammatory properties by inhibiting the activity of proinflammatory media-
tors [245–247]. Nevertheless, despite its efficacy, the clinical use of capsaicin through oral or
intravenous administration has limitations due to its short half-life, pungency, and first-pass
metabolism, and noncompliance [248–250]. Moreover, its effective delivery through the
skin remains a challenge. In this context, Saab et al. [162] aimed to optimize a nanoemul-
gel formulation for the transdermal delivery of capsaicin, evaluating its skin permeation
properties and assessing its in vivo potential for diabetic neuropathy treatment. Initially,
preliminary nanoemulsions were developed containing eucalyptus oil as the oil, Tween®

80 as the surfactant, and propylene glycol, ethanol, and isopropyl alcohol as cosurfactants.
Several different nanoemulsions were prepared, with different ratios of these excipients,
and the formula exhibiting the best droplet size (28.15 ± 0.24 nm) and PDI (0.27 ± 0.05) val-
ues was selected for further studies, consisting of 8% oil phase, an oil to surfactant mixture
ratio of 2.5-to-7.5 (Tween® 80/cosurfactant mixture), and a final capsaicin concentration
of 0.05%. Then, by combining the chosen nanoemulsion formula with a gel base, using
Carbopol® 940 as the gelling polymer, the nanoemulgel was successfully formed. The
developed nanoemulgel was examined under transmission electron microscopy, alongside
its corresponding nanoemulsion, with both showing spherical emulsion droplets within
the nanosize range. Additionally, the emulsion droplets seemed to remain stable after gel
incorporation, indicating resistance to destabilization processes, such as Oswald ripening,
which was evident by it showing no significant changes in droplet size, PDI, transmittance
percentage, or appearance after long-term storage (at 4 ◦C, 25 ◦C, and 32 ◦C), centrifu-
gation, heating–cooling cycles, and freeze–thaw cycles. The rheological assessment of
the nanoemulgel established its pseudoplastic behavior, with this formulation exhibit-
ing a predictably higher viscosity (5580 mPa/s) than the correspondent nanoemulsion
(11.5 mPa/s). The skin permeation study showed that the capsaicin-loaded nanoemulgel
demonstrated enhanced (188.12 µg/cm2 cumulative permeation) and accelerated (0.19
µg/cm2.s−1 permeation flux) permeation compared to a conventional gel (46.38 µg/cm2

and 0.11 µg/cm2.s−1, respectively). The antinociceptive potential of the developed formu-
lation was also evaluated, in an animal model, with the application of the capsaicin-loaded
nanoemulgel having showed significant improvements in thermal latency, as demonstrated
in the hot plate and tail withdrawal tests in alloxan-induced diabetic mice. Compared to
the placebo-treated mice, the nanoemulgel treatment resulted in a remarkable increase in
thermal latency in the 8th week. Conversely, treatment with conventional capsaicin gel
showed less significant improvement. Furthermore, the capsaicin nanoemulgel exhibited
superior efficacy in alleviating mechanical allodynia. The nanoemulgel treatment group
showed a substantial improvement compared to the placebo-treated animals, approaching
the level of improvement seen in the tramadol-treated group. These positive outcomes can
be attributed to the successful transdermal delivery of capsaicin from the nanoemulgel,
as previously confirmed in the skin permeation study. Hence, the optimized developed
formulation exhibited favorable physicochemical properties and enhanced skin perme-
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ation, and the in vivo assays’ results demonstrated its efficacy in reducing pain-related
behaviors and improving sensory function. Given this, the developed capsaicin-loaded
nanoemulgel holds promise as a treatment option for diabetic neuropathy, offering a nonin-
vasive, convenient, and effective approach to alleviate neuropathic pain. Further studies,
including clinical trials, are necessary to validate its safety, efficacy, and long-term effects in
human subjects; nevertheless, these findings highlight the potential of a novel capsaicin-
loaded nanoemulgel formulation for transdermal delivery in the management of the
diabetic neuropathy.

Retinyl palmitate (RT), a derivate of vitamin A, has shown potential for skin rejuve-
nation and the treatment of various dermatological conditions, such as acne, psoriasis,
ichthyosis, wrinkles, dark spots, and skin aging [251–253]. This molecule has the capability
of exfoliating the surface layer of the skin and speeding up cell turnover, increasing skin
moisture, and decreasing skin wrinkles, resulting in the skin looking fresher, smoother,
and younger, and also acting as an antioxidant when applied topically, preventing tissue
atrophy, and having anti-inflammatory effects [254–256]. Nevertheless, in addition to its
good properties, RT also has side effects, such as skin irritation, redness, excessive peeling
and dryness, being toxic in higher concentrations, while also being a lipophilic compound,
with poor aqueous solubility, and limited skin permeation, which all hinder its therapeutic
efficacy [257–259]. To overcome these limitations, Algahtani et al. [163] focused on the
development and evaluation of a nanoemulgel formulation for enhanced topical delivery
of RT (Figure 14A), to improve its solubility, stability, and permeation for antiaging effects.
First, preliminary RT-loaded nanoemulsions were prepared, using a low-energy emulsifica-
tion technique, by mixing an optimized oil and surfactant mixture phase with an aqueous
phase, using a vortex mixer. RT showed good solubilization in different oils, surfactants,
and cosurfactants, which were then selected based on their good miscibility with each
other, but also on the resulting hydrophile–lipophile balance value. This was found to
be optimum with an oil phase combining medium-chain monoglycerides (Capryol® 90)
and medium-chain triglycerides (Captex® 355) in a 2:1 ratio, and a surfactant/cosurfactant
mixture made of Kolliphor® EL and Transcutol® HP. The oil concentration affected the
mean droplet size of the produced nanoemulsions, which increased with increasing oil
concentration from 10% to 20%. Oil percentage also affected the PDI value, which also
increased when increasing the oil phase percentage. On the other hand, variations in
oil and surfactant/cosurfactant concentrations did not significantly affect zeta potential
values. Viscosity values ranged from 77 to 89 cP, which showed that the viscosity remained
constant and the nanoemulsions behaved as fluids. The selected preliminary formulations
were further evaluated in in vitro drug diffusion studies (Figure 14B) using the dialysis bag
method, with aliquots being collected at different time intervals for 24 h and analyzed by
UV-spectroscopy. The drug release from the nanoemulsion systems was high and almost
complete, ranging from 89% to 94%, while the release from the aqueous drug dispersion
ended up being around 10 times smaller. Nanoemulsion storage stability was also tested,
with droplet size and PDI values being monitored. Formulations remained stable for a pe-
riod of 90 days, with the measured parameters remaining relatively constant (Figure 14D,E).
The selected optimized nanoemulsion had a droplet size of 16.71 nm (Figure 14A), a
PDI value of 0.015, and a zeta potential of −20.6 mV, with a measured drug percentage
of approximately 99.0% and the highest cumulative drug release, and was selected for
converting into a nanoemulgel system. The nanoemulgel formulation was prepared by
incorporating the optimized nanoemulsion into a gel matrix, using Carbopol® 940 (0.5%
w/w) as the gelling agent, and with the addition of glycerin as humectant and to provide a
smooth and soothing sensation upon topical application. The pH of the nanoemulgel was
5.53 ± 0.06, which is similar to the skin’s pH and is optimal for not causing skin irritation.
The developed nanoemulgel exhibited non-Newtonian, pseudoplastic behavior, shear thin-
ning, and thixotropic properties, which are convenient characteristics for topical application.
Good spreadability is also important in achieving straightforward application of topical
formulations, and results showed good spreadability for the developed nanoemulgel, with
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spreadability increasing with a higher applied force. Additionally, a stability evaluation of
the developed nanoemulgel was performed, under different storage conditions, including
temperature variations and exposure to light. The formulation exhibited excellent physical
stability, with no significant changes observed in visual aspect, particle size, viscosity, or
pH over the study period, indicating its robustness and long-term stability. Moreover,
UV stability studies were done by measuring the percentage of RT remaining after an
exposure to UV-A radiation (Figure 14C). A significant decrease in the amount of RT was
evident after only 2 h, with the quantified amount reducing down to 19.46% in the control
formulation, with no encapsulation of the drug. In contrast, 95.24% of the RT remained in
the nanoemulgel formulation after 2 h of exposure, and 82.96% after 6 h, hence showing the
potential of the developed formulation to encapsulate the drug and successfully protect it
from photodegradation. Furthermore, the Franz diffusion cells were used again, this time
to evaluate the ex vivo drug permeation of the developed nanoemulgel through excised
dorsal rat skin. The nanoemulgel formulation demonstrated significantly enhanced skin
permeation when compared to a conventional gel formation, indicating improved drug
delivery and potentially enhanced therapeutic efficacy, with higher permeation coefficient.
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Figure 14. (A) Schematic representation of the developed retinyl palmitate topical nanoemulgel
(left), with corresponding transmission electron microscopy image showing droplet morphology
and size (right); (B) in vitro drug release profiles of different retinyl palmitate-loaded preliminary
nanoemulsions, compared to an aqueous dispersion of the drug; (C) UV stability of the developed
retinyl palmitate nanoemulgel, compared to the nonencapsulated drug; (D) mean droplet size
variations of the preliminary optimized retinyl palmitate-loaded nanoemulsions as effect of storage
time; (E) PDI variations of the preliminary optimized retinyl palmitate-loaded nanoemulsions as effect
of storage time; NE—nanoemulsion; NEG—nanoemulgel; PDI—polydispersity index; RT—retinyl
palmitate; adapted from Algahtani et al. [163], reproduced with permission from MDPI (Creative
Commons CC BY 4.0 470 license).

3. Novel Nanoemulgels for Skin Application: The Future of Topical and Transdermal
Drug Delivery?

Molecules that have been recently incorporated into nanoemulgels for skin applica-
tion include repurposed marketed drugs, such as atorvastatin for wound healing [149],
omeprazole for skin infections [155], and leflunomide for skin inflammatory diseases [146].
Natural-derived compounds have also had increased attention, with eucalyptol [150],
naringenin [151], thymoquinone [152], and curcumin [153] being formulated for wound
healing purposes, curcumin [153] and chrysin [142] for skin cancer, brucine [161] for skin
inflammatory diseases, and capsaicin for neuropathy [162]. Other encapsulated compounds
include marketed drugs such as miconazole [154], ketoconazole [157], and fusidic acid [158]
for the treatment of skin and skin appendage infections, imiquimod [159] for skin cancer,
and meloxicam [160] for skin inflammatory diseases, as well as the synthetic compound
ebselen [156] as an anti-infection agent, vitamin E derivative tocotrienols for wound heal-
ing [151], and retinyl palmitate [163] for antiaging purposes. In what concerns formulation
aspects, although spontaneous emulsification was sometimes used in the analyzed studies,
most had to resort to high-pressure or high-speed homogenization, sometimes followed by
ultrasonication, probably due to the formulations’ components not having ideal miscibility
and molecular compatibility, and hence not being able to form nanoemulsions without the
help of high-energy methods. In what concerns formulation components, various oils were
used, with eucalyptus oil, black seed oil, and myrrh oil being the most applied, followed
by other natural-derived oils, such as almond oil or olive oil, as well as oleic acid, liquid
paraffin, and Captex 300 EP/NF or Captex 355. The oils were either selected based on
potential biocompatibility, highest drug/active compound solubilization capacity, or both.
Hydrophobic surfactants were also at times used as oils, replacing the latter, with Capryol
90 being the most used, followed by Span 80 or Span 60, and Labrafac PG or Labrafac
Lipophile WL1349. The advantages of using hydrophobic surfactants with the additional
function of oils reside in the fact that generally a highest drug solubilization is achieved,
hence increasing the obtainable final formulation drug strength, and also in the fact that the
absence of a hydrophobic component with no surfactant capability increases the chances of
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obtaining a nanoemulsion/nanoemulgel with lower droplet size and PDI, also augmenting
the chances for spontaneous emulsification to be possible (instead of having to resort to
high-energy fabrication methods). In the hydrophilic surfactants category, Tween 80 was
by far the most applied, followed by Kolliphor EL, with Tween 20 and Solutol HS15 also
being used. All these surfactants have been proven to have the capacity to increase skin
drug permeation and retention by potentially being able to increase the skin barrier lipids’
fluidity and hence reduce the stratum corneum’s barrier function, hence making them
adequate for skin drug delivery [260–263]. In what concerns cosolvents/cosurfactants,
Transcutol was the most utilized. This potent cosolvent has also been reported to readily
penetrate the stratum corneum, and once there, to modify its molecular mobility, namely,
the protein and lipids that are part of its composition, hence decreasing the skin’s barrier
function [264,265]. Other cosolvents/cosurfactants included PEG 400, propylene glycol,
ethyl alcohol, isopropyl alcohol, Soluplus, and dimethylacetamide. And, finally, in what
concerns gelling agents, the most used were in fact Carbopol varieties, such as Carbopol
940, Carbopol 934, or Carbopol Ultrez 21, followed by cellulose derivatives, such as CMC
or HPMC, and with Pluronic F127 and chitosan also being applied. These gelling agents
increase the formulations’ viscosity, hence resulting in an adequate consistency for topical
application, with some also having bioadhesive properties, hence increasing the time of
formulation retention at the application site, and with others even having drug permeation
enhancement capacity as well, therefore contributing to a potentially better therapeutic
outcome [266–268].

Regardless of formulation composition or preparation method, all developed na-
noemulgels exhibited small droplet size and PDI values, resulting in good stability during
storage or under stress conditions, adequate viscosity and spreadability, pH values com-
patible with the skin, controlled drug release profiles, and adequate ex vivo skin drug
permeation and/or retention, at times even performing better than currently marketed
formulations. Furthermore, in vitro and/or in vivo studies confirmed the safety and ef-
ficacy of the developed formulations for anti-infectious, anti-inflammatory, antitumor,
wound-healing, antinociceptive, and/or antiaging effects, confirming their efficacy and
therapeutic potential, and making them promising platforms for the replacement of current
therapies, or as possible adjuvant treatments.

While clinical application is still further down the road, these systems have proven
to have great potential for skin drug delivery. More work should be done to assess these
formulations’ true safety and long-term applicability, in the context of the current regulatory
framework, in order to determine the ability of these nanoformulations for bioaccumu-
lation and interference with the body’s immune system (phagocytosis by immune cells),
although this might be a bigger concern for transdermal drug delivery than for topical
drug delivery [269,270]. Additionally, scale-up potential should also be determined, in
order to assess the limitations facing any transition from a laboratory bench scale to an
industrial manufacturing scale, so that these promising preparations can one day reach the
pharmaceutical market [108,271–273].

4. Conclusions

Novel topical and transdermal nanoemulgels have been developed for skin application,
encapsulating a wide variety of molecules, such as already marketed drugs (miconazole, ke-
toconazole, fusidic acid, imiquimod, meloxicam), repurposed marketed drugs (atorvastatin,
omeprazole, leflunomide), natural-derived compounds (eucalyptol, naringenin, thymo-
quinone, curcumin, chrysin, brucine, capsaicin), and other synthetic molecules (ebselen,
tocotrienols, retinyl palmitate), for wound healing, skin and skin appendage infections,
skin inflammatory diseases, skin cancer, neuropathy, or antiaging purposes. All developed
nanoemulgels had adequate droplet size, PDI, viscosity, spreadability, pH, stability, drug
release, and drug permeation and/or retention capacity, having more advantageous charac-
teristics than currently marketed formulations. In vitro and/or in vivo studies confirmed
the safety and efficacy of the developed formulations, confirming their therapeutic poten-
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tial and making them promising platforms for the replacement of current therapies, or as
possible adjuvant treatments. Further studies will tell if these novel functional platforms
for drug delivery might someday effectively reach the market to help fight highly incident
skin or systemic diseases and conditions.
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102. Zielińska, A.; Carreiró, F.; Oliveira, A.M.; Neves, A.; Pires, B.; Venkatesh, D.N.; Durazzo, A.; Lucarini, M.; Eder, P.; Silva, A.M.; et al.
Polymeric Nanoparticles: Production, Characterization, Toxicology and Ecotoxicology. Molecules 2020, 25, 3731. [CrossRef]

103. Begines, B.; Ortiz, T.; Pérez-Aranda, M.; Martínez, G.; Merinero, M.; Argüelles-Arias, F.; Alcudia, A. Polymeric Nanoparticles for
Drug Delivery: Recent Developments and Future Prospects. Nanomaterials 2020, 10, 1403. [CrossRef]

104. Makadia, H.K.; Siegel, S.J. Poly Lactic-Co-Glycolic Acid (PLGA) as Biodegradable Controlled Drug Delivery Carrier. Polymers
2011, 3, 1377–1397. [CrossRef]

105. Sharma, S.; Parveen, R.; Chatterji, B.P. Toxicology of Nanoparticles in Drug Delivery. Curr. Pathobiol. Rep. 2021, 9, 133–144.
[CrossRef]

106. Perumal, S.; Atchudan, R.; Lee, W. A Review of Polymeric Micelles and Their Applications. Polymers 2022, 14, 2510. [CrossRef]
107. Desai, N. Challenges in Development of Nanoparticle-Based Therapeutics. AAPS J. 2012, 14, 282–295. [CrossRef]
108. Herdiana, Y.; Wathoni, N.; Shamsuddin, S.; Muchtaridi, M. Scale-up Polymeric-Based Nanoparticles Drug Delivery Systems:

Development and Challenges. OpenNano 2022, 7, 100048. [CrossRef]
109. Muthu, M.S.; Wilson, B. Challenges Posed by the Scale-up of Nanomedicines. Nanomedicine 2012, 7, 307–309. [CrossRef] [PubMed]
110. Yukuyama, M.N.; Kato, E.T.M.; Lobenberg, R.; Bou-Chacra, N.A. Challenges and Future Prospects of Nanoemulsion as a Drug

Delivery System. Curr. Pharm. Des. 2017, 23, 495–508. [CrossRef] [PubMed]
111. Singh, Y.; Meher, J.G.; Raval, K.; Khan, F.A.; Chaurasia, M.; Jain, N.K.; Chourasia, M.K. Nanoemulsion: Concepts, Development

and Applications in Drug Delivery. J. Control. Release 2017, 252, 28–49. [CrossRef] [PubMed]
112. Pires, P.C.; Paiva-Santos, A.C.; Veiga, F. Nano and Microemulsions for the Treatment of Depressive and Anxiety Disorders: An

Efficient Approach to Improve Solubility, Brain Bioavailability and Therapeutic Efficacy. Pharmaceutics 2022, 14, 2825. [CrossRef]
[PubMed]

113. Mariyate, J.; Bera, A. A Critical Review on Selection of Microemulsions or Nanoemulsions for Enhanced Oil Recovery. J. Mol. Liq.
2022, 353, 118791. [CrossRef]

114. Azeem, A.; Rizwan, M.; Ahmad, F.J.; Iqbal, Z.; Khar, R.K.; Aqil, M.; Talegaonkar, S. Nanoemulsion Components Screening and
Selection: A Technical Note. AAPS PharmSciTech 2009, 10, 69–76. [CrossRef] [PubMed]

115. Almeida, F.; Corrêa, M.; Zaera, A.M.; Garrigues, T.; Isaac, V. Influence of Different Surfactants on Development of Nanoemulsion
Containing Fixed Oil from an Amazon Palm Species. Colloids Surf. A Physicochem. Eng. Asp. 2022, 643, 128721. [CrossRef]

116. Koroleva, M.; Nagovitsina, T.; Yurtov, E. Nanoemulsions Stabilized by Non-Ionic Surfactants: Stability and Degradation
Mechanisms. Phys. Chem. Chem. Phys. 2018, 20, 10369–10377. [CrossRef]

117. Mushtaq, A.; Mohd Wani, S.; Malik, A.R.; Gull, A.; Ramniwas, S.; Ahmad Nayik, G.; Ercisli, S.; Alina Marc, R.; Ullah, R.; Bari, A.
Recent Insights into Nanoemulsions: Their Preparation, Properties and Applications. Food Chem. X 2023, 18, 100684. [CrossRef]

118. Ashaolu, T.J. Nanoemulsions for Health, Food, and Cosmetics: A Review. Environ. Chem. Lett. 2021, 19, 3381–3395. [CrossRef]
119. Kotta, S.; Khan, A.W.; Ansari, S.H.; Sharma, R.K.; Ali, J. Formulation of Nanoemulsion: A Comparison between Phase Inversion

Composition Method and High-Pressure Homogenization Method. Drug Deliv. 2015, 22, 455–466. [CrossRef]
120. Espitia, P.J.P.; Fuenmayor, C.A.; Otoni, C.G. Nanoemulsions: Synthesis, Characterization, and Application in Bio-Based Active

Food Packaging. Compr. Rev. Food Sci. Food Saf. 2019, 18, 264–285. [CrossRef]
121. Yukuyama, M.N.; Ghisleni, D.D.M.; Pinto, T.J.A.; Bou-Chacra, N.A. Nanoemulsion: Process Selection and Application in

Cosmetics—A Review. Int. J. Cosmet. Sci. 2016, 38, 13–24. [CrossRef]
122. Anton, N.; Vandamme, T.F. The Universality of Low-Energy Nano-Emulsification. Int. J. Pharm. 2009, 377, 142–147. [CrossRef]
123. Sadurní, N.; Solans, C.; Azemar, N.; García-Celma, M.J. Studies on the Formation of O/W Nano-Emulsions, by Low-Energy

Emulsification Methods, Suitable for Pharmaceutical Applications. Eur. J. Pharm. Sci. 2005, 26, 438–445. [CrossRef]
124. Rao, J.; McClements, D.J. Stabilization of Phase Inversion Temperature Nanoemulsions by Surfactant Displacement. J. Agric. Food

Chem. 2010, 58, 7059–7066. [CrossRef]
125. Ren, G.; Sun, Z.; Wang, Z.; Zheng, X.; Xu, Z.; Sun, D. Nanoemulsion Formation by the Phase Inversion Temperature Method

Using Polyoxypropylene Surfactants. J. Colloid. Interface Sci. 2019, 540, 177–184. [CrossRef]
126. Chuesiang, P.; Siripatrawan, U.; Sanguandeekul, R.; McLandsborough, L.; Julian McClements, D. Optimization of Cinnamon Oil

Nanoemulsions Using Phase Inversion Temperature Method: Impact of Oil Phase Composition and Surfactant Concentration.
J. Colloid. Interface Sci. 2018, 514, 208–216. [CrossRef]

127. Bouchemal, K.; Briançon, S.; Perrier, E.; Fessi, H. Nano-Emulsion Formulation Using Spontaneous Emulsification: Solvent, Oil
and Surfactant Optimisation. Int. J. Pharm. 2004, 280, 241–251. [CrossRef]

128. Akram, S.; Anton, N.; Omran, Z.; Vandamme, T. Water-in-Oil Nano-Emulsions Prepared by Spontaneous Emulsification: New
Insights on the Formulation Process. Pharmaceutics 2021, 13, 1030. [CrossRef]

129. Lefebvre, G.; Riou, J.; Bastiat, G.; Roger, E.; Frombach, K.; Gimel, J.-C.; Saulnier, P.; Calvignac, B. Spontaneous Nano-Emulsification:
Process Optimization and Modeling for the Prediction of the Nanoemulsion’s Size and Polydispersity. Int. J. Pharm. 2017, 534,
220–228. [CrossRef]

130. Gupta, A. Nanoemulsions. In Nanoparticles for Biomedical Applications; Elsevier: Amsterdam, The Netherlands, 2020; pp. 371–384.
131. Mehanna, M.M.; Mneimneh, A.T. Formulation and Applications of Lipid-Based Nanovehicles: Spotlight on Self-Emulsifying

Systems. Adv. Pharm. Bull. 2020, 11, 56–67. [CrossRef]

136



Gels 2024, 10, 45

132. Preeti; Sambhakar, S.; Malik, R.; Bhatia, S.; Al Harrasi, A.; Rani, C.; Saharan, R.; Kumar, S.; Geeta; Sehrawat, R. Nanoemulsion: An
Emerging Novel Technology for Improving the Bioavailability of Drugs. Scientifica 2023, 2023, 6640103. [CrossRef]

133. Gupta, A.; Eral, H.B.; Hatton, T.A.; Doyle, P.S. Nanoemulsions: Formation, Properties and Applications. Soft Matter 2016, 12,
2826–2841. [CrossRef]

134. Jaiswal, M.; Dudhe, R.; Sharma, P.K. Nanoemulsion: An Advanced Mode of Drug Delivery System. 3 Biotech 2015, 5, 123–127.
[CrossRef]

135. Sabjan, K.B.; Munawar, S.M.; Rajendiran, D.; Vinoji, S.K.; Kasinathan, K. Nanoemulsion as Oral Drug Delivery—A Review. Curr.
Drug Res. Rev. 2020, 12, 4–15. [CrossRef]

136. Aithal, G.C.; Narayan, R.; Nayak, U.Y. Nanoemulgel: A Promising Phase in Drug Delivery. Curr. Pharm. Des. 2020, 26, 279–291.
[CrossRef]

137. Choudhury, H.; Gorain, B.; Pandey, M.; Chatterjee, L.A.; Sengupta, P.; Das, A.; Molugulu, N.; Kesharwani, P. Recent Update on
Nanoemulgel as Topical Drug Delivery System. J. Pharm. Sci. 2017, 106, 1736–1751. [CrossRef]

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

139. Donthi, M.R.; Munnangi, S.R.; Krishna, K.V.; Saha, R.N.; Singhvi, G.; Dubey, S.K. Nanoemulgel: A Novel Nano Carrier as a Tool
for Topical Drug Delivery. Pharmaceutics 2023, 15, 164. [CrossRef]

140. Sengupta, P.; Chatterjee, B. Potential and Future Scope of Nanoemulgel Formulation for Topical Delivery of Lipophilic Drugs. Int.
J. Pharm. 2017, 526, 353–365. [CrossRef]

141. Salem, H.F.; Kharshoum, R.M.; Abou-Taleb, H.A.; Naguib, D.M. Nanosized Nasal Emulgel of Resveratrol: Preparation, Optimiza-
tion, in Vitro Evaluation and in Vivo Pharmacokinetic Study. Drug Dev. Ind. Pharm. 2019, 45, 1624–1634. [CrossRef]

142. Nagaraja, S.; Basavarajappa, G.M.; Attimarad, M.; Pund, S. Topical Nanoemulgel for the Treatment of Skin Cancer: Proof-of-
Technology. Pharmaceutics 2021, 13, 902. [CrossRef]

143. Vichare, R.; Crelli, C.; Liu, L.; Das, A.C.; McCallin, R.; Zor, F.; Kulahci, Y.; Gorantla, V.S.; Janjic, J.M. A Reversibly Thermoresponsive,
Theranostic Nanoemulgel for Tacrolimus Delivery to Activated Macrophages: Formulation and In Vitro Validation. Pharmaceutics
2023, 15, 2372. [CrossRef]

144. Ansari, M.N.; Soliman, G.A.; Rehman, N.U.; Anwer, M.K. Crisaborole Loaded Nanoemulsion Based Chitosan Gel: Formulation,
Physicochemical Characterization and Wound Healing Studies. Gels 2022, 8, 318. [CrossRef]

145. Jeengar, M.K.; Rompicharla, S.V.K.; Shrivastava, S.; Chella, N.; Shastri, N.R.; Naidu, V.G.M.; Sistla, R. Emu Oil Based Nano-
Emulgel for Topical Delivery of Curcumin. Int. J. Pharm. 2016, 506, 222–236. [CrossRef]

146. Pund, S.; Pawar, S.; Gangurde, S.; Divate, D. Transcutaneous Delivery of Leflunomide Nanoemulgel: Mechanistic Investigation
into Physicomechanical Characteristics, in Vitro Anti-Psoriatic and Anti-Melanoma Activity. Int. J. Pharm. 2015, 487, 148–156.
[CrossRef]

147. Aggarwal, G.; Dhawan, B.; Harikumar, S. Enhanced Transdermal Permeability of Piroxicam through Novel Nanoemulgel
Formulation. Int. J. Pharm. Investig. 2014, 4, 65. [CrossRef]

148. Lee, J.Y.; Lee, S.H.; Hwangbo, S.A.; Lee, T.G. A Comparison of Gelling Agents for Stable, Surfactant-Free Oil-in-Water Emulsions.
Materials 2022, 15, 6462. [CrossRef]

149. Morsy, M.A.; Abdel-Latif, R.G.; Nair, A.B.; Venugopala, K.N.; Ahmed, A.F.; Elsewedy, H.S.; Shehata, T.M. Preparation and
Evaluation of Atorvastatin-Loaded Nanoemulgel on Wound-Healing Efficacy. Pharmaceutics 2019, 11, 609. [CrossRef]

150. Rehman, A.; Iqbal, M.; Khan, B.A.; Khan, M.K.; Huwaimel, B.; Alshehri, S.; Alamri, A.H.; Alzhrani, R.M.; Bukhary, D.M.; Safhi,
A.Y.; et al. Fabrication, In Vitro, and In Vivo Assessment of Eucalyptol-Loaded Nanoemulgel as a Novel Paradigm for Wound
Healing. Pharmaceutics 2022, 14, 1971. [CrossRef]

151. Yeo, E.; Yew Chieng, C.J.; Choudhury, H.; Pandey, M.; Gorain, B. Tocotrienols-Rich Naringenin Nanoemulgel for the Management
of Diabetic Wound: Fabrication, Characterization and Comparative in Vitro Evaluations. Curr. Res. Pharmacol. Drug Discov. 2021,
2, 100019. [CrossRef]

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

153. Algahtani, M.S.; Ahmad, M.Z.; Nourein, I.H.; Albarqi, H.A.; Alyami, H.S.; Alyami, M.H.; Alqahtani, A.A.; Alasiri, A.; Algahtani,
T.S.; Mohammed, A.A.; et al. Preparation and Characterization of Curcumin Nanoemulgel Utilizing Ultrasonication Technique
for Wound Healing: In Vitro, Ex Vivo, and In Vivo Evaluation. Gels 2021, 7, 213. [CrossRef]

154. Tayah, D.Y.; Eid, A.M. Development of Miconazole Nitrate Nanoparticles Loaded in Nanoemulgel to Improve Its Antifungal
Activity. Saudi Pharm. J. 2023, 31, 526–534. [CrossRef]

155. Ullah, I.; Alhodaib, A.; Naz, I.; Ahmad, W.; Ullah, H.; Amin, A.; Nawaz, A. Fabrication of Novel Omeprazole-Based Chitosan
Coated Nanoemulgel Formulation for Potential Anti-Microbia; In Vitro and Ex Vivo Characterizations. Polymers 2023, 15, 1298.
[CrossRef]

156. Vartak, R.; Menon, S.; Patki, M.; Billack, B.; Patel, K. Ebselen Nanoemulgel for the Treatment of Topical Fungal Infection. Eur. J.
Pharm. Sci. 2020, 148, 105323. [CrossRef]

157. Mahtab, A.; Anwar, M.; Mallick, N.; Naz, Z.; Jain, G.K.; Ahmad, F.J. Transungual Delivery of Ketoconazole Nanoemulgel for the
Effective Management of Onychomycosis. AAPS PharmSciTech 2016, 17, 1477–1490. [CrossRef]

137



Gels 2024, 10, 45

158. Almostafa, M.M.; Elsewedy, H.S.; Shehata, T.M.; Soliman, W.E. Novel Formulation of Fusidic Acid Incorporated into a Myrrh-Oil-
Based Nanoemulgel for the Enhancement of Skin Bacterial Infection Treatment. Gels 2022, 8, 245. [CrossRef] [PubMed]

159. Algahtani, M.S.; Ahmad, M.Z.; Nourein, I.H.; Ahmad, J. Co-Delivery of Imiquimod and Curcumin by Nanoemugel for Improved
Topical Delivery and Reduced Psoriasis-Like Skin Lesions. Biomolecules 2020, 10, 968. [CrossRef] [PubMed]

160. Shehata, T.M.; Elnahas, H.M.; Elsewedy, H.S. Development, Characterization and Optimization of the Anti-Inflammatory
Influence of Meloxicam Loaded into a Eucalyptus Oil-Based Nanoemulgel. Gels 2022, 8, 262. [CrossRef] [PubMed]

161. Abdallah, M.H.; Abu Lila, A.S.; Unissa, R.; Elsewedy, H.S.; Elghamry, H.A.; Soliman, M.S. Preparation, Characterization and
Evaluation of Anti-Inflammatory and Anti-Nociceptive Effects of Brucine-Loaded Nanoemulgel. Colloids Surf. B Biointerfaces
2021, 205, 111868. [CrossRef] [PubMed]

162. Saab, M.; Raafat, K.; El-Maradny, H. Transdermal Delivery of Capsaicin Nanoemulgel: Optimization, Skin Permeation and in
Vivo Activity Against Diabetic Neuropathy. Adv. Pharm. Bull. 2021, 12, 780. [CrossRef] [PubMed]

163. Algahtani, M.S.; Ahmad, M.Z.; Ahmad, J. Nanoemulgel for Improved Topical Delivery of Retinyl Palmitate: Formulation Design
and Stability Evaluation. Nanomaterials 2020, 10, 848. [CrossRef]

164. Childs, D.R.; Murthy, A.S. Overview of Wound Healing and Management. Surg. Clin. N. Am. 2017, 97, 189–207. [CrossRef]
165. Cañedo-Dorantes, L.; Cañedo-Ayala, M. Skin Acute Wound Healing: A Comprehensive Review. Int. J. Inflam. 2019, 2019, 3706315.

[CrossRef]
166. Wang, P.-H.; Huang, B.-S.; Horng, H.-C.; Yeh, C.-C.; Chen, Y.-J. Wound Healing. J. Chin. Med. Assoc. 2018, 81, 94–101. [CrossRef]
167. Tottoli, E.M.; Dorati, R.; Genta, I.; Chiesa, E.; Pisani, S.; Conti, B. Skin Wound Healing Process and New Emerging Technologies

for Skin Wound Care and Regeneration. Pharmaceutics 2020, 12, 735. [CrossRef]
168. Velnar, T.; Bailey, T.; Smrkolj, V. The Wound Healing Process: An Overview of the Cellular and Molecular Mechanisms. J. Int.

Med. Res. 2009, 37, 1528–1542. [CrossRef]
169. Almadani, Y.H.; Vorstenbosch, J.; Davison, P.G.; Murphy, A.M. Wound Healing: A Comprehensive Review. Semin. Plast. Surg.

2021, 35, 141–144. [CrossRef] [PubMed]
170. Gordts, S.; Muthuramu, I.; Amin, R.; Jacobs, F.; De Geest, B. The Impact of Lipoproteins on Wound Healing: Topical HDL Therapy

Corrects Delayed Wound Healing in Apolipoprotein E Deficient Mice. Pharmaceuticals 2014, 7, 419–432. [CrossRef] [PubMed]
171. Bogachkov, Y.Y.; Chen, L.; Le Master, E.; Fancher, I.S.; Zhao, Y.; Aguilar, V.; Oh, M.-J.; Wary, K.K.; DiPietro, L.A.; Levitan, I. LDL

Induces Cholesterol Loading and Inhibits Endothelial Proliferation and Angiogenesis in Matrigels: Correlation with Impaired
Angiogenesis during Wound Healing. Am. J. Physiol. Cell Physiol. 2020, 318, C762–C776. [CrossRef] [PubMed]

172. Hata, Y.; Iida, O.; Okamoto, S.; Ishihara, T.; Nanto, K.; Tsujimura, T.; Higashino, N.; Toyoshima, T.; Nakao, S.; Fukunaga, M.; et al.
Clinical Outcomes of Patients with Cholesterol Crystal Embolism Accompanied by Lower Extremity Wound. Angiology 2023,
00033197231195671. [CrossRef] [PubMed]

173. Farsaei, S.; Khalili, H.; Farboud, E.S. Potential Role of Statins on Wound Healing: Review of the Literature. Int. Wound J. 2012, 9,
238–247. [CrossRef] [PubMed]

174. Fitzmaurice, G.J.; McWilliams, B.; Nölke, L.; Redmond, J.M.; McGuinness, J.G.; O’Donnell, M.E. Do Statins Have a Role in the
Promotion of Postoperative Wound Healing in Cardiac Surgical Patients? Ann. Thorac. Surg. 2014, 98, 756–764. [CrossRef]
[PubMed]

175. Toker, S.; Gulcan, E.; Çaycı, M.K.; Olgun, E.G.; Erbilen, E.; Özay, Y. Topical Atorvastatin in the Treatment of Diabetic Wounds. Am.
J. Med. Sci. 2009, 338, 201–204. [CrossRef]

176. Falagas, M.E.; Makris, G.C.; Matthaiou, D.K.; Rafailidis, P.I. Statins for Infection and Sepsis: A Systematic Review of the Clinical
Evidence. J. Antimicrob. Chemother. 2008, 61, 774–785. [CrossRef]

177. Suzuki-Banhesse, V.F.; Azevedo, F.F.; Araujo, E.P.; do Amaral, M.E.C.; Caricilli, A.M.; Saad, M.J.A.; Lima, M.H.M. Effect of
Atorvastatin on Wound Healing in Rats. Biol. Res. Nurs. 2015, 17, 159–168. [CrossRef]

178. Raziyeva, K.; Kim, Y.; Zharkinbekov, Z.; Kassymbek, K.; Jimi, S.; Saparov, A. Immunology of Acute and Chronic Wound Healing.
Biomolecules 2021, 11, 700. [CrossRef]

179. Hurlow, J.; Bowler, P.G. Acute and Chronic Wound Infections: Microbiological, Immunological, Clinical and Therapeutic
Distinctions. J. Wound Care 2022, 31, 436–445. [CrossRef] [PubMed]

180. Mulyaningsih, S.; Sporer, F.; Reichling, J.; Wink, M. Antibacterial Activity of Essential Oils from Eucalyptus and of Selected
Components against Multidrug-Resistant Bacterial Pathogens. Pharm. Biol. 2011, 49, 893–899. [CrossRef] [PubMed]

181. Vijayakumar, K.; Manigandan, V.; Jeyapragash, D.; Bharathidasan, V.; Anandharaj, B.; Sathya, M. Eucalyptol Inhibits Biofilm
Formation of Streptococcus Pyogenes and Its Mediated Virulence Factors. J. Med. Microbiol. 2020, 69, 1308–1318. [CrossRef]
[PubMed]

182. Baltzis, D.; Eleftheriadou, I.; Veves, A. Pathogenesis and Treatment of Impaired Wound Healing in Diabetes Mellitus: New
Insights. Adv. Ther. 2014, 31, 817–836. [CrossRef] [PubMed]

183. Okur, M.E.; Bülbül, E.Ö.; Mutlu, G.; Eleftherıadou, K.; Karantas, I.D.; Okur, N.Ü.; Siafaka, P.I. An Updated Review for the Diabetic
Wound Healing Systems. Curr. Drug Targets 2022, 23, 393–419. [CrossRef] [PubMed]

184. Jais, S. Various Types of Wounds That Diabetic Patients Can Develop: A Narrative Review. Clin. Pathol. 2023, 16, 2632010X231205366.
[CrossRef]

185. Ahsan, H.; Ahad, A.; Iqbal, J.; Siddiqui, W.A. Pharmacological Potential of Tocotrienols: A Review. Nutr. Metab. 2014, 11, 52.
[CrossRef]

138



Gels 2024, 10, 45

186. Zainal, Z.; Khaza’ai, H.; Kutty Radhakrishnan, A.; Chang, S.K. Therapeutic Potential of Palm Oil Vitamin E-Derived Tocotrienols
in Inflammation and Chronic Diseases: Evidence from Preclinical and Clinical Studies. Food Res. Int. 2022, 156, 111175. [CrossRef]

187. Kandhare, A.D.; Alam, J.; Patil, M.V.K.; Sinha, A.; Bodhankar, S.L. Wound Healing Potential of Naringin Ointment Formulation
via Regulating the Expression of Inflammatory, Apoptotic and Growth Mediators in Experimental Rats. Pharm. Biol. 2016, 54,
419–432. [CrossRef]

188. Kandhare, A.D.; Ghosh, P.; Bodhankar, S.L. Naringin, a Flavanone Glycoside, Promotes Angiogenesis and Inhibits Endothelial
Apoptosis through Modulation of Inflammatory and Growth Factor Expression in Diabetic Foot Ulcer in Rats. Chem. Biol. Interact.
2014, 219, 101–112. [CrossRef]

189. Kmail, A.; Said, O.; Saad, B. How Thymoquinone from Nigella sativa Accelerates Wound Healing through Multiple Mechanisms
and Targets. Curr. Issues Mol. Biol. 2023, 45, 9039–9059. [CrossRef] [PubMed]

190. Sallehuddin, N.; Nordin, A.; Bt Hj Idrus, R.; Fauzi, M.B. Nigella Sativa and Its Active Compound, Thymoquinone, Accelerate
Wound Healing in an In Vivo Animal Model: A Comprehensive Review. Int. J. Environ. Res. Public. Health 2020, 17, 4160.
[CrossRef] [PubMed]

191. Rajabian, A.; Hosseinzadeh, H. Dermatological Effects of Nigella Sativa and Its Constituent, Thymoquinone. In Nuts and Seeds in
Health and Disease Prevention; Elsevier: Amsterdam, The Netherlands, 2020; pp. 329–355.

192. Kumari, A.; Raina, N.; Wahi, A.; Goh, K.W.; Sharma, P.; Nagpal, R.; Jain, A.; Ming, L.C.; Gupta, M. Wound-Healing Effects of
Curcumin and Its Nanoformulations: A Comprehensive Review. Pharmaceutics 2022, 14, 2288. [CrossRef] [PubMed]

193. Tejada, S.; Manayi, A.; Daglia, M.; Nabavi, S.F.; Sureda, A.; Hajheydari, Z.; Gortzi, O.; Pazoki-Toroudi, H.; Nabavi, S.M. Wound
Healing Effects of Curcumin: A Short Review. Curr. Pharm. Biotechnol. 2016, 17, 1002–1007. [CrossRef] [PubMed]

194. Khatun, M.; Nur, M.A.; Biswas, S.; Khan, M.; Amin, M.Z. Assessment of the Anti-Oxidant, Anti-Inflammatory and Anti-Bacterial
Activities of Different Types of Turmeric (Curcuma Longa) Powder in Bangladesh. J. Agric. Food Res. 2021, 6, 100201. [CrossRef]

195. Vitiello, A.; Ferrara, F.; Boccellino, M.; Ponzo, A.; Cimmino, C.; Comberiati, E.; Zovi, A.; Clemente, S.; Sabbatucci, M. Antifungal
Drug Resistance: An Emergent Health Threat. Biomedicines 2023, 11, 1063. [CrossRef] [PubMed]

196. Salam, M.A.; Al-Amin, M.Y.; Salam, M.T.; Pawar, J.S.; Akhter, N.; Rabaan, A.A.; Alqumber, M.A.A. Antimicrobial Resistance: A
Growing Serious Threat for Global Public Health. Healthcare 2023, 11, 1946. [CrossRef]

197. Fothergill, A.W. Miconazole: A Historical Perspective. Expert Rev. Anti Infect. Ther. 2006, 4, 171–175. [CrossRef]
198. Quatresooz, P.; Vroome, V.; Borgers, M.; Cauwenbergh, G.; Piérard, G.E. Novelties in the Multifaceted Miconazole Effects on Skin

Disorders. Expert Opin. Pharmacother. 2008, 9, 1927–1934. [CrossRef]
199. Gatta, L. Antimicrobial Activity of Esomeprazole versus Omeprazole against Helicobacter Pylori. J. Antimicrob. Chemother. 2003,

51, 439–442. [CrossRef]
200. Anagnostopoulos, G.K.; Tsiakos, S.; Margantinis, G.; Kostopoulos, P.; Arvanitidis, D. Esomeprazole versus Omeprazole for the

Eradication of Helicobacter Pylori Infection. J. Clin. Gastroenterol. 2004, 38, 503–506. [CrossRef] [PubMed]
201. Kumar, L.; Verma, S.; Bhardwaj, A.; Vaidya, S.; Vaidya, B. Eradication of Superficial Fungal Infections by Conventional and Novel

Approaches: A Comprehensive Review. Artif. Cells Nanomed. Biotechnol. 2014, 42, 32–46. [CrossRef] [PubMed]
202. Wu, Y.; Hu, S.; Wu, C.; Gu, F.; Yang, Y. Probiotics: Potential Novel Therapeutics Against Fungal Infections. Front. Cell Infect.

Microbiol. 2022, 11, 793419. [CrossRef] [PubMed]
203. Rauseo, A.M.; Coler-Reilly, A.; Larson, L.; Spec, A. Hope on the Horizon: Novel Fungal Treatments in Development. Open Forum

Infect. Dis. 2020, 7, ofaa016. [CrossRef] [PubMed]
204. Garland, M.; Hryckowian, A.J.; Tholen, M.; Oresic Bender, K.; Van Treuren, W.W.; Loscher, S.; Sonnenburg, J.L.; Bogyo, M. The

Clinical Drug Ebselen Attenuates Inflammation and Promotes Microbiome Recovery in Mice after Antibiotic Treatment for CDI.
Cell Rep. Med. 2020, 1, 100005. [CrossRef] [PubMed]

205. Sarma, B.K.; Mugesh, G. Antioxidant Activity of the Anti-Inflammatory Compound Ebselen: A Reversible Cyclization Pathway
via Selenenic and Seleninic Acid Intermediates. Chem. Eur. J. 2008, 14, 10603–10614. [CrossRef]
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Abstract: AI and ML have emerged as transformative tools in various scientific domains, including
hydrogel design. This work explores the integration of AI and ML techniques in the realm of
hydrogel development, highlighting their significance in enhancing the design, characterisation, and
optimisation of hydrogels for diverse applications. We introduced the concept of AI train hydrogel
design, underscoring its potential to decode intricate relationships between hydrogel compositions,
structures, and properties from complex data sets. In this work, we outlined classical physical
and chemical techniques in hydrogel design, setting the stage for AI/ML advancements. These
methods provide a foundational understanding for the subsequent AI-driven innovations. Numerical
and analytical methods empowered by AI/ML were also included. These computational tools
enable predictive simulations of hydrogel behaviour under varying conditions, aiding in property
customisation. We also emphasised AI’s impact, elucidating its role in rapid material discovery,
precise property predictions, and optimal design. ML techniques like neural networks and support
vector machines that expedite pattern recognition and predictive modelling using vast datasets,
advancing hydrogel formulation discovery are also presented. AI and ML’s have a transformative
influence on hydrogel design. AI and ML have revolutionised hydrogel design by expediting
material discovery, optimising properties, reducing costs, and enabling precise customisation. These
technologies have the potential to address pressing healthcare and biomedical challenges, offering
innovative solutions for drug delivery, tissue engineering, wound healing, and more. By harmonising
computational insights with classical techniques, researchers can unlock unprecedented hydrogel
potentials, tailoring solutions for diverse applications.

Keywords: hydrogel design; artificial intelligence; machine learning

1. Introduction: The Concept of AI in Hydrogel Design

Hydrogels are three-dimensional, crosslinked polymer networks that can absorb
and retain large amounts of water or biological fluids. They have gained considerable
attention in the medical field due to their unique properties, such as high-water content,
biocompatibility, and the ability to be tailored to specific applications. The term “hydrogel”
is derived from the combination of “hydro”, meaning water, and “gel”, indicating a semi-
solid, jelly-like state. This defining characteristic of hydrogels allows them to mimic the soft
and hydrated environment of living tissues, making them highly compatible with biological
systems. They can be fabricated from polymer chains linked by physical interactions or
chemical bonds, allowing for precise control of the degradation rate, porosity, and release
profile [1]. Moreover, hydrogels can undergo self-assembly using self-complementary
amphiphilic peptides, enabling customisation to achieve optimal geometry for implantation
or injection. These appealing features position hydrogels as attractive therapeutic delivery
materials, with the potential to encapsulate agents within their water-swollen network.
Hydrogels are extensively employed as drug delivery vehicles due to their capacity to
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encapsulate and release therapeutic agents in a controlled and sustained manner. This
controlled drug release enhances treatment efficacy, reduces side effects, and improves
patient compliance, particularly in chronic conditions [2]. Additionally, certain hydrogel
types possess inherent antibacterial properties [3]. In tissue engineering, hydrogels serve
as scaffolds for growing cells and regenerate damaged or lost tissues [4]. Their high-water
content and biocompatibility mimic the natural extracellular environment, facilitating
cell growth, proliferation, and differentiation [5]. This is particularly significant in the
development of artificial organs and in repairing damaged tissues [4]. Moreover, hydrogels
play a vital role in wound care and healing. They can maintain a moist environment,
which accelerates the wound-healing process, reduces the risk of infection, and minimises
scarring [6].

Hydrogels are the material of choice for contact lenses due to their water-retaining
properties, ensuring comfort and optical clarity for the wearer [7].

Other applications of hydrogels include diagnostic assays and biosensors [8]. Their
ability to undergo volume changes in response to specific analytes, such as glucose or pH,
makes them valuable components in various diagnostic applications [8].

While the potential applications of hydrogels in the biomedical and pharmaceutical
fields are vast, designing hydrogels with precise properties tailored to each application is a
complex endeavour. Researchers must consider factors such as biocompatibility, mechani-
cal strength, degradation rates, and drug release profiles. The interplay of these variables
makes hydrogel design challenging and often reliant on time-consuming trial-and-error
approaches. Big data generated from experiments, simulations, and computational calcula-
tions has provided potential for applying data-driven methodologies in material science,
which shows promise for expediting the discovery and design of new materials. This
approach harnesses the power of vast datasets generated through experiments, simulations,
or observations to gain insights, make predictions, and guide decision-making in the field
of materials science and in the context of hydrogel design.

In the 1990s and early 2000s, the integration of AI in hydrogel research began with
the application of computational simulations and modelling techniques. Researchers
started to use computational methods to simulate hydrogel behaviour under various
conditions, aiding in predicting swelling properties, mechanical responses, and drug release
kinetics. Hydrogel theoretical modelling is based on continuum mechanical concepts such
as balancing laws, kinematics, and constitutive equations. The Flory–Rehner theory, which
explains the swelling equilibrium of gels [9], represents a suitable example. As a result of
the advancement of computing capabilities, the computational science paradigm gained
enormous popularity. Simulations on both the macro- and micro-scales, such as those using
the finite element and volume methods, are now possible [10].

These early efforts laid the groundwork for using AI to unravel the complex interac-
tions within hydrogel networks.

As Machine Learning (ML) algorithms advanced, the hydrogel research community
recognised the potential of AI to revolutionise material discovery. The utilisation of ML
techniques gained traction. These approaches enabled researchers to analyse large datasets,
correlate structure–property relationships, and accurately predict hydrogel behaviour. AI
algorithms can analyse patient-specific data, such as genetic information, metabolism rates,
and medical histories [11], to design hydrogels that deliver drugs with precision. For
instance, in cancer treatment, AI-driven hydrogel formulations can adapt drug release
rates based on the tumour’s response to therapy, minimising side effects and maximising
effectiveness [12]. AI models can simulate and predict the behaviour of hydrogels under
various conditions, saving researchers significant time and resources. For example, they
can predict how a hydrogel will swell, degrade, or release drugs in response to changes
in pH, temperature, or biological factors [13]. AI-driven material design can identify
the ideal combination of polymers, crosslinkers, and additives to create hydrogels with
specific mechanical, thermal, and chemical properties. This accelerates the development
of hydrogels tailored for applications such as wound healing, contact lenses, or tissue
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scaffolds. High-throughput screening, guided by AI algorithms, enables the evaluation of
vast libraries of hydrogel formulations [14]. This accelerates the discovery of hydrogels
with desirable properties, reducing the time needed to bring innovative materials to market.

Therefore, this era marked a significant shift from traditional empirical methods to
data-driven approaches, offering faster and more informed decision-making in
hydrogel design.

Artificial Intelligence (AI) represents a field that involves the development of algo-
rithms and models that enable computers to mimic human intelligence. In hydrogel
development, AI offers a novel approach to tackle the challenges associated with hydrogel
properties and performance by leveraging data-driven insights, predictive modelling, and
optimisation techniques. These challenges are multifaceted and include tailoring hydrogels
for precise applications, optimising their mechanical and chemical characteristics, and
navigating the complex interplay of material variables. First and foremost, AI expedites
the process of discovering new hydrogel formulations. Traditional methods often involve
extensive trial-and-error experimentation, consuming considerable time and resources. In
contrast, AI-driven algorithms can rapidly analyse vast datasets, predict material proper-
ties, and recommend optimal compositions. This acceleration of the research process is
particularly crucial in the field of hydrogels, where materials must meet precise criteria for
applications in medicine and biology.

AI also offers a level of precision and customisation that was previously unattainable.
Researchers can input specific characteristics they desire in a hydrogel—such as mechan-
ical strength, porosity, or biodegradability—into ML models. AI then provides tailored
recommendations for material compositions and processing techniques to achieve these
desired properties. This level of precision is invaluable when designing hydrogels for
diverse applications, from drug delivery systems to tissue engineering scaffolds.

Hydrogel research is inherently complex, involving intricate relationships among
various factors. AI can help in this aspect by handling multidimensional data effectively. It
identifies patterns and correlations that may elude traditional analysis, allowing researchers
to make informed decisions about material design.

In addition, AI integration offers cost and resource efficiencies. It reduces the need for
extensive laboratory experimentation, thus saving costs related to materials, equipment,
and personnel. Moreover, it minimises material wastage, aligning research practices with
environmental sustainability goals.

Interdisciplinary collaboration is another hallmark of AI-driven hydrogel research.
This technology bridges the expertise of materials scientists, chemists, biologists, and
computer scientists. Their collective knowledge and insights foster innovative solutions to
complex challenges in hydrogel development.

AI also enables data-driven insights that can lead to breakthroughs and innovations.
By analysing extensive datasets, it uncovers hidden patterns and relationships, guiding
researchers toward novel solutions that might otherwise remain undiscovered.

In the pursuit of personalised medicine, AI plays a pivotal role by recommending
hydrogel formulations tailored to individual medical needs. This approach promises
more effective treatments with fewer side effects, marking a significant advancement in
patient care.

The integration of AI in hydrogel development encompasses various stages, each
contributing to a holistic framework for material design and optimisation. The AI begins
by acquiring comprehensive datasets containing information about hydrogel compositions,
fabrication methods, and resulting properties. These datasets serve as the foundation for
training AI models. Preprocessing techniques ensure data quality, handling missing values
and normalising variables for accurate analyses.

ML algorithms, a subset of AI, play a pivotal role in hydrogel development. Su-
pervised learning techniques, such as regression and classification, enable the prediction
of hydrogel properties based on input variables—unsupervised learning, like cluster-
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ing and dimensionality reduction, aids in identifying patterns and relationships within
complex datasets.

AI facilitates the creation of predictive models that map input parameters to specific
hydrogel outcomes. These models can forecast properties like swelling behaviour, mechan-
ical strength, and drug release kinetics, allowing researchers to make informed decisions
during material design.

AI-driven optimisation methods, including genetic algorithms and Bayesian opti-
misation, guide the search for optimal hydrogel formulations within vast chemical and
structural spaces. These techniques expedite the identification of compositions that meet
predefined performance criteria.

While the potential of AI in hydrogel development is vast, several challenges war-
rant consideration. The availability of high-quality, well-curated datasets is crucial for
training robust AI models. Data privacy, the integration of domain knowledge, and the
interpretability of AI-generated models are also critical concerns that researchers must
address. Additionally, the complexity of hydrogel behaviour, which arises from intri-
cate molecular interactions and crosslinking mechanisms, poses a challenge for accurate
predictive modelling.

We would like to point out that this manuscript was prepared with the help of AI-
assisted technology. We think that the text’s clarity and coherence were considerably
improved via AI-driven language technologies. With the use of these tools, grammatical
and structural errors were found and fixed, ensuring that our article meets the strictest
requirements for scientific writing. This open disclosure demonstrates our commitment
to rigorous and high-level scientific communication. We have given this manuscript the
spirit of originality and correctness, which was made possible in part by the cooperation of
human expertise and AI-driven language technologies.

This review aims to provide a comprehensive understanding of the potential benefits
of AI in designing hydrogels. By shedding light on this innovative approach, we hope to
inspire continued research and development, paving the way for more effective targeted
therapies that can improve patient outcomes and transform the research of hydrogels in
the future.

2. Physical and Chemical Methods for Designing Hydrogels

Hydrogels, three-dimensional polymeric networks capable of retaining large amounts
of water, have emerged as remarkable materials with a diverse range of applications,
particularly in the biomedical and pharmaceutical fields [15]. Their unique properties, such
as high water content, biocompatibility, and tuneable mechanical characteristics, make
them invaluable for various purposes.

In biomedicine, hydrogels have gained prominence as versatile materials for drug
delivery, tissue engineering, wound healing, and diagnostics [15]. These hydrophilic
networks can be engineered to mimic the extracellular matrix [16], providing an ideal
environment for cell growth and tissue regeneration [17]. Moreover, their ability to encap-
sulate and release bioactive compounds in a controlled manner has revolutionised drug
delivery systems.

In pharmaceutical sciences, hydrogels find applications in drug formulation, where
they serve as carriers for poorly water-soluble drugs, enhancing their bioavailability. Ad-
ditionally, their mucoadhesive properties make them suitable for mucosal drug delivery,
opening avenues for novel drug administration routes.

Hydrogels can be prepared using both natural and synthetic materials as precursors.
Raw materials, such as cellulose, gelatine, alginate, chitosan (CS), and silk fibroin, are
directly sourced from nature and are known for their biocompatibility and bioactive prop-
erties. On the other hand, synthetic materials, including polymethylmethacrylate (PMMA),
polyurethane (PU), poly(N-isopropylacrylamide) (PNIPAM), poly(lactic acid) (PLA), and
poly(lactic-co-glycolic acid) (PLGA), are produced through chemical reactions, offering the
advantage of tuneable mechanical properties.
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While homopolymeric hydrogels serve a specific purpose, their functionality can be
limited. Other biomaterials, such as bioceramics, are often incorporated to enhance the
mechanical strength, biodegradability, and/or stimuli-responsiveness of hydrogel matrices.
The combination of various biomaterials enables the creation of multifunctional hydrogels
that cater to diverse biomedical applications.

This section refers to the physical and chemical methods employed in the design and
development of hydrogels. Understanding these methodologies is crucial for harnessing the
full potential of hydrogels in addressing contemporary challenges in healthcare and drug
delivery. We explore the techniques utilised to tailor hydrogel properties, ensuring they
meet the stringent requirements of various biomedical and pharmaceutical applications.

2.1. Physical Crosslinking

Physical crosslinking is versatile for creating hydrogels without chemical reactions
or covalent bonds. Instead, physical crosslinking relies on non-covalent interactions to
form a 3D network, resulting in hydrogels with reversible and dynamic properties. This
method offers several advantages, such as ease of preparation, injectability, and the ability
to respond to external stimuli, making it suitable for various biomedical and pharmaceutical
applications [18].

Some polymers exhibit a temperature-dependent sol-gel transition, forming a gel at a
specific temperature range. As the temperature is lowered, these polymers undergo self-
assembly, forming a hydrogel network [19]. Common polymers that undergo temperature-
induced gelation include thermoresponsive polymers like poly(N-isopropylacrylamide)
(PNIPAAm). These hydrogels are particularly attractive for drug delivery applications, as
they can respond to changes in body temperature and release drugs accordingly.

Ionic gelation involves using ionic interactions between charged polymer chains and
counterions to form a hydrogel network [20]. Examples include alginate and chitosan
hydrogels, which can form crosslinks through interactions with divalent cations like cal-
cium ions [20]. The reversibility of these ionic interactions makes them suitable for cell
encapsulation and tissue engineering applications.

Certain amphiphilic polymers can self-assemble into hydrogels through hydrophobic
interactions or hydrogen bonding [21]. Lipid-based hydrogels, for instance, can sponta-
neously form through the self-assembly of amphiphilic molecules into nanostructures,
resulting in a hydrogel network [22]. These hydrogels have applications in drug delivery,
as they can encapsulate hydrophobic drugs and release them in a controlled manner.

Photocrosslinking involves using light to induce the crosslinking of photoreactive
molecules or polymers [23]. Photocrosslinkable hydrogels are prepared with photoinitiators
that initiate the crosslinking reaction upon exposure to specific wavelengths of light [23].
This method offers precise spatial and temporal control over hydrogel formation, making it
valuable for tissue engineering and 3D bioprinting applications.

The freeze–thaw method involves the freezing and thawing of a mixture containing
different components, typically polymers and other functional materials, to create a gel-like
structure [24]. The process starts by preparing a solvent solution or suspension of the
desired components. This mixture is then subjected to a freezing step, where it is cooled to
a low temperature, usually below the solvent’s freezing point. During freezing, ice crystals
form and the solute molecules, including polymers and other functional materials, are
excluded from the ice lattice, increasing their concentration in the unfrozen portion of the
solution [25]. After freezing, the sample is thawed, allowing the ice crystals to melt and the
components to redistribute in the liquid phase. This process promotes the formation of a
gel network as the polymers and other functional materials interact and crosslink, creating
a three-dimensional structure that retains a large amount of solvent within its matrix [24,25].
The freeze–thaw cycles can be repeated multiple times to improve the gel’s stability and
mechanical properties. By adjusting the composition and freezing–thawing conditions,
it is possible to control the hydrophilic/hydrophobic character and other properties of
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the resulting hybrid hydrogel [25]. This process creates physical crosslinks between the
polymer chains, producing a hydrogel.

2.2. Chemical Crosslinking

Chemical crosslinking is a versatile and widely used method for obtaining hydrogels
with excellent mechanical stability and structural integrity [26]. This process involves the
formation of covalent bonds between polymer chains, resulting in a stable 3D network
that retains water and forms a hydrogel. Covalent bonds are a type of chemical bond that
occurs when two atoms share electrons to achieve a stable electron configuration [27]. In
the context of hydrogel formation, when hydrogel precursors, such as polymer chains
or monomers, contain functional groups that are capable of forming covalent bonds, a
chemical crosslinking process can be initiated [28]. During this process, these functional
groups react with one another, establishing covalent bonds between the polymer chains or
monomers [29].

Chemical crosslinking is especially suitable for creating hydrogels with controlled
porosity, swelling behaviour, and degradation rates, making them ideal for various biomed-
ical and pharmaceutical applications.

In the radical polymerisation method, monomers containing double bonds are poly-
merised by a crosslinking agent and a radical initiator. The polymerisation reaction gener-
ates free radicals, which initiate the chain-growth polymerisation, forming covalent bonds
between monomer units [30]. Typical radical initiators include azo compounds and per-
oxides. The polymerisation process can be carried out in solution or in the presence of a
template to create 3D structures [30].

The Michael addition reaction involves the reaction between a Michael donor, typ-
ically a thiol group (-SH), and a Michael acceptor, such as an α,β-unsaturated carbonyl
compound [31]. This reaction results in the formation of a stable covalent bond, creating
crosslinks between polymer chains. Hydrogels formed through Michael’s addition are
highly biocompatible and find applications in drug delivery, tissue engineering, and wound
healing [32].

Click chemistry refers to a set of high-yield and selective reactions that can efficiently
form covalent bonds. Common click chemistry reactions include azide-alkyne cycloaddi-
tion, thiol-ene, and tetrazine-norbornene reactions [33]. These reactions are advantageous
for hydrogel formation due to their rapid reaction kinetics, high yields, and bioorthogo-
nality, meaning they can be performed in the presence of biological molecules without
interfering with cellular processes [34].

Schiff base formation is a chemical reaction between an aldehyde and a primary
amine or hydrazine group. This reaction results in the formation of a covalent imine bond,
creating crosslinks between polymer chains [35]. Schiff-based hydrogels are often used
for drug delivery, as they can release drugs in response to specific environmental cues or
triggers [35].

Bioprinting for hybrid hydrogels represents a cutting-edge approach that combines the
advantages of both bioprinting and hybrid hydrogel materials [36]. Hybrid hydrogels blend
or incorporate multiple materials, such as natural and synthetic polymers [36] or inorganic
nanoparticles [37], to create novel hydrogel formulations with enhanced properties. When
combined with bioprinting, this approach allows for the precise and controlled deposition
of complex 3D structures containing living cells and multifunctional materials [38]. In
bioprinting for hybrid hydrogels, the careful selection of bioinks and hybrid materials is
crucial. The choice of bioinks is essential to ensure cellular viability, biocompatibility, and
mechanical stability [39]. Hybrid materials may include natural polymers like collagen and
gelatine, synthetic polyethylene glycol (PEG) and polyvinyl alcohol (PVA), and inorganic
nanoparticles like calcium phosphate or gold nanoparticles [40].

Hybrid hydrogels offer a wide range of tuneable mechanical properties. By incorporat-
ing different materials with varying stiffness or elasticity, it is possible to create hydrogels
that mimic the mechanical properties of native tissues [41]. This is especially important in
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tissue engineering, where bioprinted constructs must match the target tissue’s mechanical
environment for proper cell function and growth [41].

Hybrid hydrogels can be functionalised with bioactive molecules, growth factors,
or peptides to promote cell adhesion, proliferation, and differentiation [42]. Bioprinting
allows for the precise spatial distribution of these bioactive components within the hydrogel,
creating complex microenvironments that can support tissue regeneration and repair.

One of the critical challenges in bioprinting tissue constructs is the lack of vascularisa-
tion. Hybrid hydrogels offer a promising solution by incorporating bioactive factors that
promote the formation of blood vessels (angiogenesis) [43]. Additionally, hybrid hydrogels
can be engineered to contain channels or networks to facilitate the diffusion of nutrients
and oxygen, enabling the survival of bioprinted cells within thick tissue constructs [44].

Bioprinting for hybrid hydrogels is a rapidly evolving field with immense potential
for advancing tissue engineering, regenerative medicine, and drug development. As re-
searchers continue to innovate in materials science, bioprinting technologies, and tissue
engineering, the applications of bioprinted hybrid hydrogels are expected to expand, ulti-
mately leading to groundbreaking advancements in healthcare and personalised medicine.
For instance, in regenerative medicine, bioprinted hybrid hydrogels are anticipated to revo-
lutionise the development of patient-specific organoids [45], facilitating drug testing and
disease modelling with unparalleled accuracy. Moreover, these hydrogels are set to play a
pivotal role in orthopaedics, enabling the creation of custom-designed scaffolds for bone
and cartilage repair [46]. In the realm of dermatology, they hold the potential to transform
wound healing, with hydrogel-based dressings tailored to individual patient needs [47].
In the pharmaceutical industry, bioprinted hydrogels are envisioned to streamline drug
formulation testing, ensuring it becomes safer and more effective [48]. Beyond healthcare,
these hydrogels are also expected to find applications in environmental science, such as
in the removal of contaminants from water sources [49]. As these innovations gather
momentum, they are poised to reshape multiple facets of our lives, promising a future
where healthcare and various industries benefit from the limitless potential of bioprinted
hybrid hydrogels.

The choice of method depends on the desired properties, functionality, and intended
application of the hydrogel. Each technique offers unique advantages and can be tailored
to suit specific research or medical needs.

3. Numerical and Analytical Methods in Hydrogel Design

Numerical and analytical methods play crucial roles in the design and characterisa-
tion of hydrogels. They provide insights into the complex behaviours, properties, and
interactions within hydrogel systems.

3.1. Numerical Simulations

Numerical simulation methods have emerged as invaluable tools in hydrogel design,
revolutionising how researchers approach the development and analysis of these versatile
materials. Hydrogels, three-dimensional networks of hydrophilic polymers that can absorb
and retain large amounts of water, have found applications in various fields, from biomed-
ical engineering and drug delivery to tissue regeneration. As the demand for hydrogels
with tailored properties continues to grow, the integration of computational techniques has
become essential for expediting the design process, optimising performance, and predicting
behaviour under varying conditions.

The intricate nature of hydrogels, influenced by factors such as polymer composition,
crosslinking density, and environmental conditions, presents challenges in accurately
characterising and predicting their behaviour solely through traditional experimental
approaches. Numerical simulations bridge this gap by providing a virtual laboratory where
researchers can explore the intricate interplay between molecular structures, mechanical
forces, fluid dynamics, and other critical variables that dictate hydrogel performance. These
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simulations offer a deeper understanding of hydrogel behaviour, enabling informed design
decisions and accelerating the development of hydrogel-based solutions.

Some standard numerical simulation methods used for hydrogel design include Finite
Element Analysis (FEA), Computational Fluid Dynamics (CFD), Molecular Dynamics
simulations (MD), Monte Carlo Simulations, etc.

FEA is widely used to simulate the mechanical behaviour of hydrogels, including
their deformation, stress distribution, and responses to external forces [50,51]. It helps
us understand how hydrogels will behave in different loading conditions and assists in
designing hydrogels with specific mechanical properties for applications such as tissue
engineering, drug delivery, and medical devices.

CFD is used to model the flow of fluids through hydrogel structures [52]. It is impor-
tant for hydrogels used in drug delivery systems or tissue engineering scaffolds where
transporting nutrients, oxygen, and waste products is critical [53]. CFD simulations can pro-
vide insights into mass transport phenomena and guide the design of hydrogel structures
with optimised fluid flow patterns.

MD simulations are used to study the behaviour of individual molecules within
hydrogel networks [54]. They provide insights into the interactions between polymer
chains, solvent molecules, and solutes at the atomic level. MD simulations can predict
swelling behaviour [55], diffusion rates [56], and biomolecule interactions.

Monte Carlo methods are often employed to model the statistical behaviour of hydro-
gel systems [57]. These simulations help predict the macroscopic properties of hydrogels
based on the behaviour of individual molecules or particles within the system [57]. They
can be applied to study phenomena such as the swelling equilibrium, polymer chain
conformations, and gel network structure.

Hydrogels are often subjected to multiple physical phenomena simultaneously, such
as mechanical deformation, fluid flow, and heat transfer. Multiphysics simulations combine
different numerical approaches to model these coupled effects and provide a comprehensive
understanding of hydrogel behaviour [58] in complex environments such as tumours [59].

Numerical simulations can be coupled with optimisation algorithms to search for the
best combination of material properties or structural configurations that meet specific
design criteria. This approach is valuable for tailoring hydrogel properties to achieve
desired outcomes.

Some simulations combine multiple techniques, such as coupling MD with FEA, to si-
multaneously capture different aspects of hydrogel behaviour. These hybrid methods allow
a comprehensive understanding of complex interactions within hydrogel systems [60].

These numerical simulation methods expedite the design process and enable re-
searchers to explore a vast design space, optimise material properties, and predict hy-
drogel behaviour across various environments. In combination with experimental data,
inverse modelling techniques refine simulations and enhance the accuracy of predictions.
Furthermore, the fusion of numerical simulations with optimisation algorithms empow-
ers researchers to identify optimal hydrogel compositions and structures that align with
specific performance criteria.

3.2. Analytical Methods

The design of hydrogels involves a multifaceted approach that relies heavily on
analytical methods to characterise their physical, chemical, and mechanical properties.
These methods not only aid in understanding the fundamental behaviour of hydrogels
but also drive the optimisation and tailoring of their properties for specific applications.
This article delves into the pivotal role of analytical methods in hydrogel design, from
characterisation techniques to advanced imaging modalities.

Analysing the chemical composition of hydrogel precursors and networks is crucial
for understanding their structure–property relationships. Fourier-transform infrared spec-
troscopy (FTIR) [61] and nuclear magnetic resonance (NMR) spectroscopy [62] provide
insights into functional groups and molecular structures within hydrogel matrices. These
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methods allow researchers to verify the successful incorporation of desired monomers and
crosslinkers and monitor the progress of polymerisation reactions.

Mechanical properties heavily influence the performance of hydrogels in various
applications. Compression testing, tensile testing, and rheological analysis quantify param-
eters like compressive strength, Young’s modulus, and viscosity [63]. These data guide
the selection of suitable hydrogel formulations for specific uses, ensuring that mechanical
properties align with intended functions.

Hydrogels’ ability to absorb water and swell is a fundamental characteristic that impacts
applications such as drug delivery and wound dressings. Swelling behaviour is studied by
immersing hydrogels in different solvents and measuring weight changes over time [64]. An-
alytical balances and swelling ratio calculations provide insights into hydrogel responsiveness
to environmental changes, influencing design choices for optimal performance.

Microscopic analysis techniques like scanning electron microscopy (SEM) [65] and
atomic force microscopy (AFM) [66] allow researchers to visualise hydrogel surfaces and
internal structures. These images reveal information about pore size, distribution, and
interconnectedness, which are crucial for applications involving cell adhesion, growth, and
the diffusion of therapeutic agents [67].

Thermal properties impact hydrogel stability and behaviour at different temperatures.
Differential scanning calorimetry (DSC) [68] and thermogravimetric analysis (TGA) [69]
enable the assessment of glass transition temperatures, melting points, and thermal degra-
dation profiles. Such data aid in determining suitable processing conditions and the
temperature ranges within which hydrogels maintain their integrity.

Analytical methods are pivotal in studying drug release kinetics from hydrogel ma-
trices. UV-Vis spectroscopy [70] and high-performance liquid chromatography (HPLC)
monitor the concentration of released substances over time. These data are crucial for
designing hydrogel-based drug delivery systems with controlled and sustained release
profiles [71].

Recent advancements have introduced sophisticated imaging methods such as con-
focal microscopy and magnetic resonance imaging (MRI) to further probe hydrogel be-
haviour [72]. These techniques allow the in-depth visualisation of hydrogel interactions
with cells, tissues, and drugs, providing insights into real-time responses and interactions.

Statistical Data Analysis

Statistical data analysis involves applying various statistical techniques to process,
interpret, and draw meaningful conclusions from experimental data. In hydrogel design,
statistical analysis plays a crucial role in understanding the relationships between different
variables, optimising formulations, and ensuring the reproducibility of results. Statistical
data analysis methods are applied at various stages of hydrogel design; see Figure 1.

Before conducting experiments, researchers use statistical tools to design experiments
effectively. Techniques like Design of Experiments (DOE) help to determine which vari-
ables to control, which to manipulate, and how many experiments to perform to gather
sufficient data.

Statistical analysis starts with the collection of data from experiments. These data
can include information about hydrogel composition, structure, mechanical properties,
swelling behaviour, drug release profiles, and more.

Descriptive statistics provide a summary of the collected data. Measures like mean,
median, standard deviation, and range give an overview of the central tendency and
variability of the data.
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Researchers use correlation analysis to identify relationships between different vari-
ables. For example, it can reveal if there is a correlation between the composition of the
hydrogel and its mechanical strength [73].

Regression models help establish mathematical relationships between variables. Re-
searchers can use linear or nonlinear regression to predict one variable based on the values
of others. This is useful for predicting hydrogel behaviour under different conditions [74].

Analysis of Variance (ANOVA) assesses the variance between different groups or
conditions. It helps determine if the variations observed in the data are significant and
whether they are due to manipulated variables or random chance [75].

Principal Component Analysis (PCA) is a dimensionality reduction technique that
transforms complex data into a lower-dimensional space. It can help identify patterns and
trends in multi-dimensional data sets, making it useful for analysing complex hydrogel
datasets [76].

Multivariate analysis involves the analysis of multiple variables simultaneously to
uncover hidden patterns and relationships that might not be apparent in individual stud-
ies [77].

Statistical methods are employed to ensure the quality and consistency of hydrogel
production. Control charts, process capability analysis, and six sigma methodologies help
maintain the desired quality standards.

Statistical analysis assesses the reliability and reproducibility of hydrogel properties
allowing the calculation of confidence intervals, the assessment of experimental errors, and
the determination of the precision of measurements.

Researchers use statistical optimisation techniques to find the optimal combination
of hydrogel parameters that yield the desired properties. This is particularly useful in
fine-tuning hydrogel formulations for specific applications.

Visualising data through plots, graphs, and charts helps us to understand trends and
patterns intuitively. Visualisation tools (scatter plots, line charts, bar charts, heatmaps, 3D
surface plots, radial charts, box plots, principal component analysis plots) enhance the
communication of results and aid in decision-making.

Statistical tests, such as t-tests [78] or chi-square tests [79], are used to test hypotheses
and determine whether observed differences between groups are statistically significant.

In hydrogel design, statistical data analysis aids in making informed decisions, opti-
mising formulations, understanding the effects of variables, and ensuring the reliability
of results. By applying appropriate statistical techniques, researchers can uncover in-
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sights that guide the development of hydrogels with tailored properties for a wide range
of applications.

4. Leveraging Artificial Intelligence in Hydrogel Design

Leveraging AI in hydrogel design involves utilising advanced computational tech-
niques to optimise and accelerate the development of hydrogel materials with specific
properties and functionalities. AI-driven approaches revolutionise conventional trial-and-
error methods, enabling rapid and informed material design. This leads to the development
of hydrogels better tailored for diverse applications in medicine and biology [80]. Below, we
present some expanded details and explore how AI is applied to the design and selection
of hydrogels.

In the case of material design and selection, AI algorithms can predict and optimise
hydrogel properties based on desired characteristics. ML models analyse large datasets
of material properties to guide the selection of polymers, crosslinkers, and additives for
specific applications. In addition, ML models can predict hydrogel behaviours, such as
swelling ratios, mechanical strength, and degradation rates, based on formulation and
environmental conditions.

AI can perform virtual screenings of vast chemical spaces to identify potential monomers,
crosslinkers, and reaction conditions for synthesising hydrogels with desired properties,
reducing the need for extensive experimental trial and error.

Also, AI-driven optimisation algorithms can enhance the hydrogel synthesis process
by adjusting parameters such as temperature, pH, reaction time, and swelling to maximise
yield and desired properties. For example, Islamkulov et al. used AI-supported optimisa-
tion applications (multilayer neural network sigmoid function model) for determining the
swelling kinetics of hydrogel networks. In addition, the results of swelling behaviour under
different experimental conditions, such as different crosslinker concentration temperatures
and salt solutions, provided a deeper understanding of the physicochemical properties
of the prepared hydrogels [81]. An important parameter for achieving a reproductible
hydrogel is the gelation kinetics. AI models can predict hydrogel gelation kinetics by
analysing the kinetics of polymerisation reactions, aiding in controlling gelation time and
achieving reproducible results [82].

AI-enabled image analysis and spectroscopic techniques assist in the characterisa-
tion of hydrogel structures, porosity, and mechanical properties, ensuring quality and
consistency in production. These analyses can be performed by using advanced imaging
techniques such as scanning microscopy or NMR spectroscopy.

AI algorithms can assess the biocompatibility and functionality of hydrogels for
specific biological applications, guiding the design of hydrogels for drug delivery, tissue
engineering, and wound healing. Boztepe and colleagues [12] introduced an innovative
hydrogel for the controlled release of doxorubicin. This research addressed a notable gap
in the exploration of AI-driven hydrogel systems. Their study revealed the remarkable
performance of the AI-based model in accurately predicting the drug release behaviour
of the hydrogels they developed. These findings underscore the significance of such
investigations in advancing novel materials while building upon empirical knowledge.

AI-driven data analysis can reveal previously unnoticed patterns (correlations between
components, optimal manufacturing conditions, material interactions, performance over
time, cost-effective formulations, biological response) and relationships within hydrogel
datasets, leading to the discovery of novel hydrogel formulations and applications. These
unnoticed patterns are often buried within vast datasets and can be challenging for humans
to discern. AI’s strength lies in its ability to sift through immense amounts of data, and to
make predictions or recommendations based on these findings.

Another essential aspect of the research and development of hydrogels is the number
of experimental iterations required. AI can accelerate hydrogel development, leading to the
faster translation of hydrogel-based technologies, from research to practical applications.
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AI-driven materials informatics platforms organise and analyse hydrogel-related
data, facilitating collaboration and knowledge-sharing among researchers. Also, AI can
help design hydrogels with tailored properties for specific patient needs, such as wound
dressings or drug delivery systems.

AI-driven predictive models assist in predicting hydrogel performance under different
regulatory conditions, aiding in compliance with safety and efficacy standards.

Integrating AIs into hydrogel research and development streamlines processes; it acceler-
ates innovation and enhances the capabilities of hydrogels for diverse biomedical applications.

5. Machine Learning Techniques in Hydrogel Development

ML techniques have sparked a paradigm shift in the realm of hydrogel development.
These sophisticated computational tools are reshaping how researchers approach materials
design and expediting the entire innovation lifecycle of hydrogels. By harnessing the
power of data-driven insights and predictive modelling, ML techniques have established
themselves as indispensable assets at various crucial stages of hydrogel development,
paving the way for accelerated discovery, enhanced precision, and the creation of novel
and tailored hydrogel materials.

5.1. Machine Learning Subsets

ML subsets can be applied to various hydrogel research and development aspects,
offering innovative solutions and accelerating progress in this field. ML consists of sev-
eral subsets or branches [83], each with its own focus and techniques. Some of these
subsets include:

Supervised Learning: In hydrogel research, supervised learning involves training
a model on labelled data, where inputs (e.g., polymer type, crosslinking density) are
associated with desired outputs (e.g., swelling ratio, degradation rate). This approach
enables the prediction of hydrogel properties based on known relationships, aiding in
efficiently screening potential formulations and optimising synthesis conditions [84].

Unsupervised Learning: Unsupervised learning techniques like clustering can uncover
hidden patterns within complex hydrogel datasets. By grouping similar hydrogels based
on structural and functional attributes, researchers can identify novel categories or classes
of hydrogels with distinct behaviours, facilitating targeted investigations and customised
designs [85].

Semi-Supervised Learning: When hydrogel datasets have limited labelled samples,
semi-supervised learning combines labelled and unlabelled data. This approach can
enhance predictions by leveraging the broader dataset, providing valuable insights into
hydrogel behaviour even with a scarcity of labelled samples.

Reinforcement Learning: Hydrogel design can benefit from reinforcement learning
by treating it as a sequential decision-making process. Algorithms can optimise synthesis
parameters over multiple iterations to achieve the desired properties, such as mechanical
strength or drug release profiles, while considering the feedback received from previous
experiments [86].

Deep Learning: Deep neural networks, a subset of AI [87], can capture intricate
relationships between input variables and hydrogel properties. By training on a diverse
range of hydrogel compositions and experimental outcomes, deep learning models can
predict complex behaviours, guiding the design of new hydrogel formulations.

Transfer Learning: Transfer learning allows models pre-trained on one hydrogel
dataset to be fine-tuned for a different application. For instance, a neural network initially
trained to predict swelling behaviour in one type of hydrogel can be adapted to predict
degradation in another, saving time and computational resources [88].

Generative Adversarial Networks (GANs): GANs can aid in the design of new hy-
drogel structures by generating molecular configurations that meet specific performance
criteria. This approach is promising for creating unique hydrogel formulations optimised
for biomedical applications [89].
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Applying these ML subsets to hydrogel research offers a multidimensional approach
to understanding, designing, and optimising hydrogel materials for diverse biomedical,
pharmaceutical, and industrial purposes. A schematic of AI-ML context and some of the
application areas in the field of hydrogels are shown in Figure 2.
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5.2. Machine Learning Algorithms
5.2.1. Random Forest

RF stands out as a powerful and versatile ML algorithm that has revolutionised the
field of hydrogel development [10]. Built upon the principles of ensemble learning, RF
offers a sophisticated solution for tackling complex challenges in materials design, property
prediction, and optimisation. Its unique characteristics make it an invaluable asset in
pursuing innovative and tailored hydrogel materials.

At its core, RF is a collection of decision trees that operate collectively as a cohesive unit.
Each decision tree is constructed using a random subset of the available data and features,
making them diverse and distinct [90]. This diversity is a crucial strength of RF, enabling
the model to capture a wide range of relationships within the data, from simple to complex.
When a prediction is required, each decision tree contributes its output, and the final result
is determined by aggregating these outputs—usually through voting for classification
tasks or averaging for regression tasks (Figure 3). This ensemble approach enhances RF’s
accuracy, stability, and robustness, enabling it to handle the noisy or incomplete datasets
that often characterise hydrogel research.

RF’s ability to handle high-dimensional data and complex interactions is advantageous
in hydrogel development. As researchers work with intricate combinations of variables—
from monomer types and crosslinking ratios to environmental conditions and desired
material properties—RF excels at identifying non-linear relationships and interactions
that could be challenging to discern through traditional methods. By analysing these
relationships comprehensively, RF aids researchers in predicting how changes in one or
more variables may impact the final hydrogel properties, thus guiding more informed and
efficient decision-making.
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Moreover, RF offers a degree of interpretability that differentiates it from other ML
techniques. It can provide insights into feature importance, revealing which variables
contribute most significantly to the model’s predictions. This feature importance analy-
sis in hydrogel research is invaluable for uncovering the key factors influencing specific
material properties or behaviours. By identifying the most influential parameters, re-
searchers can focus on fine-tuning these aspects of hydrogel design to achieve the desired
outcomes effectively.

The RF method was recently applied for the hypothesis that polysaccharide hydrogels
may feature fundamental separation criteria relevant to the permeability of compounds
across the Gram-negative bacterial cell envelope, and that such permeability data could be
used for predicting antibiotic accumulation in such bacteria [91]. Applying contemporary
ML tools to the in vitro data, the same authors reported the first data on in bacterio
accumulation of aminoglycosides and sulphonamides—essential classes of antibiotics used
to treat Gram-negative infections. Expanding the investigations to antibiotic activity against
highly relevant Gram-negative species gave evidence that in vitro permeability data may
allow the exclusion of inactive substances at an early stage of antibiotic development [91].

5.2.2. Artificial Neural Network

Artificial Neural Networks (ANNs), inspired by the human brain’s neural structure,
excel at capturing intricate patterns in large datasets [83]. In hydrogel research, ANNs
can model complex hydrogel–property relationships, allowing for accurate predictions
of material behaviours. ANNs have been employed to optimise hydrogel formulations,
predict drug release kinetics, and even simulate hydrogel–cell interactions, accelerating the
understanding of hydrogel functionality.

For example, Brahima et al. used an ANN to model the nonlinear, multivariable,
and complex drug delivery behaviour of poly(NIPAAm–co–AAc) IPN hydrogel systems.
The developed ANN model was used to efficiently predict the drug release behaviours of
hydrogels [92].

5.2.3. Support Vector Machines

Support Vector Machines (SVM) are a supervised learning method used for classi-
fication and regression tasks [93]. In hydrogel development, SVM can classify hydrogel
formulations based on their properties or predict properties based on known compositions.
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SVM aid in identifying relevant features that influence hydrogel performance, guiding
researchers to prioritise specific components for achieving desired outcomes.

5.2.4. Deep Neural Networks

Deep Neural Networks (DNNs) can predict hydrogel properties based on their molec-
ular structures [83,94]. By training on a dataset of known hydrogel compositions and
their corresponding properties, DNNs can learn complex relationships between molecular
features and hydrogel behaviour. This can aid in predicting properties like mechanical
strength, swelling behaviour, and drug release profiles for new hydrogel formulations.
DNNs can also be used for optimising hydrogel synthesis parameters. By setting up the
DNN as an optimisation algorithm, it can iteratively suggest modifications to the formula-
tion based on desired property outcomes. This can accelerate the process of finding optimal
synthesis conditions.

5.2.5. Convolutional Neural Networks

Convolutional Neural Networks (CNNs) excel at analysing visual data, making them
helpful in analysing hydrogel images, such as microstructure images captured through
microscopy. CNNs can identify features, patterns, and structures in these images, providing
insights into the internal structure of hydrogels [94].

In the context of 3D-printed hydrogels, CNNs can analyse the printing process and
optimise printing parameters. By learning from 3D printing data, CNNs help the user
adjust the printing speed, material deposition rate, and other variables to achieve the
desired printing outcomes [95]. For example, a deep learning model using CNN was used
to generate a model that differentiated between excellent and poor hydrogel prints. The
CNN model was found to classify the bad and good images with an accuracy of 93.51%.
The model achieved a validation accuracy of 90.244% [96]. Jin et al. [68] developed an
anomaly detection system to classify imperfections for hydrogel-based bioink based on
convolutional neural networks. Images were processed as small image patches for grid,
gyroid, rectilinear, and honeycomb shapes. This research envisions high-quality tissue
composition through real-time autonomous correction in the 3D bioprinting process [97].

CNNs can assist in designing microfluidic channels for hydrogel synthesis. By consid-
ering fluid flow dynamics, mixing efficiency, and gelation behaviour, CNNs can suggest
optimised channel geometries for efficient and controlled synthesis.

CNNs can be employed to analyse and characterise the surface features of hydrogels.
This includes identifying surface roughness, pore size distribution, and other topographical
aspects influencing hydrogel performance.

Also, this algorithm can aid in quality control by identifying defects or inconsistencies
in hydrogel products. This can ensure that the synthesised hydrogels meet the desired
specifications and perform as expected.

The versatility of the above-mentioned algorithms can be extended. Combining some
of the above-mentioned can aid researchers in identifying the most relevant variables
among a large pool of options. This streamlines hydrogel development by focusing on
the most impactful factors, reducing experimentation time and resources. For example,
Pluronic F127, Pluronic F68, and Methocel K4M created and characterised enemas that
deliver rectal protein. The concentrations of various polymers were utilised as input values
to correlate with the final properties of the hydrogel using FormRules version 4.03, a
commercial hybrid artificial intelligence tool platform that combines ANNs and fuzzy
logic technologies. It is possible to assess the effects of each polymeric component in the
hydrogel composition. For instance, it was discovered that F127 affected mucoadhesion
and syringeability [98].

In a recent study conducted by Boztepe et al., ANNs were used to predict doxorubicin
delivery from pH- and temperature-responsive poly(N–Isopropyl acrylamide-co-Acrylic
acid)/Poly(ethylene glycol) (poly(NIPAAm-co-AAc)/PEG) interpenetrating polymer net-
work (IPN) hydrogel [12]. In the same study conducted by Boztepe et al., derivates of
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SVM were used to predict doxorubicin delivery from pH- and temperature-responsive IPN
hydrogel [12].

Another study employed random forests, Gaussian process, and support vector ma-
chines as ML models to predict the cardiomyocyte (CM) content following the differ-
entiation of human-induced pluripotent stem cells (hiPSCs) encapsulated in hydrogel
microspheroids and to identify the main experimental variables affecting the CM yield.
The models were built to predict two classes, sufficient and insufficient, for CM content on
differentiation day 10. The best model predicted the sufficient class with an accuracy of
75% and a precision of 71%. This study showed that we can extract information from the
experiments and build predictive models that could enhance the cell production by using
ML techniques [99].

In a novel study, Li. et al. showed a combinational approach to generate a structurally
diverse hydrogel library with more than 2000 peptides and evaluated their corresponding
properties. The authors combined algorithms with the best precisions (54%, 57%, and
62% for RF, logistic regression, and gradient boosting, respectively, at the 50% recall). The
authors correlated chemical variables and quantitative structure–property interactions with
the self-assembly behaviour, and they were effective in identifying key structural elements
influencing hydrogel formation [100].

Moreover, many of these algorithms can be combined for hydrogel synthesis. In a
recent work, a CNN regression method was used to predict the Young’s modulus and
Poisson’s ratio of BG-COL composites. First, 2000 images of BG-COL microstructures were
generated. Then, the mechanical properties of the BG-COL composite were calculated using
the finite element simulation. This numerical simulation software obtained data that were
used to train a CNN regression model for predicting the mechanical properties of BG-COL
based on its microstructural image. The authors demonstrated that the accepted CNN
regression model could predict the mechanical properties of BG-COL. Hence, it can aid in
overcoming the challenges of predicting these properties with traditional homogenisation
methods. This work could guide the design of BG-COL and other composite hydrogels [50].

Zhu et al. used DNN and 3D CNN to reveal the implicit relationship between the
network structure and mechanical properties of hydrogels to predict mechanical properties
from different network structures. A modelling method for a single-network hydrogel
network, that is, a self-avoiding walk network model which approximates the real polyacry-
lamide (PAAm) hydrogel structure at a mesoscopic scale, was proposed. After, the authors
developed a DNN based on MLP and a 3D CNN containing the physical information of the
network and utilised them to predict the nominal stress–stretch curves of hydrogels under
uniaxial tension. By having a dataset of 2200 randomly generated network structures of
PAAm hydrogel and their corresponding stress–stretch curves, the authors trained and
evaluated the performance of the two models [94].

The selection of machine learning algorithms in hydrogel development is a dynamic
and data-driven process. Researchers must consider the specific objectives, data types, and
desired outcomes when choosing the most appropriate and particular machine learning
algorithm or technique. This adaptability and versatility make AI a powerful tool in
advancing the development of hydrogels for a wide range of biomedical applications.

6. Conclusions and Future Perspectives

Hydrogel-based strategies hold great promise and offer customisable solutions for
various clinical scenarios. Hydrogels have immense promise for transforming hard and
soft tissue treatments, but their successful implementation requires overcoming various
obstacles through continued research, collaboration, and regulatory compliance.

Numerical simulations offer a virtual playground where hydrogel properties can be
tailored, refined, and fine-tuned, creating a synergy between computational and experi-
mental methodologies. As the field of hydrogel design continues to evolve and advance,
the integration of numerical simulations can expand the frontiers of what is achievable
with these remarkable materials.
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Looking ahead, the fusion of AI with hydrogel development holds immense promise.
Advanced AI techniques, including deep learning and reinforcement learning, will likely
push the boundaries of predictive accuracy and material optimisation. Collaborations be-
tween materials scientists, chemists, and AI experts will foster interdisciplinary innovation,
leading to the discovery of novel hydrogel formulations with tailored functionalities.

Across the hydrogel landscape, ML’s transformative influence is undeniable. As re-
searchers strive to design hydrogels with specific properties and functionalities, traditional
methods often entail time-consuming trial-and-error approaches. In contrast, ML tech-
niques are potent engines for pattern recognition, data analysis, and predictive modelling.
They enable researchers to navigate the complex interplay of numerous variables—such
as hydrogel composition, processing parameters, and end-use requirements—by gen-
erating comprehensive insights from large, intricate datasets. This capability propels
hydrogel development beyond the boundaries of conventional experimentation, allowing
researchers to extract valuable knowledge from raw data and make informed decisions
with unprecedented efficiency. The continued collaboration between materials scientists,
chemists, and AI/ML experts is instrumental in advancing hydrogel design. Together,
they can harness the power of data-driven approaches, tackle complex problems, and
create innovative hydrogel-based solutions that have a profound impact on healthcare and
biomedical applications.

ML’s impact is particularly profound in optimising hydrogel formulations. By rapidly
evaluating an extensive range of chemical compositions and structural arrangements,
ML algorithms guide researchers towards promising hydrogel candidates for specific
applications. This ability to traverse multidimensional parameter spaces accelerates the
identification of optimal formulations, expediting the path from conceptualisation to tan-
gible hydrogel prototypes. Furthermore, ML techniques empower researchers to predict
hydrogel properties with remarkable accuracy, sparing them the need for resource-intensive
trial iterations. This predictive prowess shortens development timelines and empowers
researchers to fine-tune hydrogel properties to precise specifications—a critical advan-
tage in tailoring materials for diverse applications, from drug delivery systems to tissue
engineering scaffolds.

Integrating ML techniques into hydrogel development represents a fundamental shift
from conventional approaches to a dynamic, data-centric methodology. ML’s capacity to
handle complexity, recognise intricate patterns, and optimise outcomes positions it as an
indispensable tool in the arsenal of modern hydrogel development. As the boundaries
of ML continue to expand, its synergy with hydrogel research is poised to reshape the
trajectory of biomaterials innovation.

As ML continues to evolve, advanced techniques like deep learning and reinforce-
ment learning are promising for further pushing push the boundaries of hydrogel re-
search. Integrating domain knowledge into ML models and addressing challenges such
as data scarcity and interpretability will be crucial for realising the full potential of ML in
hydrogel development.

In conclusion, integrating ML techniques such as RF, ANN, SVM, and LR has revo-
lutionised the field of hydrogel development. These tools expedite the discovery process,
optimise material properties, and pave the way for innovative applications in drug delivery,
tissue engineering, and diagnostics. As ML technology advances, it is poised to reshape the
landscape of hydrogel research, unlocking new possibilities and accelerating advancements
in biomaterials science.

Even though incorporating AI into hydrogel design has opened a new era of precision
and efficiency, significant challenges persist, necessitating innovative solutions and inter-
disciplinary collaboration. As we mentioned, AI models rely heavily on data. In hydrogel
design, comprehensive and accurate datasets can be elusive. Materials scientists, chemists,
and AI experts must collaborate to curate high-quality data [101,102].

Successful hydrogel design demands input from chemistry, biology, materials science,
and AI. Effective cross-disciplinary collaboration is essential but can be challenging. Hydro-
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gel properties are influenced by numerous factors. Modelling these interactions accurately
remains a challenge [101,102].

As AI-driven hydrogel design advances, ethical concerns surrounding data privacy,
bias in algorithms, and intellectual property rights become more prominent. Addressing
these issues transparently and ethically is critical to maintaining trust and integrity in
research. Transitioning from small-scale AI-optimised designs to large-scale production is
challenging, particularly for medical and industrial applications [101,102].

Hydrogels developed using AI may face regulatory hurdles, particularly in the medical
field. However, demonstrating their safety and efficacy to regulatory bodies is a complex
and resource-intensive process [101,102].

As AI continues to evolve, its integration with hydrogel research holds the promise of
unlocking new capabilities and applications, revolutionising the field of biomaterials and
shaping the future of medical science and technology.
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Abstract: Polymeric hydrogels are a complex class of materials with one common feature—the
ability to form three-dimensional networks capable of imbibing large amounts of water or biological
fluids without being dissolved, acting as self-sustained containers for various purposes, including
pharmaceutical and biomedical applications. Transdermal pharmaceutical microneedles are a pain-
free drug delivery system that continues on the path to widespread adoption—regulatory guidelines
are on the horizon, and investments in the field continue to grow annually. Recently, hydrogels have
generated interest in the field of transdermal microneedles due to their tunable properties, allowing
them to be exploited as delivery systems and extraction tools. As hydrogel microneedles are a new
emerging technology, their fabrication faces various challenges that must be resolved for them to
redeem themselves as a viable pharmaceutical option. This article discusses hydrogel microneedles
from a material perspective, regardless of their mechanism of action. It cites the recent advances
in their formulation, presents relevant fabrication and characterization methods, and discusses
manufacturing and regulatory challenges facing these emerging technologies before their approval.

Keywords: hydrogels; microneedles; drug delivery; dissolving microneedles; swelling microneedles;
hydrogel-forming microneedles; microneedle manufacturing

1. Introduction

Hydrogels are a collection of soft matter classes that include disparate varieties of
polymeric materials from different origins that can form water-swollen three-dimensional
networks via chemical or physical crosslinks in which the nature of the bonds formed
determines the hydrogel reversibility. While there are a number of historical references
to these materials—records documenting the use of the gel substances gelatin and aloe
vera go back to Mesopotamia and ancient Egypt [1]—the term hydrogel was first used by
Van Bemmelen to describe a colloid of inorganic salts in 1894 [2]. Since then, the definition
has moved away from the original description with a huge body of work dedicated to
quantifying the gelling threshold and the systems’ mechanical properties.

Since the early development days, the popularity of hydrogels as carriers of physically,
chemically, or biologically active ingredients has been continuously on the rise [2]. Their
versatility and tunability make them ideal systems for a wide range of applications, ranging
from energy [3] and agriculture to the food industry and bioengineering [4,5]. The first
biomedical application can be traced to the 1950s, when the cross-linked PVA implant
‘sponges’ developed by Grindly and Waugh made their way to hospitals under the names
of Ivalon (Clay Adams, US) and Prosthex (Ramer Chemical, UK) [6,7]. This was followed
by the widespread manufacturing of poly hydroxyethyl methacrylate (PHEMA) gel contact
lenses based on the work of Wichterle and Lim published in 1960 [8].

Pharmaceutically, hydrogels can be utilized as standalone dosage forms or as parts
of drug delivery systems (DDSs) and medical devices. They can be incorporated into
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drug-eluting DDSs either as the carrier matrix or by integrating them as stabilizers or
release controllers [9–11]. Such developments have paved the way for the development of
customizable dosage forms aimed at reducing dosing frequency and improving patient
compliance. Hydrogel systems have offered enhanced biocompatibility and responsiveness
to many types of stimuli, such as temperature [12–15], light [16], pH [17–20], and electric
and magnetic fields [21,22]. These ‘smart’ hydrogels have been delivered via different
routes, including oral, ocular, topical, vaginal, and injection [23–28].

The transdermal delivery route utilizes access through the skin, mainly using patches,
gels, and emulsions, allowing patients to self-administer their medications without the
systemic loss encountered via the oral route or the pain associated with injection—see
Figure 1 [29]. The transdermal route, however, is currently limited to low-molecular-weight
(<500 Daltons) and moderately lipophilic active pharmaceutical ingredients (API). Skin
permeation is restricted by penetration and diffusion through the epidermis layers to
reach the blood vessels in the dermis (2000 µm). The outer layer of the epidermis, the
hydrophobic stratum corneum, provides the principal barrier to absorption through the
transdermal route; fewer than two dozen APIs are currently approved by the FDA for
transdermal delivery [30].
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Figure 1. Schematic showing human skin layers and microneedle insertion compared to conventional
(intramuscular, subcutaneous, and intradermal) injection methods.

Several physical and chemical solutions have been developed to overcome the stratum
corneum barrier. Among the most promising options are the use of microneedle (MN)
products [31].

In 1967, Gerstel and Place filed the first percutaneous MN drug delivery device
patent [32]. After its expiration in the late 1990s, (and due to complementary new devel-
opments in microscale manufacturing technologies for MEMS devices), interest in MN
research surged, and microneedles were to be celebrated as the future of transdermal drug
delivery [31]. Around the same period, microneedling (also referred to as percutaneous
collagen induction and needle dermabrasion) has been utilized as an experimental derma-
tological technique for treating scars [33]. The cosmetical treatment then evolved to use
1–3 mm needles attached to a roller paired with topical vitamin (A, C, and E) formulations
to promote rapid skin healing and collagen production [34,35].

Microneedle arrays are micron-scaled (height ≤ 1000 µm with a tip diameter of
1–25 µm) projections assembled on a supporting base [30]. MNs are designed to disrupt the
stratum corneum by creating micro-channels in the skin, enhancing skin permeability and
drug delivery for local or systemic effects without causing pain, bleeding, or infection [36].
Additionally, they are easy to transport and store, and they offer reduced waste and
manufacturing costs [37]. For certain applications, when compared to intramuscular
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injection for vaccine delivery, MNs were found to be more effective due to the large
population of immune cells in the dermis and epidermis [29].

Microneedles are manufactured from a wide variety of materials, including glass,
silicone, biodegradable polymers, and metals [38]. In the literature, MNs are usually
classified into five categories: solid, coated, hollow, dissolving, and the most recent addition,
hydrogel-forming.

From a material point of view, this classification system is restricting when describing
hydrogel MNs since hydrogels could fit under both the dissolving and hydrogel-forming
categories according to their components and properties.

The application of hydrogels on skin paired with pre-treatment using MN arrays or
commercial derma rollers was found to enhance their permeation of larger doses of actives.
The application of thermogelling systems to pre-treated skin was found to fill the MNs’
created cavities, providing a sustained 72 h lasting release of methotrexate and fluorescein
sodium [39,40].

The fabrication of hydrogel-based MNs combines physical microporation with the
tunability of the residence time of hydrogels in one device.

Hydrogels can be manufactured from a broad range of polymeric materials, which are
commonly classified according to the origin of their material components (either natural or
synthetic) [41].

This review aims to highlight recent advances in the emerging field of hydrogel-
based MNs, summarizing the latest formulation trends, manufacturing methods, and
performance evaluation techniques.

2. Types of Hydrogels Used in MNs

The ideal drug delivery device should be able to (i) encapsulate active(s) in a biocom-
patible and mechanically robust system, (ii) allow the control of the release profile, and
(iii) be easy to administer with minimal medical supervision [42]. Hydrogels (HG) provide
compelling solutions for prerequisites (i) and (ii), and forming them into microneedle ge-
ometries is a very appealing way to provide prerequisite (iii). Therefore, it is not surprising
that there is a significant research interest in hydrogen MN systems.

Hydrogel MNs are fabricated using a variety of methods and dried to obtain hard, solid
MNs with sufficient mechanical properties for application. When embedded in the skin,
the interstitial fluid hydrates the MNs via diffusion, and the dried matrix forms a hydrogel,
which swells in place, imbibing large amounts of fluid withdrawn from its surroundings.
The fluid movement within the polymeric network facilitates the API’s diffusion and
release through the MNs’ created channels. For some systems, this could be followed by
dissolution, depending on the matrix’s internal structure. The great swelling ability of MNs
could be additionally utilized to absorb fluids to be used for diagnostic purposes.

This article will discuss the most common hydrogel substrates used for MN systems
from a material perspective, covering both dissolvable and swelling MN matrices. As
highlighted in the recent publication by Moore et al. [43], hydrogel-based materials account
for 80% of drug delivery and 65% of vaccine MN systems matrices—as displayed in Figure 2.
This review looks into how these materials have been recently used, covering neat and
mixed hydrogel MN systems to demonstrate the effect of additives on performance. The
authors acknowledge the presence of other promising substrates in the literature; however,
this article is dedicated to the types frequently used for MN production displayed in
Figure 2. The discussed matrices are divided into three main polymeric classes: natural,
covering both plant and animal sources, synthetic, and semi-synthetic, a hybrid of the
previous two types.
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delivery and (b) vaccine delivery; the figure is based on data reported by Moore et al. [43].

2.1. Natural
2.1.1. Cellulose and Its Derivatives

Cellulose is a hydrophobic biodegradable polysaccharide linked by β-(1,4) glycosidic
bonds. It forms the main component of plant cells’ walls and can be produced by some
bacteria. Its chemical structure can be modified (e.g., the esterification of hydroxyl groups)
to produce a wide array of derivatives with diverse physicochemical properties that corre-
late with the degree of substitution (DoS). Popular pharmaceutical cellulose-based gelling
agents include methylcellulose (MC), hydroxypropyl methylcellulose (HPMC), ethyl cel-
lulose (EC), hydroxyethyl cellulose (HEC), and carboxymethylcellulose (CMC), some of
which display environmental sensitivities that could be exploited to control the MN release
profile [44].

Among the most widely used ones is CMC, a water-soluble anionic linear polysaccha-
ride obtained by substituting some of the hydroxyl ends with carboxymethyl groups (DoS
1.2-2). The low cost and broad range of functionalities have seen the adoption of CMC for a
diverse array of biomedical applications [45]. CMCs have been used in many MN systems,
where they were found to be effective in stabilizing various protein molecules due to their
reduced mobility in solid CMC, and the release kinetics of the molecules could be controlled
via the payload and the MN patch design. The authors reported that adding a loaded
backing layer may increase the MN encapsulation capacity and introduce longer-term sus-
tained release functionality [42]. Valproic acid CMC MNs outperformed the conventional
alopecia topical treatment; the arrays successfully delivered the designed dose at a higher
accuracy, and their micro-incisions simulated the hair follicle stem cells [46]. The majority
of neat CMC MN systems reported in the literature were fabricated using high Mw grades
and casting methods at concentrations below 10% due to observed casting difficulties, as
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reported for diclofenac sodium, lactobacillus, and HIV-1 vaccine MNs [47–49]. Similar
concentrations of low viscosity grades were found unsuitable for the casting of MNs due
to the resulting low mechanical strength and high flexibility of the needles, which made
them unsuitable for skin penetration and prompted their use as backing layers instead for
insulin MNs [50] (Figure 3).
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Higher concentrations of the low viscosity grades were found to give excellent results
for the fabrication of systems prepared via droplet-borne air blowing (DAB) and centrifugal
lithography (CL) processes that were employed in the manufacture of the promising
lidocaine MN and typhus vaccine ScaA MNs [51,52]. Similar to the other gel-MN-forming
materials discussed in this article, the introduction of excipients or other polymers to CMC
MN formulations reduced their recrystallization, which led to an enhanced release from
the MNs as observed dextrin blends [53].

HPC and HPMC are nonionic water-soluble cellulose derivatives. Ito et al. compared
the performance of three types of HPC lidocaine-loaded MNs in a topical cream. All the
MNs showed a faster onset than the cream. The whole HPC-lidocaine-loaded MNs were
more effective than only using loaded tips or the loaded MNs paired with a reservoir
to deliver the drug, for which the presence of the reservoir suppressed the faster release
observed for the other MN types [54]. MNs containing only 5% HPC displayed sufficient
strength for insertion while containing high loads of donepezil hydrochloride (78%) [55].
Lyophilized acyclovir MNs fabricated from neat 8% HPMC or mixed with 30% PVP showed
4.5–16 times higher skin–drug concentrations than topical applications. The shortest lag
time (the time required for the API to reach circulation, determined by gel swelling, API dif-
fusion, and permeability through the skin layers) was recorded for the HPMC–PVA blend,
which was attributed to the improved penetration length displayed by the systems [56].

The selection of a suitable cellulose-based agent depends on two factors. The first
relates to the targeted gel (and MNs after drying) properties, which is affected by the
degree of substitution and Mw. The second is the formulation recipe and whether the
matrix charge could have detrimental effects leading to instabilities.
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2.1.2. Chitosan (CS)

Chitosan (CS) is a linear cationic amino-polysaccharide composed of β-(1, 4)-linked
D-glucosamine and N-acetyl-D-glucosamine obtained via the alkaline deacetylation of
chitin, the second-most-abundant natural biopolymer after cellulose. It is found in fungi,
crustaceans, and insect shells. The biopolymer is soluble in dilute acidic solutions and can
form stimuli-responsive gels at low concentrations when neutralized [57]. CS is known
for its biocompatibility, biodegradability, cytocompatibility, and natural antimicrobial ac-
tivity against both Gram-positive and Gram-negative bacteria. This versatility allowed its
use in various formats, ranging from injectables and topical productions to transdermal
delivery [58]. Its properties depend on the molecular weight (Mw), degree of deacetylation
(DDA), and purity [59]. Studies on Caco-2 cells showed that high DDA enhanced absorption
independently of Mw, while medium values (65–51%) only enhanced it at higher Mws [60].
CS gel preparation is often a two-step process; acid hydrolysis is followed by a dialysis
method to refine the Mw, and adjusting the process conditions allows the optimization of
both the MN mechanical strength and the matrix dissolution rate. Acetic acid is widely
used for the hydrolysis step. It has been used to fabricate MNs to deliver bovine serum
albumin (BSA) [61] and cetirizine hydrochloride [62]. Other acids used include hydrochlo-
ric acid during the fabrication of levonorgestrel [63], trifluoroacetic acid (TFA), and lactic
acid for rhodamine-B- and diclofenac-sodium-loaded MNs, respectively [64,65]. Chemi-
cally modified CS blends have been used to fabricate MNs to enhance the stability of the
encapsulated materials and alter the system’s properties. Examples include the improved
physical strength exhibited by CS/PVA blends [65,66], as well as the pH and electrical
responsiveness achieved for MNs fabricated from CS/porous carbon nanocomposite [67].

2.1.3. Hyaluronic Acid (HA)

Hyaluronic acid (HA), also known as hyaluronan, is a liner anionic copolymer of non-
sulfated glycosaminoglycan. It was extracted for the first time in 1934 from bovine vitreous
fluid [44]. HA is a naturally occurring component of the extracellular matrix in animals and
microorganisms, including human tissues, where 50% of the bodily content is distributed in
the skin. HA’s hydroxyl-rich chains allow bonding with large quantities of water (holding
up to 1000 times its original weight) and bridges with surrounding HA chains resulting in
secondary and tertiary structures. HA has been used for numerous applications, ranging
from injectables to formulating gels and creams. It is proven to stimulate the proliferation
of fibroblasts and adhesion to the wound site, promoting healing. When these benefits are
paired with its favorable mechanical properties, HA makes an ideal matrix for transdermal
and MN delivery systems [68]. Most of the reported HA-based MNs are uncross-linked
and prepared via the two-step casting method of polymeric solutions [69]. In addition
to its volumizing effect, HA-neat MNs were found to mildly inhibit human hypertrophic
scar fibroblasts (hHSFs), and when loaded with bleomycin, the synergistic inhibitory effect
was further increased by up to 40% and maintained over 6 weeks, providing a promising
new method to treat hypertrophic scars [70]. The anti-diabetic peptide exenatide MNs
have delivered similar outcomes to subcutaneously administered solutions in 2 min with
minimal patient discomfort [71]. The morphology of 5-aminolevulinic acid (5-ALA) MNs
was tailored according to the required clinical targets to be used effectively in photodynamic
therapy. MNs with a length of 907 µm formed from HA with an MW of 10 kDa and a
30% concentration with API-loaded tips were reported to deliver 122 µg of 5-ALA for
subcutaneous tumors [72], while shorter (650 µm) MNs fabricated using 50% HA of the
same grade were used to deliver 610 µg of the active to superficial tumors [73]. For topical
applications, shorter HA chains with an Mw of 5–50 kDa exhibited higher permeability
than longer ones [74]. This, however, does not determine the transdermal behavior of HA
MNs. Chi et al. studied the Mw effect on the performance of 5% HA MNs using 10, 74,
and 290 kDa grades. Over two days, the results indicated that, under the same conditions,
the 74 kDa MNs demonstrated the best mechanical–transdermal release balance, showing
an intermediate mechanical strength, the best rhodamine B skin retention, and the release
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profiles shown in Figure 4 [75]. Adenosine-loaded high-Mw HA MNs were found to be
more effective in reducing the density of wrinkles than the low-Mw counterparts [76].
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The hydrophilic nature of HA could pose challenges for fabricating systems to encap-
sulate hydrophobic loads or for those requiring slow release rates. Introducing stabilizers
such as lipid-based nanoparticles (LNP), liposomes, and other polymers to HA matrices
was recorded to overcome this limitation and enhance HA MNs’ performance [43,77,78].

2.1.4. Silk Fibroin (SF)

Silk is a fibrous natural polymer obtained from silkworm cocoons, spiders, mites,
and pseudoscorpions’ silk fiber [79–81]. The most commonly used silk is a product of
Bombyx mori cocoons, which consists of two proteins: sericin and fibroin. Silk fibroin is
generally regarded as safe (GRAS) by the FDA, and it is a biocompatible and biodegradable
polymer [82]. Pure SF extraction is a relatively low-cost and straightforward process that
usually involves two steps: (i) stripping the immunogenic sericins in alkaline solutions,
leaving behind SF fibers that are dried, and (ii) dissolution in concentrated electrolyte
solutions and dialysis to remove the salt residue. SF solutions of 6–8% are commonly
used for MN fabrication. The shelf life of SF can also be extended by lyophilizing the
solutions [83]. SF is built from alternating hydrophilic and hydrophobic blocks that form
crystalline β-sheet structures via hydrogen bonding [84]. Pure SF MNs are highly soluble,
which makes them unsuitable for prolonged release; however, SF’s gelation and properties
could be easily modified to control solubility, release, and mechanical strength [85], which
can be done during the formulation stage or post MN fabrication [86]. Post-fabrication
methanol treatment was found to increase SF’s surface crystallinity, which improved its
strength by approx. 113% and delayed the payload release from neat SF MNs [87].

Zhu et al. compared three types of insulin-loaded SF systems: neat MN arrays,
methanol-treated neat MNs, and MNs with a backing layer from proline amino acid. The
authors reported that the neat MNs almost completely dissolved without undergoing
any swelling, while the mixed-base systems experienced higher swelling and dissolution
than the treated MNs—which barely released 40% of the payload after 9 h. In vitro tests
showed that the mixed base system exhibited a faster release within the first two hours,
and then the rate slowed down afterwards to achieve a complete release at around 9 h,
providing a slower and smoother release profile when compared to insulin injections [88].
Similar to its effect on SF fibers [89], water vapor annealing effectively increased the SF
crystallinity degree in MNs. This effect was enhanced when paired with a crosslinking
agent (glutaraldehyde), increasing the fracture force by six times when compared to the
neat untreated systems [90]. FS-loaded tips on a polymeric blend base were reported to
provide a sustained in vivo release of influenza vaccine that outperformed intramuscular
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injections [91]. Yin et al. investigated the properties and the in vitro performance of four SF-
modified systems with various additive concentrations and Mws of loaded FITC-dextran.
The added 2-ethoxyethanol was found to enhance the swelling capacity (up to 800%),
minimize dissolution, and increase the matrix pore dimension, resulting in a consistent
release profile [92].

2.2. Synthetic
2.2.1. Polyvinyl Alcohol (PVA)

Polyvinyl alcohol (PVA) is a water-soluble synthetic polymer prepared via the hydrol-
ysis (saponification) of polyvinyl acetate. The length of the polyvinyl acetate units and
the hydrolysis conditions can be controlled to produce a large variety of molecular PVA
weights, in which the hydrolysis percentage is inversely proportional to the solubility [93].
This is reflected in the huge disparity in the physicochemical properties that the polymer
exhibits, including mechanical strength and water affinity [94]. PVA is a GRAS ingredient,
according to the FDA, with excellent biocompatibility, biodegradability, and drug load-
ing capability [95,96]. PVA has been used to fabricate both MNs themselves and their
supporting base, in which higher concentrations were used for MNs to provide greater
mechanical strength [97,98]. PVA concentration and Mw could be additionally used to
tailor the payload release from the matrix through their effect on the solubility and swelling
behavior [99–102]. PVA is often used in combination with other polymers to enhance the
matrix properties and stability; examples include the mechanically improved PVA/PVP
MNs’ body or base [103,104], the high delivery rate of HA/PVA layered systems [105], the
modified water retention of CS and CMC, and the tunability of SF blends [99,106–108].
Many blends containing gelatin, HA, polyalkylmethacrylates (PAMAs), and metal–organic
frameworks (MOFs) have been formulated to optimize either MN performance or the
molding process [109–112].

2.2.2. Polyethylene Pyrrolidone (PVP)

PVP is a synthetic nonionic water-soluble biocompatible polymer. The FDA-approved
polymer is widely used as a plasma expander and in various medical applications due
to its stability and good film-forming properties [113]. PVP’s amphiphilic nature makes
it an ideal drug stabilizer and controlled release carrier. PVP is cleared renally when the
Mw is up to 40 kDa; however, when large quantities of high Mws are used, it is necessary
to administer a degrading enzyme (γ lactamase) [114,115]. PVP MNs’ properties depend
on the polymeric chain length and concentration, which could be altered according to
the nature of the payload and desired release profiles. Thakur et al. reported that ocular
macromolecules loaded into MNs fabricated from a low Mw (10 kDa) were found to be more
brittle and dissolved faster than ones made from higher Mws (40 and 58 kDa) [116]. Systems
containing only 10% of 40 kDa PVP successfully delivered α-choriogonadotropin through
the skin tissue without any mechanical failure even when forces as high as 13 N were
used [117]. Although most PVP-based MNs are produced using casting PVP solutions [118],
some studies have successfully synthesized them using an in-mold photopolymerization
process of liquid vinyl pyrrolidone monomers. The method allows the tailoring of the PVP
matrix to obtain custom functionalities and the ability to synthesize copolymers such as
PEGDA–PVP and PVP–MAA in a one-step process [119–121].

2.2.3. Poly Methyl Vinyl Ether-Co-Maleic Acid (PMVE/MA)

Poly (methyl vinyl ether-co-maleic anhydride) is a synthetic-class biodegradable
copolymer commercially available under the name Gantrez™. The relatively low-cost
copolymer is widely used in cosmetics and personal care products [122]. Four grades
are commonly used for MN production with Mws ranging from 130 to 2000 kDa. For
MN fabrication, Gantrez® is either used as a stand-alone dissolving polymer matrix [123]
or crossed-linked with polyethylene oxide (Mw of 10 kDa) at 80 ◦C to form matrices
with enhanced mechanical strength [124]. For the uncross-linked systems, the API is
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dissolved with the polymer and molded, as reported for Gantrez® AN119—amphotericin
B MNs [123], GantrezTM AN139 for formulations containing aminolevulinic acid and
nadroparin calcium [125,126], and GantrezTM S97 for the delivery of acyclovir and vitamin
K [127,128]. Cross-linked systems have been used for either extraction [129,130] or delivery
purposes. For the latter, the actives elute from the bulk of the MNs or from an external drug
reservoir, as recorded for metformin, atorvastatin, esketamine, and donepezil [131–134].
The formulations of both cross-linked and uncross-linked GantrezTM S97 were tested as
carriers of the model protein antigen ovalbumin. The results showed that the uncross-
linked systems demonstrated an enhanced immunological response and a peak release
after 5 h, while the cross-linked MN matrix barely released 27% of the available load even
after 24 h [135].

2.3. Semi-Synthetics
2.3.1. Methacrylated HA (MeHA)

As previously mentioned, HA has exceptional biocompatibility; however, it is not
suitable for prolonged release purposes due to high water solubility [111]. HA’s hydroxyl
groups can be easily modified to obtain copolymers with improved rigidity and a tailored
dissolution profile. Methacrylated HA (MeHA) is one of the copolymers that has recently
gained popularity. MeHA can be obtained via esterification under UV illumination after
MNs’ drying or demolding. The resultant gel properties will depend on the degree of
substitution and UV curing time [136]. Crosslinking increases the gel’s life in situ and
allows MNs to be used for both delivery and extraction purposes. MeHA MN patches were
reported to have excellent adhesion strength (~0.20 N cm−1), double the value recorded
for the medical-grade Tegaderm™ films. Therefore, this could negate the need for addi-
tional supporting adhesive strips for microneedle patch retention [137]. The use of MeHA
systems is recommended for the delivery of poorly soluble actives. When compared to
neat dissolving HA MNs, the extended doxorubicin release profile exhibited by MeHA
was attributed to the longer presence of the MN-generated channels, which lasted for a
longer time due to the copolymer’s slower dissolution. Images of the dissolution process
and release profiles are presented in Figure 5 [138]. Chang et al. reported that their MNs’
weight increased up to 9 times within minutes after skin insertion.

The volume of the interstitial fluid (ISF) extracted was found to be inversely propor-
tional to the UV exposure time without any correlation with the observed mechanical
strength [139]. Zheng et al. managed to increase the MeHA MNs’ swelling capabilities by
introducing an osmolyte (maltose) to the matrix. The authors investigated the influence
of maltose concentration and UV exposure on the gel properties. They reported that the
maltose containing MNs expanded to ×2.15 their size compared to the ×1.67 seen for
MeHA MNs and that the extent of swelling depended on the maltose %. The authors
confirmed the swelling–cure time (crosslinking correlation); however, they reported that
that a minimum cure time is required to ensure the MNs’ structural integrity [140]. For
delivery applications, the swelling–cure time relationship determines the API loading ca-
pacity, in which longer times result in reduced loading [137]. Recently, MeHA systems were
investigated as alternatives for subcutaneous injections (SC) in rheumatoid arthritis therapy.
It was reported that MeHA MNs’ performance was the equivalent of the SC delivery of
etanercept [141] and that they maintained a sustained release profile of melittin [142]. Simi-
lar results were seen for MeHA-loaded tips for the co-delivery of tocilizumab (TCZ)—an
inhibitor of interleukin-6 receptors (IL-6R) and an aptamer, Apt1-67. The inhibition rates of
IL-6 and tumor necrosis factor-α (TNF-α) were slightly higher for the SC administration;
however, the loaded MNs were superior in relieving arthritis symptoms, including synovial
hyperplasia, inflammatory cell infiltration, and joint cavity roughness [143].
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Figure 5. Representative images of doxorubicin (DOX) MNs: (A) DOX/DMNs dissolution or
(B) DOX/SMNs swelling and drug release at different times after insertion into skin-mimicking
gel (scale bar = 200 µm). (C) In vitro DOX release ratio of DOX/DMNs or DOX/SMNs patch
(20 mm × 20 mm) with a dose of 0.5 mg in PBS (pH 7.4) at 37 ◦C (n = 3). (D) Transdermally released
content of DOX from DOX/DMNs or DOX/SMNs arrays (20 × 20 needles) with a dose of 0.125 mg
using skin-mimicking gel mounted on Franz cells (n = 3). The figure is modified from [138].

2.3.2. Gelatin-Methacryloyl (GelMA)

Gelatin is a hydrophilic biopolymer obtained via the hydrolysis of collagen, a natural
protein occurring in extracellular matrices [144]. Gelatin is inexpensive, biodegradable,
biocompatible, and non-immunogenic, but its applications are restricted by its poor me-
chanical properties [44]. The polymer has been modified by various chemical reactions
to enhance its properties, including the introduction of methacryloyl groups to produce
gelatine-methacryloyl (GelMA) [145], which could be cross-linked via photopolymeriza-
tion, a rapid reaction completed within minutes under mild environmental conditions
and visible or UV light, depending on the used photoinitiator type [146]. The methacry-
lation is limited to <5% of the amino acid residues, allowing GelMA to retain gelatin’s
cell adhesion and in vitro enzymatic degradation sensitivity [147]. Like the cross-linked
MeHA, the polymer has excellent swellability that makes it ideal for both extraction and
delivery applications. Cross-linked GelMA offers a tunable performance via curing time
optimization [148]. When compared to the uncured GelMA and oral dosage form, the
irradiated GelMA (for even as quick as 10 s) displayed a superior in vivo therapeutic
effect for donepezil MNs [149]. Similar comparisons were performed for lidocaine-loaded
systems, and it was reported that 15 s was sufficient to enhance swelling and, therefore, the
release profile from the system [150]; for this reason, most of the studied GelMA systems are
cross-linked. Different approaches were investigated to improve the system’s adhesion and
release profile. Fu et al. designed an MN system to encapsulate gemcitabine, an anticancer
active, and adjusted the release profiles via tuning diffusion through polymer concentration
in the cross-linked matrix [151].
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Qiao et al. reported that their graphene-oxide-laden GelMA MN systems enabled the
collection of large ISF volumes (21.34 µL in 30 min) and allowed the detection of multiple
microRNA biomarkers to be used in psoriasis detection [152]. The unique adhesive property
of the GelMA MN was exploited for the delivery of silicate nanoplatelets (SNs) and prompt
rapid hemorrhage treatment. The researchers tested the system for both external and
internal applications. They reported that SN MNs reduced liver bleeding by approximately
92%, and they were found to degrade in vivo after weeks without any signs of major
inflammation [153].

3. Characterization of Hydrogel Microneedles
3.1. Chemical Composition

The composition of the matrices in MN systems is usually investigated at various
fabrication stages to ensure the uniformity of content and validate the effectiveness of
crosslinking or polymerization reactions [139,154,155]. The method selection will depend
on the nature of the sample and the expected transitions.

The most utilized method is Fourier-transform infrared spectroscopy (FTIR) due to its
robustness, flexibility, and broad range (4000~400 cm−1) covering the absorption radiation
of most organic compounds. In their CS cetirizine-loaded MNs, Arshad et al. noticed
that the positions of CS’s peaks (carbonyl, hydroxyl, and N-H of amine) shifted to higher
wavelengths in the dried MNs, suggesting a looser molecular packing and lower transition
energies. The MNs’ spectra combined both CS and cetirizine peaks without any additional
ones, indicating the absence of chemical interactions during casting [62]. However, the
peak shifts appear to depend on the polymer itself; for CMC-casted MNs, their spectrum
was found to be identical to the neat polymer without any drying effects [47]. The method
was additionally used to assess the copolymerization and crosslinking in swelling hydrogel
MNs [156], as shown in Figure 4B, for cured GelMA via the increased definition of the
peaks in the region of 2800–3100 cm−1, attributed to the stretching of CH2 and formation
of tertiary CH when compared to uncross-linked polymer [157]. Raman spectroscopy is
another complementary vibrational method that is used to identify structural changes
in MN; however, it is rarely utilized for the characterization of composition. Recently,
surface-enhanced Raman scattering (SERS) has been embedded in systems with real-time
sensors to analyze the extracted biomarkers [158,159].

Nuclear magnetic resonance (NMR) is heavily used to verify the degree of substitution
in cross-linked GelMA and MeHA systems shown in Figure 6c,d. This is indicated by the
appearance of the vinyl peaks of methacrylate group around 5.63 and 6.06 ppm, which
were not previously observed for HA or gelatin backbones [148,160].

Other spectral methods that have been reported in the literature include X-ray pho-
toelectron spectroscopy (XPS), which is used to assess the MNs surface composition and
detect any contamination attributed to molding, as reported for silicon residues on Gantrez
AN-119 BF and amphotericin B MNs from polydimethylsiloxane (PDMS) casting [123].

3.2. Thermal Stability

Thermal methods offer quick and easy gel quality control measurements. They allow
the monitoring of stability and the concentration of the various systems’ components
and can identify any thermally driven transitions that could affect fabrication or release.
Popular methods include the following.

3.2.1. Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) measures the difference in the heat flow rate
of a sample compared to a reference as a function of time during heating at a constant rate
(with a linear temperature rise). The resulting thermal spectra can be used to characterize
phase transitions, which provide information about the gel structure [161]. For hydrogel-
based MNs, the method is used to monitor crystallization or crosslinking, in which any
variation in a manufacturing process could negatively affect the matrix drying kinetics,
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swelling/dissolution, and, therefore, performance. DSC thermograms were used to monitor
the effects of methanol treatment on silk crystallites’ formation [87] and relate the hydrolysis
level of PVA to the matrix degradability [102].
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Figure 6. Spectral methods of MN characterization: (a) the FTIR-ATR spectra of GelMA and c-GelMA
modified from [157], (b) the FTIR spectra of gelatin and GelMA, (c) the 1H NMR spectra of gelatin
and GelMA modified from [156], and (d) the H NMR spectroscopy of gel and GelMA modified
from [148].

3.2.2. Thermogravimetric Analysis (TGA)

TGA is a thermal quantitative technique in which the substance mass is monitored
continuously as a function of temperature or time in a controlled atmosphere to elucidate
thermal stability. TGA uses a high-resolution mass balance to enable the detection of weight
losses attributed to free and bound water [162], dehydration [66], and polymer degradation
that could take place during drying [47].

3.3. MN Morphology

Imaging techniques are regularly used to assess the geometric quality of MNs and
indentation site inspection. The selection of the appropriate technique will depend on the
purpose of imaging, whether it is quantitative or qualitative, the nature of the sample, and
the required resolution. Common microscopic measurements are classified according to
the illumination path and sensor type and include bright-field [163] and confocal laser
scanning microscopy (CLSM) [164,165]. These methods are often paired with dyes or
fluorescent probes to determine the loaded material distribution, its concentration, and its
successful penetration. Scanning electron microscopes (SEM) use a focused electron beam,
rather than visible light, which has a lower equivalent wavelength and diffraction limit,
allowing them to achieve higher-resolution images. However, the charged electrons can
collect on the surface of non-conductive materials, causing image artifacts. This problem is
commonly mitigated by using gold-sputtering to apply a very thin (few nm) conductive

176



Gels 2023, 9, 806

layer on samples to conduct the charge to earth or by allowing a small amount of air in
the chamber that is ionized by the electron beam and acts as a conduction path for the
surface charging on the sample (commonly referred to as environmental SEM). Examples
of imaging techniques to inspect polymeric MNs are displayed in Figure 7.
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3.4. Mechanical Properties

MNs endure a spectrum of stresses, particularly during insertion, removal, general
handling, and transportation [164,166], so mechanical characterization is an essential com-
ponent of HG MN device development. Various mechanical tests can be explored to
evaluate the mechanical properties of MNs, with the compression test being a commonly
employed method that effectively simulates MN insertion into the skin. The stresses en-
countered during skin penetration can lead to multiple failure modes, such as the bending,
buckling, and baseplate fracturing of the MNs [166,167]. Notably, the tips of the MNs must
possess sufficient mechanical strength to penetrate the stratum corneum due to the skin’s
elasticity and heterogeneity [98]. The mechanical strength of HG MN arrays is influenced
by several factors, including the type and concentration of the polymer used, the mois-
ture content, drug type, and concentration encapsulated within the MNs, and the specific
preparation methods employed [42,116,120]. Due to the diverse geometrical dimensions of
MNs, the array of tests employed, and the various measuring equipment utilized, direct
comparisons between different MN designs are challenging. To address this significant
limitation, the MN technology field would greatly benefit from the establishment and
standardization of mechanical tests to ensure consistent and reliable assessment across
various MN designs [166].

3.4.1. Hydrogel MNs’ Mechanical Strength

In many of the investigations, the mechanical strength of HG MNs has been assessed
by compressing the entire patch using a flat, hard surface, such as a stainless steel plate
or probe, as shown in Figure 8. The mechanical strength of individual microneedles is
assessed by dividing the patch’s compression force by the quantity of the microneedles.
More often, a mechanical testing setup such as the Instron 5943 or a texture analyzer
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such as the TA-XT would be applied, allowing the control of velocity and force. Typical
compression velocities vary between 0.01 mm/s and 10 mm/s, with 0.5 mm/s being
the most prevalent choice. Researchers would ideally set a desired upper compression
force, typically ranging from 0.5 to 50 N. If establishing a maximum compression force
is unfeasible, the testing apparatus would operate under displacement control mode. In
this scenario, the force/displacement curve would be monitored for a sudden decline
in force. This drop in the curve indicates the significant deformation or fracture of the
microneedle. The corresponding force is then documented as the failure force. Alternatively,
the percentage of MNs’ height reduction was calculated and plotted against the applied
compression force [82,90,96,97,99,100,104,109,110,116,117,146,168–174].

With less frequency, researchers characterize the mechanical properties of individual
microneedles. It is more challenging since it requires diminutive probes while ensuring
the avoidance of contact with adjacent microneedles. In this regard, Du et al. (2021b)
employed a glass rod measuring 100 µm in diameter, while Kim et al. (2013) employed
a force sensor probe, and Lee et al. (2015) employed a stainless steel pillar; however, the
detailed dimensional specifications of these probing instruments were not reported. An
alternative approach involves sectioning samples to a size equivalent to that of a single
microneedle, as demonstrated by Oh et al. (2022).

Researchers often use the minimum force of skin penetration as a parameter to val-
idate the strength of MNs. A single value of 0.058 N/MN is used frequently in the
literature [120,137,175]. The value originates from the work of Davis et al. (2004), in which
it was demonstrated that the force required for insertion mostly depends on the area where
the needle meets the skin at its tip, and other aspects of needle shape matter less. Park
et al. [176] looked at three different needle shapes that had the same tip diameter of 25 µm,
resulting in an effective contact area of 490 µm2 where they touched the skin; they should
all have demanded the same amount of force for insertion. This force was predicted to be
around 0.058 N per needle.
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the minimum force required to penetrate human skin. Wang et al. (2016) characterized
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needed to penetrate the skin is more than 0.1 N. An et al. (2022) referred to it as the force
sufficient to insert into the skin. Qiao et al. (2022) used a similar value of 0.15 N/needle as
a threshold value for the skin insertion of MNs. All these authors have made reference to
the study conducted by Davis et al. in 2004, wherein a single MN was introduced into the
skin of a human subject’s hand, specifically within a 1 cm2 area at the base of a knuckle.
The microneedles employed in this experiment had a height of 720 µm, a radius ranging
between 30 and 80 µm, and a wall thickness spanning from 5 to 58 µm. The insertion
process was carried out at a rate of 1.1 mm/s, utilizing a maximum force of 500 g. The
recorded forces necessary for insertion ranged from 0.08 to 3.04 N. Consequently, it would
be incorrect to assert that a minimum force of 0.1 N per needle is sufficient to breach
human skin.

Another study identified the force of insertion to be approximately 0.029 N/MN at an
insertion speed of 0.5 mm/s and 0.021 N/MN at an insertion spend of 1 mm/s. MN arrays
with varying numbers of MNs per array and different interspacing were inserted into an
excised (700-µm-thick) and trimmed stillborn piglet’s skin [177].

3.4.2. Hydrogel MNs’ Penetration Efficiency

The typical method for evaluating the skin insertion ability of HG MNs involves apply-
ing pressure to MN samples onto the skin, followed by the removal of the sample. Staining
agents such as trypan blue or methylene blue are then utilized to improve the visibility
of the puncture sites. These staining solutions are applied to the skin for a period of 2 to
30 min, typically around 5 min. After this, any excess dye is wiped away, and the area where
the MNs were applied is examined, as demonstrated in Figure 9 [138,141,142,153,174,178–
180]. The application site can be inspected using a digital camera [177], optical micro-
scope [141,174,181], digital microscope [109,169], bright-field microscope [110,142,172], and
stereo microscope [121,163,174,178,182] or visually inspected with the eyes. The results
can be expressed as an insertion ratio by dividing the number of punctures in the skin
after insertion by the number of array needles [110,138,163] or as a percentage of the num-
ber of punctures observed/number of punctures expected ×100 [102,109,117,169,172,178].
More elaborate methods, such as electrical resistance measurements [101,183] or electrical
impedance measurements, can be employed to study skin penetration. Due to its effective
insulation against electricity, the stratum corneum enables the identification of penetration
through this barrier [184]. Another alternative for examining skin penetration is trans-
epidermal water loss measurements [101,126,185]. The techniques outlined earlier lack
the capability to offer precise numerical data regarding the depth to which microneedles
are inserted into the skin. In other words, these methods do not provide detailed mea-
surements that quantify how deeply the microneedles penetrate the skin. Histological
cryo-sectioning, coupled with additional staining, can be employed to acquire informa-
tion about the depth at which the skin was penetrated, as demonstrated by Chew et al.
(2020), Ling and Chen (2013), Lee et al. (2015), and Chen et al. (2015). Utilizing confocal
microscopy along with fluorescent dyes also enables the assessment of penetration depth.
Nonetheless, this approach requires the creation of three-dimensional reconstructions from
fluorescent area images [98,101,163,170]. The application of optical coherence tomography
(OCT) has also been employed to investigate the extent of the penetration depth of HG
MNs [100,149,186,187]. The use of OCT offers the ability to deliver high-resolution, vol-
umetric, non-intrusive, real-time images of the skin. It does not necessitate specific skin
pre-treatment or cutting and has potential for studying microneedle insertions in vivo.
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Figure 9. Microneedles’ skin penetration efficiency in porcine excised skin (skin staining method).
(A) Application site after microneedle sample was pressed against the skin for 30 s and removed,
where insertion holes can be observed. (B) Methylene blue staining agent applied onto the site for
5 min. (C) After 5 min, the excess stain was removed. (D) Application site cleaned with 70% isopropyl
alcohol, and penetration efficiency can be clearly observed. The penetration inspection images were
generated by the authors for this publication.

Of course, human or animal skin tissue is essential for assessing the skin puncture
capability of HG MNs. While human skin is the most suitable for conducting experiments
involving HG MNs or any other MNs, there are associated challenges. The utilization of
human skin in scientific investigations necessitates endorsement from ethical and regulatory
organizations, and there exist safety apprehensions concerning its manipulation. The
procurement, preparation, and upkeep of human skin for testing can incur substantial costs
and demand significant resources [164,188]. Nevertheless, several investigations have been
conducted involving human skin. The efficiency of penetration was investigated using
human cadaver skin specimens obtained from a 92-year-old Caucasian woman, revealing
penetration exceeding 33.9% [178]. Microneedles were inserted into ex vivo human skin
from three different donors using a custom impact-insertion device, ensuring consistent
piercing at a constant speed of 3 m/s [165]. Nguyen et al. (2018) demonstrated a 100%
penetration efficiency of PVA microneedles into dermatomed human cadaver skin. In
2010, Gomaa et al. utilized dermatomed human cadaver skin to study the impacts of
MN density, MN length, application frequency, and insertion duration. They employed a
transepidermal water loss (TEWL) device to monitor alterations in human skin’s barrier
function. Sun et al. employed discarded neonatal foreskins from elective circumcisions to
assess the penetrative potential of PVP microneedles in human skin [119].

Although human skin is widely considered the standard for in vitro investigations
into drug penetration, the challenges discussed in the previous paragraph mean that animal
models can provide attractive alternatives. Porcine skin is recognized as the preferred
animal model because it shares many anatomical, histological, and physiological similarities
with human skin, and its penetration behavior is comparable [188].

There are many reports of the ex vivo or in vitro introduction of MNs into porcine
skin—as shown in Figure 9. However, the specific location on the pig’s body or the
thickness of the skin used was not indicated, nor was the age of the animals [82,87,90,96,103–
105,120,121,149,153,154,163,172–174,182,189]. Olatunji and colleagues in 2013 performed
the removal and adjustment of neonatal pig skin to achieve a thickness of 700 µm to perform
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their insertion experiments. In 2014, Larrañeta et al. utilized neonatal pig skin obtained
from piglets that were stillborn with a complete skin thickness of around 0.5 mm. Aung
et al. in 2020 used neonatal pig skin with an average thickness of 0.9 ± 0.12 mm, while
Vora et al. (2020) in the same year worked with neonatal pig skin of approximately 350 µm
thickness. In the study conducted by Cole and colleagues in 2017, neonatal pig cadaver
skin was also employed for MN penetration research; however, no information regarding
skin thickness was provided. The skin penetration ability of MNs was also confirmed in a
porcine ear skin model [137,140].

Alternative animal skin models, such as those of mice, rats, or rabbits, have also
been employed for HG MN penetration studies. When contrasted with pig skin models,
utilizing rodent skin offers several benefits. The advantages of rodents are their compact
size, straightforward handling, and relatively low cost [188]. Notably, rodent skin models
have found applications as in vivo representations for studying HG microneedle penetra-
tion. In vivo MN penetration in mice skin models was mainly performed on depilated
dorsal skin [139,141,143,152,181], whereas Lau et al. (2017) inserted dissolvable MNs in
the abdominal skin of a mouse. Similarly, rat dorsal skin was utilized for in vivo skin
insertions [62,86,118,163]. In vitro skin insertion capacity was evaluated in both cadaver
mice [86,138,154,171,179] and rat skin models [142,190] using the dorsal or abdomen skin
regions. The in vivo insertion of HG MNs into the back of depilated rabbit skin was per-
formed to detect glucose levels by [99], whereas [88] used depilated rabbit skin to assess
the ability of penetration of three types of HG MNs.

Several concepts of artificial skin models to study the penetration ability of MNs
have been developed. A model introduced by Larrañeta et al. (2014) in which a sheet
of ParafilmTM (a hydrophobic, flexible, semi-transparent sheet made of polyolefins and
paraffin waxes) folded eight times to create an approximately 1-mm-thick membrane
demonstrated equivalent insertion profiles to those compared with neonatal pig skin. Since
the thickness of each layer of ParafilmTM was approximately 100 µm, the total depth of
penetration could be estimated by inspecting each layer for puncture marks [186]. The
advantage of this model is that it is inexpensive, widely available in many laboratories, and
requires minimum manipulation. This method was adapted by Zhao et al. (2022a), Arshad
et al. (2020), Kathuria et al. (2020), Larrañeta et al. (2015), Abdelghany et al. (2019), Nguyen
et al. (2018), and Vora et al. (2020). Notably, Kathuria and colleagues (2020) documented
a measurement of 154 ± 6.8 µm for the thickness of the ParafilmTM layer. Hence, it is
recommended to assess the thickness of each layer before and after application.

As an alternative to ParafilmTM, agarose gel or PDMS can be used. Agarose typically
originates from specific varieties of red seaweed and is a type of carbohydrate polymer.
Agarose gel is considered a suitable skin model because it can be fine-tuned to resemble part
of the stress–strain relation of human skin by varying the agarose concentration. MNs could
be introduced into the agarose hydrogel directly or into a layered system consisting of an
agarose hydrogel base with a Parafilm® layer placed on top, imitating the stratum corneum.
This approach has been utilized to examine both drug release and needle penetration
simultaneously [38,139,140,152,154,157,190–193]. PDMS, a type of silicone rubber, can be
used as an artificial material to emulate human skin mechanics due to its availability,
affordability, simple fabrication, hydrophobic nature, transparency, and capacity to adjust
mechanical characteristics across a broad range of Young’s moduli by manipulating the
material composition [194–196].

3.5. Swelling and Dissolution
3.5.1. Swelling Ability

Swellable microneedles, made from cross-linked hydrogels, expand in the skin without
dissolving, facilitating ISF withdrawal and the controlled release of preloaded drugs [137,197].
The swelling process can be examined both qualitatively and quantitatively in vitro. Typ-
ically, the swelling ability is measured by immersing HG MNs in phosphate-buffered
saline [62,88,99,106,137–139,149,152,166,179]; alternatively, they can be inserted into simu-
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lated substances such as agarose gel [138], biological tissue such as porcine skin [109,140],
or even human skin [106].

Quantitively swelling is investigated by studying the mass change of MNs before
and after incubation in PBS or insertion in tissue. The swelling ratio is calculated via the
following equation:

SR% =
(Wt − W0)

W0
× 100%

where SR is the swelling ratio, W0 is the dry mass, and Wt is the mass of swollen MNs,
respectively [88,106,137,138].

The swelling rate, calculated using the same formula, involves periodically removing
and measuring the mass of the microneedles [109,138,149,152,166]. Qualitatively, MNs
can be inspected using a microscope or digital camera before and after swelling, and the
real-time swelling behavior of MNs can be visualized directly in porcine skin using OCT
imaging [139,140].

3.5.2. Dissolution

Following the insertion of a dissolvable MN array into the skin, MNs dissolve upon
contact with interstitial fluid, leading to the release of the drug cargo. Depending on
the composition and dissolution method, HG MNs would be inserted into the skin or
immersed in a PBS solution and then examined at designated time intervals to observe the
presence or absence of the remaining needles on the microneedle patches using optical,
digital, or stereo microscopy. The kinetics of dissolution can be investigated in vitro by
submerging MNs in distilled water [96,178], agarose gel [152,192], gelatin gel [98], porcine
skin [103,121], or, most commonly, a PBS buffer solution [88,101,103,109,110,173,175].
Ex vivo MNs’ dissolution was investigated in porcine and neonatal porcine
skin [42,97,109,116,120,173,175,187], rodent skin [138,168], and human skin [119,165]. Con-
sidering the practical use of microneedles for drug delivery in humans, it is important
to also take into account the in vivo kinetic dissolution of these microneedles within the skin.
In vivo dissolution studies were conducted in dorsal or abdominal mice
skin [98,109,141,172].

3.5.3. Drug Delivery

In addition to ensuring that the dissolution process can be reliably replicated in vivo,
it is essential to accurately determine the quantity of a drug administered. The amount
of a drug actually delivered can often fall significantly below the maximum theoretical
dosage because MNs may not completely dissolve. The majority of drug permeabil-
ity studies utilize the Franz diffusion cell method. This method comprises two cham-
bers: a donor chamber, where the tested formulation is applied with an animal model
membrane positioned between it, and the receptor chamber, ensuring that the stratum
corneum faces the donor compartment while the dermis contacts the receptor compartment.
In vitro dorsal or abdominal rat skin [117,138,149], mice skin [171], or porcine skin are
used [106,109,169,172,173,175,186,187]. The receptor chamber is usually filled with PBS
that is preheated and maintained at 37 ◦C and stirred with a magnetic bar. Sample solutions
would be taken for analysis and the receptor would be filled with an equal amount of PBS.

After the microneedles have fully dissolved, it is necessary to select an appropriate
method to determine the drug content based on the drug’s characteristics. Typically, for
chemical substances, various methods are used, such as HPLC, fluorescence spectroscopy
techniques, ultraviolet spectroscopy, and other methods relying on their physical and
chemical properties for measurement [106,109,166,169,171–173,187]. In the case of biologi-
cal drugs, such as proteins, specific biological methods, like ELISA Kits and nucleic acid
analysis using tools such as Nanodrop 2000, are necessary for quantification [88,163,175].
A less complex alternative to the Franz-diffusion cell is to submerge MNs in water [168],
gelatin hydrogel [90], or PBS [49,101,143,150] and employ the same analytical techniques
mentioned earlier for evaluation.
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4. Manufacturing Methods for HG MNs
4.1. Molding-Based Technologies

Molding refers to any method that involves the replication of a master structure
to produce MNs. The master mold is usually prepared from a metal or silicone sub-
strate via any conventional tooling method capable of achieving the intricate MN geom-
etry. Candidate techniques include micro-electro-discharge machining (µEDM) [71,163,198],
laser-machining [169,199,200], 2-photon polymerization (2PP), and lithography [166,170,201].
Recently, additive manufacturing or ‘3D printing’ technology has been utilized to fabricate
master molds using either bottom-up stereolithography (SLA) and digital light processing
(DLP) [202–206], or the higher-resolution continuous liquid interface production (CLIP)
method [207,208].

For solution mold casting, a reusable PDMS mold is created from a master mold. The
PDMS mold is filled with the gel aliquots of the matrix (termed ‘drop casting’); the molds
are usually vacuumed to remove air bubbles [209] and/or centrifuged to ensure filling and
further remove trapped air [171]. The steps can be repeated as necessary to ensure that
the mold cavities are void-free and filled completely (alternatively, a vacuum centrifuge
would achieve similar effects in a single step [68]) and exploited to build multi-layered MN
structures [172] or generate quick-release profile systems [165]. The centrifugation step has
been substituted with the application of positive pressure [210], a vacuum [120,173,178],
and sonication [179], as reported for PVA/PVP, HA, and GelMA matrices, respectively.

Atomized spraying and piezoelectric (inkjet) dispensing offer alternative filling for-
mats that lower the interfacial tension inside a mold and negate the need for the additional
packing steps used in solution casting. They promise to enhance packing and enable precise
dosing into cavities. McGrath et al. fabricated seven types of MNs, including ones using
CMC, HPMC, and PVA, using an atomizer to dispense 10–50 µm droplets with 0.25-bar
compressed air into a PDMS mold. Skin penetration and ketoprofen release were found to
vary according to the formulation [189].

Unlike spraying, piezoelectric dispensing has a higher targeting accuracy, and it allows
the control of the volumes down to the picolitres level. Allen et al. demonstrated that the
optimal influenza vaccine MNs’ biological activity depends on both the formulation and
actuation settings used during dispensing [211].

The MN cure conditions vary according to the materials used in a formulation.
Chitosan- and GantrezTM -based systems have been air-dried at room temperature, which
is a considerably long process to obtain the optimal moisture levels [62,63,127]. The ma-
jority of reported arrays are usually cured using one or more of the following methods to
speed up the process; heating [129], vacuum [70,192], microwave [212], and visible or UV
irradiation for the photopolymerized GelMA and MeHA systems discussed above.

4.2. Surface Drawing Technologies

Surface drawing methods offer fast, mold-free fabrication that relies on the matrix’s
adhesion, viscosity, surface tension and the movement of two flat surfaces to shape the
MNs. Four types have been reported to be used for MN manufacturing: droplet-borne
air-blowing (DAB), centrifugal lithography (CL), drawing lithography (DL), and electro-
drawing (ED) [111].

Droplet-borne air-blowing is performed at room temperature where two plates sand-
wich the hydrogel droplets, and the displacement of the two stacked plates draws the
hydrogel droplets into biconcave-shaped pillars, which are solidified using blown air and
then separated to produce MNs at each plate [213]. Kim et al. used DAB in under 10 min
to produce insulin-loaded two-layer MN arrays using multiple formulations of 10% CMC
(90 kDa), 25% HA (90 kDa), and 35% PVP (130 kDa) as matrices. The authors reported a
reduction in the mechanical strength as the height of MNs increased; these values, however,
always remained above the threshold required for skin penetration. CMC MNs were
found to completely dissolve within an hour and achieved bioavailability of 96.6 ± 2.4%,
making the systems an ideal replacement for SC injections [175]. A small-scale (n = 20)
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clinical study reported on testing HA DAB-fabricated MNs. The system contained multiple
actives with varied mechanisms of action (niacinamide, ascorbic acid 2-glucoside (AA2G),
tranexamic acid, resveratrol, 4-n-butyl-resorcinol, and Halidrys siliquosa extract), and the
multi-targeted approach was proven effective in treating melanogenesis [214].

For centrifugal lithography, the plates are loaded vertically into a centrifuge that
elongates the drops and induces the hydrogel drops into shape via centrifugal evaporation.
Once the structure is thinned enough, the MNs are solidified via the application of low
temperatures that could be paired with vacuum [215]. Two groups manufactured adenosine-
loaded MNs with two different Mws of HA by CL at 4 ◦C. Their results demonstrated
that the potency of HA MNs was equivalent to a topical cream containing 140 times its
dose [216], and the application of arrays resulted in wrinkle reduction without any adverse
effects [76]. The two methods, DAB and CL were used to fabricate identical HA or CMC
MNs to deliver growth factor and vitamin C to test the methods’ ability to stabilize sensitive
APIs. The prepared MNs displayed similar characteristics except for bioactivity; the CL-
fabricated growth factor formulations displayed higher bioactivity levels. The authors
attributed the high immunoreactivity to the shorter fabrication time and use of a lower
temperature [217]. These results are supported by the performance of CMC MNs fabricated
via CL to encapsulate the scrub typhus vaccine antigen. In addition to the enhanced
effectiveness, the CL MNs maintained their stable immunogenicity for up to 4 weeks of
storage at room temperature [51].

Drawing lithography uses a similar drawing technique to the methods previously
discussed, with one difference: the matrix material is only drawn at its glass transition
temperature (Tg), and curing is achieved by reducing the temperature below its Tg [218].
DL fabrication technology was found to be effective in inhibiting caffeine crystallization
in HA MNs, and the MNs demonstrated higher release and in vivo efficacy in obese mice
when compared to the topical route [219].

Electro-drawing is a contact-free fabrication method performed at mild temperatures
(20–40 ◦C) in which the gel droplet is drawn to be shaped from the plate through the
application of an electro-hydrodynamic force; then, heat is applied to evaporate the solvent
and solidify the MNs. ED is not widely used and has only been used to fabricate MNs
from Poly(lactic-co-glycolic acid) [174,220]. Although there are no records on the use of
ED for hydrogel-based MN fabrication, the method remains promising, especially for
higher-viscosity matrices (large solid contents or high Mws) if the material properties are
tailored for it. Figure 10 presents a schematic showing a summary of casting and surface
drawing manufacturing methods.

4.3. Additive Manufacturing

Additive manufacturing (AM) has been touted as a promising manufacturing method
for a myriad of MN types due to its high resolution, flexibility, and reasonable production
costs [221,222]. However, for gel-based systems, its use currently remains restricted to
making the master molds for casting methods. One of the early AM method’s adaptations
for gel-based systems was reported in 2014 by Boehm et al. The researchers used an Inkjet
3D printer to coat the surface of dehydrated and molded Gantrez® AN 169 MNs with
miconazole [223]. DLP was recently utilized to fabricate MNs in the UV and visible light
ranges. Amoxicillin-loaded GelMA (6% w/v) MNs were simultaneously UV-cured during
the printing process and air-dried at room temperature to obtain the final product. The
authors reported that the recorded tip sharpness and displacement forces were suitable
for penetration. Moreover, the printed MNs showed promising in vitro release and antimi-
crobial activity levels [224]. Visible light DLP was used to cure and fabricate silk fibroin
MNs from polymeric 6% solutions containing riboflavin as a photoinitiator. Shrinkage
(horizontal contraction) was reported to be the main reason for deformation post-printing,
which was attributed to the difference in surface area across the MN bodies, causing uneven
dehydration [225].
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5. Challenges

The development of gel-based MN technologies still suffers from a multitude of
challenges that need to be addressed for society to benefit from these technologies’ full
potential. These challenges can be addressed using a three-pronged approach to ensure
optimal performance and wide adoptability.

5.1. Formulation

Sections 1 and 2 focused on the general properties and the materials used by numerous
researchers to fabricate an effective gel-based MN system. The selection of candidate bulk
materials depends on (a) the desired performance and method of delivery (dissolving or
swelling), (b) the suitable fabrication methods, and (c) the affordability/manufacturability
of the matrix polymers. The exploitation of adaptable molecules offers the customization of
MN properties via altering the polymeric matrices to match application and manufacturing
needs, such as solubility, Mw, concentration %, hydrolysis, or substitution degrees. HA
remains a favorite due to its remarkable biocompatibility; however, its purification process
remains expensive. Chitosan and cellulose derivatives are abundant and low-cost, but they
can require further treatment to enhance their uniformity and properties. Molecular weight,
distribution, and concentration all influence the key mechanical, flow, and dissolution
properties of the material and can be selected to manipulate the properties to obtain
the ideal matrix. To create a formulation suitable for an MN device, it is important to
characterize the viscoelastic properties of both soft gel and hard solid material states.

Regardless of the final MNs’ applications, the materials used need to be biocompatible
and suitable for biomedical applications. Further studies will need to be performed on a
formulation-by-formulation basis to elucidate the effects of the local prolonged use of the
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polymers used with a particular focus on their metabolism and excretion routes [226]. The
MN systems and their ingredients’ biocompatibility can be evaluated via the ISO 10993
toxicity assays recommended for medical devices [227]. The recently published document
covers both the general biocompatibility and test-specific consideration. For tissues, such
as skin in MNs’ case, the evaluation techniques will depend on the MNs’ contact duration,
as shown in Table 1.

Table 1. Biocompatibility evaluation endpoint adopted from the FDA’s (2023) ISO 10993-1:2018
recommended endpoints for considerations.

Biological Effect
Contact Duration

Limited
(<24 h)

Prolonged
(>24 h to 30 d)

Long-Term
(> 30 d)

Cytotoxicity X X X

Sensitization X X X

Irritation or intracutaneous reactivity X X X

Acute systemic toxicity X X X

Material-mediated pyrogenicity X X X

Subacute/subchronic toxicity X X

Genotoxicity X X X

Implantation X X X

Hemocompatibility X X X

Chronic toxicity X

Carcinogenicity X
For approval, the degradation information should be provided for the device, its components, or the materials
remaining in contact with tissue.

A 160-day trial was performed to evaluate the effects of administering daily PVA MNs
(88% hydrolyzed, Mw of 10 kDa). The dorsal-skin bright-field images showed complete
recovery within 60 min, and the hematologic and histological results indicated the absence
of any toxicity in healthy female mice [228]. Gel-based MNs have a higher capacity than
other MN types since actives can be included in the polymeric matrix or diffused through
the external reservoir. Although drug loading could be difficult to increase without affecting
the mechanical strength of the system, formulations can be tailored to encapsulate high
loading and maintain the necessary mechanical strength for insertion. McCrudden et al.
successfully formulated GantrezTM dissolving MNs that contained 30% w/w of ibuprofen,
a low-potency active. The highly filled MNs still achieved 90–100% insertion rates, and the
ibuprofen plasma levels in rats after 24 h were 20 times greater than the human therapeutic
level [229]. However, a highly filled formulation can be challenging to mold; therefore, it
will be critical to investigate the rheological behavior and ensure that the formulation flow
profile is appropriate for the proposed manufacturing method.

5.2. Manufacturing

Fabrication challenges significantly depend on the gel properties and intended use of
MN systems; however, common issues for hydrogels are scale-up issues such as ensuring
material consistency, process repeatability, and the resulting microneedle quality for high-
volume manufacturing runs whilst simultaneously ensuring dose uniformity and sterility,
which will be critical for regulatory approval. Any of the methods discussed in Section 4
could be optimized for larger-scale production if an investment is available; nonetheless,
fewer production steps, closed manufacturing loops, and wide processing windows would
be ideal for reducing costs and contamination while enhancing the stability of sensitive
actives. Although MNs are still considered new pharmaceutical systems, they have been
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marketed and sold in cosmetics and cosmeceuticals for some years. Even in the cosmetics
industry, there is no universally accepted production method. Some of these manufacturers
prefer to use mold casting (Microneedles Inc.-US, Mineed Technology- Thailand, CosMED
Pharmaceutical Co. Ltd.-Japan), while others prefer DAB (Raphas-Korea) for the production
of their gel-based systems [230–233]. These examples could be classified as luxury goods
with high price points, so it is difficult to evaluate whether such approaches could deliver
cost-effective therapeutic treatments for other markets, particularly in developing nations.

According to the ICH Q1A(R2) stability guidelines for drug products, thermal stability
and moisture sensitivity should be tested for periods long enough to cover storage, ship-
ment, and application [234]. For dehydrated and hygroscopic gel-based systems, relative
humidity (RH) and temperature control are detrimental to the MNs’ stability, and sensitiv-
ity to these environmental factors will depend on the formulation components; however,
moisture-impermeable packaging and immediate use is always recommended. The extent
of temperature and RH effects was found to differ from one report to another, which could
be attributed to Mws and experimental differences.

Hiraishi et al. reported that HA MNs’ mechanical failure force was inversely propor-
tional to the RH and that its values should be maintained within 11–75% [232]. However, a
more recent study reported that HA MNs (Mw of 150 kDa) were stable at all the tested RH
(0, 60, and 82%) and temperature values (4, RT, 37, and 60 ◦C) [235]. Wang et al. investigated
the effects of various RH conditions (20, 40, 60, and 80%) on the insertion ability into mice
skin using PVA, HA, chitosan, and gelatin MNs. The lowest RH values had no effect on the
MNs, and they performed similarly. An RH of 40% only had a significant effect on PVA
MNs’ performance, and the recommended application time was <10 min, while at 80%, all
the polymeric MNs were suggested to be used immediately after unpacking (PVA <1 min
and the rest <5 min) [236]. Therefore, packaging will be critical to maintain fabricated
MNs’ stability until use. Researchers have been investigating guideline-compliant solutions
to overcome these environmental instabilities. Sealed Protect™ 470 foil packaging was
found effective in maintaining the stability and mechanical capabilities of amoxicillin-
loaded PVA/PVP MNs for 168 days [237]. Another moisture control solution that has
been explored is PLA 3D-printed containers, which successfully prolonged the shelf life of
unpacked PVA/PVP MNs during the study period for a duration of up to one month [238].

For the industrial-scale production of MNs, a good manufacturing practice (GMP)
framework and standardized testing procedures need to be developed to ensure quality and
performance, but cost optimization should also be a focus to drive down production costs to
a point at which MN devices will be readily accepted in the marketplace. These procedures
remain difficult to develop in the absence of regulatory requirements. All medical MN
systems aim to penetrate the stratum corneum, therefore exceeding the legal restriction for
the FDA’s Class I medical devices. According to the FDA’s latest regulatory considerations
published in 2017 and revised in 2020, MN devices fall under Class II medical devices, with
the possibility of granting De Novo requests and taking into consideration the intended
use. The World Trade Organization and European Regulation followed the FDA’s lead
in classifying the devices as Class II (special controls) [239,240]. As with the regulations
for similar classifications, effective sterilization will be essential for approval. The pre-
fabrication filtration of the matrix solutions could be utilized, depending on the formulation
viscosity; where it is only suitable for low-viscosity and moderately viscous solutions or
gels. Conventional sterilization methods such as high temperature, dry heat, and steam are
inappropriate for gel-based systems, and they can have a catastrophic effect on the integrity
of the polymeric matrix or load [241,242]. Although aseptic production is always an option,
it can be costly and complicate manufacturing environment requirements. Sterilization can
be employed at different points of production, depending on the properties of MN systems
used and their packaging. Non-destructive methods such as e-beam, ethylene oxide, and
gamma irradiation were proven to be effective in sterilizing various systems [243–245],
although gamma rays should be used with caution, as they have been observed to cause
the degradation of sensitive actives ascorbic acid [246].
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5.3. Bodily Application

Skin irritation is a natural, unavoidable immunogenic side effect of the applica-
tion of MN systems. It appears visually as redness paired with minor swelling in the
area, indicating the formation of local erythema. These temporary effects could facilitate
the activity of some drugs, and MNs sensitivity is routinely assessed via pharmacody-
namic/pharmacokinetic activity during clinical studies. Irritation can be minimized by
adjusting the formulation and optimizing the design parameters [247]. Patient informa-
tion leaflets and healthcare practitioners need to provide clear application instructions,
explaining the anticipated transient irritation to manage patients’ expectations [248]. An-
other safety concern is the introduction of pathogens into the sterile skin layers during the
administration of MNs. Many hydrogel-MN-forming materials, such as GantrezTM and
chitosan, have intrinsic antimicrobial qualities, with the latter being angiogenic as well; this,
however, does not guarantee sterility during application [249,250]. A study by Donnelly
et al. has shown that solid silicon MNs’ microbial penetration was less than that recorded
for hypodermic needles, and no microorganisms were found to have crossed the viable
epidermis [251]. The repeated application of MN patches containing GantrezTM S-97, PEO
(Mw of 10 kDa), and PVA (Mw of 58 kDa) on mice led to no changes in the skin’s barrier
functions. Additionally, the authors reported that infection and inflammation biomarkers
remained statistically indifferent from the control over the span of the five-week study,
regardless of the formulation, MN density, or number of applications [252]. More recent
research using similar formulations on human volunteers confirmed the absence of adverse
effects in a study that lasted five days [253].

6. Current Developments and Final Remarks

Only a few transdermal MNs have been registered in phase 2 and 3 clinical trials; none,
however, were completed. Radius Health announced in 2021 that its abaloparatide MN
system (wearABLe) trial did not meet its primary or secondary endpoints and ceased all
work and development on the system in June 2022 [254]. Around the same time, after the
FDA’s concerns regarding the patches’ bioavailability, Zosano Pharma decided to suspend
its Qtrypta project (zolmitriptan) after reaching phase 3 trials [255]. PharmaTher’s phase 2
clinical trial of GelMA MNs containing ketamine was suspended in late 2022 [256]. Cur-
rently, there are three gel-based MN systems registered for clinical trials on clinicaltrials.gov
due to start during 2024/2025.

The standardization of the testing and clinical assessment process could significantly
enhance the chances of MN systems’ approval. As previously discussed and evident to any
reader soon after delving into the MN literature, there is no universal evaluation process of
MN performance, and only a few authors have pointed to their methods’ limitations in the
process, which contributes to many of the challenges encountered. A fundamental under-
standing of the materials’ behaviors and how to quantify them is essential to develop these
standard guidelines in order to optimize both the fabrication methods and end products.

For example, dehydrated MNs’ mechanical assessments depend on many factors
beyond the arbitrary force value. These factors include the experimental setup, the nature
of the polymeric material, the tissue type, its state—its hydration or tension levels—and the
MN application method. Although there is a direct correlation between the dried material
property and its starting gel/solution rheological behavior, these measurements are rarely
seen in the hydrogel-based MN literature. If conducting similar studies becomes customary,
it could help avoid unsuitable fabrication techniques or formulations to enhance the quality
of produced MNs.

7. Conclusions

The emerging field of MN delivery systems is steadily growing, and new technologies
are continuously being developed to enhance formulation stability, mechanical perfor-
mance, and biological effect.
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The versatility and unique properties of hydrogels make them ideal systems for
biomedical applications. When used in transdermal microneedle systems, they can provide
mechanical strength for insertion, a carrier for preserving the API, and a controlled release
to match the intended dose profile.

Regulatory uncertainties have impeded the routes to market. However, advances in
formulation and manufacturing technologies are providing improved devices that are now
demonstrating regulatory compliance. New guidelines for designers and manufacturers of
hydrogel MN systems will be soon implemented, which will encourage further industrial
adoption and provide new routes for the transdermal delivery of a broad range of actives.
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Abstract: Injectable hydrogels have gained popularity for their controlled release, targeted delivery,
and enhanced mechanical properties. They hold promise in cardiac regeneration, joint diseases, post-
operative analgesia, and ocular disorder treatment. Hydrogels enriched with nano-hydroxyapatite
show potential in bone regeneration, addressing challenges of bone defects, osteoporosis, and tumor-
associated regeneration. In wound management and cancer therapy, they enable controlled release,
accelerated wound closure, and targeted drug delivery. Injectable hydrogels also find applica-
tions in ischemic brain injury, tissue regeneration, cardiovascular diseases, and personalized cancer
immunotherapy. This manuscript highlights the versatility and potential of injectable hydrogel
nanocomposites in biomedical research. Moreover, it includes a perspective section that explores
future prospects, emphasizes interdisciplinary collaboration, and underscores the promising future
potential of injectable hydrogel nanocomposites in biomedical research and applications.

Keywords: injectable hydrogel nanocomposites; biomedical applications; controlled release; tissue
engineering; therapeutic outcomes

1. Introduction

Injectable hydrogel systems have witnessed noteworthy progress in recent years
within the realm of biomedical applications. These biomaterials present a multitude of
advantages, including controlled release, targeted delivery, and enhanced mechanical
properties [1]. Their potential has been demonstrated in various therapeutic areas, such as
cardiac regeneration [1], joint diseases [2], postoperative analgesia [3], and the treatment
of ocular disorders [4]. Particularly in the field of tissue engineering, hydrogels play a
vital role by promoting crucial aspects such as cell viability, adhesion, differentiation, and
host integration [5]. By mimicking the native extracellular matrix in bone and cartilage
tissue engineering, hydrogels provide a biocompatible and regenerative environment [5].
Notably, injectable hydrogels enriched with nano-hydroxyapatite have shown promise in
bone regeneration [6]. Additionally, collagen-based hydrogels, carboxymethyl-chitosan
gels, gelatin, and nano-hydroxyapatite exhibit potential for bone tissue engineering [7,8].

Addressing the clinical challenges associated with bone defects, osteoporosis, and
tumor-related bone regeneration represents a significant aspect of injectable hydrogel sys-
tems. These biomaterials enhance bone formation and repair by promoting osteogenic
differentiation, angiogenesis, and controlled release of bioactive molecules [9–27]. Various
composite biomaterials and injectable hydrogels, such as the RADA16 peptide hydro-
gel with calcium sulfate/nano-hydroxyapatite cement and the GelMA-HAMA/nHAP
composite hydrogel, have demonstrated efficacy in bone healing and regeneration [9,11].
Furthermore, injectable hydrogels incorporating bio-responsive drug-loaded nanoparticles
exhibit dual functions and hold promise for targeted delivery, tumor suppression, and bone
regeneration [17,18].

Injectable hydrogel systems also find application in wound management and therapy,
as they facilitate controlled release of bioactive substances, accelerated wound closure, and
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tissue regeneration. The incorporation of nanoparticles further enhances their antibacterial
activity and bioactivity, advancing the field of wound care [28,29].

In cancer therapy, injectable hydrogel systems offer promising solutions for targeted
drug delivery, chemo-photothermal therapy, and combination therapies. These hydrogels’
versatility, controlled-release capabilities, and biocompatibility render them ideal platforms
for enhancing therapeutic outcomes [30–39]. By delivering therapeutic agents and enabling
targeted treatments, injectable hydrogels have the potential to significantly advance cancer
therapy and improve patient outcomes [40,41].

In addition to their aforementioned applications, injectable hydrogel systems hold
great potential in several other areas of biomedical research. These include ischemic brain
injury, tissue regeneration, cardiovascular diseases, and personalized cancer immunother-
apy [42–45]. Notably, in the treatment of ischemic brain injury, injectable hydrogels have
demonstrated the ability to facilitate neuronal proliferation, angiogenesis, and tissue re-
generation, offering promising therapeutic prospects [42]. Similarly, in the realm of cardio-
vascular diseases, hydrogels combined with stem cells, nanoparticles, or genetic material
have shown promise in improving cardiac function and promoting tissue regeneration [44].
Moreover, the integration of nanotechnology and biomaterials in injectable hydrogels has
enabled the development of personalized cancer immunotherapy approaches, allowing for
targeted and effective treatment modalities [46–50].

Recent studies have also focused on the development of injectable hydrogels for car-
tilage regeneration [51–53]. These hydrogels have shown the capacity to promote cell
migration, chondrogenesis, and the expression of cartilage-specific genes, presenting po-
tential solutions for cartilage tissue engineering. Furthermore, functionalization strategies
such as kartogenin (KGN)-conjugated nanoparticles and chondroitin sulfate nanoparticles
have been employed to enhance the regenerative capabilities of these hydrogels [51,52]. Ad-
ditionally, the incorporation of nanocrystalline hydroxyapatite has been found to support
cell viability and differentiation, further advancing the field of cartilage regeneration [53].
These recent advancements hold promise for improved therapies and treatments in various
cartilage-related conditions.

This manuscript provides an overview of the recent advancements and applications
of injectable hydrogel nanocomposites in various biomedical fields. It explores their crucial
role in drug delivery, tissue engineering, bone regeneration, wound management, and
cancer therapy, highlighting the significant contributions these biomaterials make to the
advancement of biomedical research and clinical practice.

2. Drug Delivery

Over the past few years, hydrogel-based drug delivery systems have made significant
strides in providing targeted and controlled release of drugs, thereby holding great potential
for enhancing therapeutic outcomes in diverse medical conditions [1]. Hydrogels, with
their wide range of properties and synthesis routes, play a crucial role in the realm of
controlled drug delivery, rendering them suitable carriers in the field of medicine [54]. For
instance, injectable nano-enabled thermogels have demonstrated promise in achieving
controlled release of anti-angiogenic peptides for the treatment of ocular disorders, offering
extended-release capabilities and biocompatibility [4].

Cardiac regeneration following myocardial infarction (MI) poses challenges due to
limited regenerative capacity and scar formation [1]. Tissue engineering approaches,
encompassing nano-carriers, controlled release matrices, injectable hydrogels, and cardiac
patches, have shown promise in addressing this issue [1]. Similarly, improved drug delivery
strategies are required for joint diseases such as osteoarthritis and rheumatoid arthritis.
Advanced drug delivery systems, including nano- and microcarriers, have been developed
to enhance efficacy and minimize side effects in these conditions [2]. Specific nano-drug
delivery systems have been devised for postoperative analgesia, resulting in improved pain
relief and better postoperative outcomes [3]. Innovative approaches, such as maleimide-
functionalized polyethylene glycol hydrogels loaded with nanoparticles, exhibit potential
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in preventing cartilage degradation and inhibiting osteophyte formation in the treatment
of post-traumatic osteoarthritis [55].

Researchers have explored various drug delivery systems, yielding promising results.
For instance, nano hybrid silk hydrogel systems have been developed for localized and
targeted delivery of anticancer drugs, demonstrating slow and sustained release as well as
active targeting of cancer cells [40]. pH- and temperature-responsive hydrogels incorporat-
ing chondroitin sulfate nanogels have exhibited selective binding to lung carcinoma cells
and effective inhibition of cancer cell growth [41]. Injectable hydrogel systems equipped
with tumor-targeting nano-micelles and glutathione-responsive drug release have demon-
strated significant tumor growth inhibition and enhanced antitumor efficacy [56]. These
examples underscore the potential of hydrogel-based drug delivery systems in the realm of
cancer treatment.

Moreover, hydrogel systems have shown promise in the domain of intravaginal
drug delivery for gynecological drugs, contributing to improved drug solubility and
distribution [57]. Intravesical liposome-in-gel systems have been developed to enhance
drug retention in the bladder while reducing systemic levels, presenting a promising
approach for intravesical applications [58]. Similarly, liposome-in-gel-paclitaxel systems
have been investigated for regional delivery in chemoradiotherapy, resulting in increased
cytotoxicity and reduction in tumor volume [59].

In recent studies, researchers have delved into the exploration of injectable ther-
mosensitive photothermal-network hydrogels capable of near-infrared (NIR)-triggered
drug delivery and synergistic photothermal-chemotherapy, showcasing remarkable effi-
cacy in tumor eradication [60]. Additionally, smart and biomimetic 3D- and 4D-printed
composite hydrogels have been investigated for their potential in tissue engineering and
controlled drug release, offering versatile applications in the field [61]. Ultrasoft polymeric
DNA networks (pDNets) with variable crystallinities have been developed as a means
of controlled release of anticancer drugs, enabling efficient localized drug delivery and
demonstrating significant antitumor efficacy [62]. Moreover, injectable thermoresponsive
hydrogels based on graft copolymers have been synthesized to facilitate controlled drug de-
livery and promote bone cell growth, thus holding promise for applications in regenerative
medicine [63]. Furthermore, injectable and degradable polysaccharide-based hydrogels
embedded with nanoparticles have exhibited potential in drug delivery and bone tissue
engineering endeavors [64].

Smart stimuli-responsive injectable gels and hydrogels have emerged as highly promis-
ing tools in the realm of drug delivery and tissue engineering [65]. These systems have
shown considerable potential in delivering protein therapeutics for chronic and autoim-
mune diseases, exemplified by their successful administration of insulin for patients with
conditions such as type 1 diabetes mellitus [66]. Moreover, pH-sensitive drug release sys-
tems utilizing folic-acid-conjugated graphene oxide have demonstrated targeted delivery
of doxorubicin (DOX) in breast cancer therapy. These systems exhibit pH-responsive drug
release, enhanced cytotoxicity in vitro, and significant reduction in tumor volume in animal
studies, thereby showcasing their potential as effective treatment modalities [67].

Injectable hydrogel-based drug delivery systems have also yielded promising results in
various medical applications. For instance, hydrogel nanomaterials employed in continuous
subcutaneous insulin infusion (CSII) have shown improvements in blood glucose control
and reduced therapeutic time in pediatric patients with type 1 diabetes mellitus [68].
Nanocomposite hydrogels have been investigated for their potential in promoting the
healing of diabetic ulcers, capitalizing on their high drug loading capacity and stability,
thus offering valuable therapeutic avenues [69]. Disease-responsive drug delivery systems
have garnered attention for their improved targeting capabilities and controlled release
profiles, contributing to advancements in the field of personalized medicine [70].

Researchers have made notable advancements in the development of injectable hydro-
gels with diverse properties and functionalities. For instance, an injectable, self-healing,
and pH-responsive nanocomposite hydrogel has been devised, displaying potential ap-
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plications in cancer therapy, wound healing, and infection treatment, thereby presenting
a versatile platform for various medical interventions [71]. Similarly, an injectable liquid
metal nanoflake hydrogel has been designed to enhance postsurgical tumor recurrence
suppression, displaying long-term antitumor effects while mitigating systemic toxicity [72].
Furthermore, a bio-inspired fluorescent nano-injectable hydrogel with sequential drug
release capabilities has been proposed, offering potential applications in visualization and
dual drug delivery, thus opening new avenues for therapeutic interventions [73]. Lastly, an
injectable micromotor@hydrogel drug delivery system has been developed for antibacterial
therapy, exhibiting antibacterial effects and enhanced activity near bacteria without the
need for exogenous hydrogen peroxide, showcasing its potential in combating bacterial
infections [74].

Other research studies have concentrated on specific therapeutic domains, aiming to
address specific medical needs. To facilitate angiogenic drug delivery, a nano polydopamine
(PDA) crosslinked thiol-functionalized hyaluronic acid (HA) hydrogel has been developed,
showcasing an injectable nature and sustained drug release capabilities [75]. For the repair
of spinal cord injuries (SCI), drug delivery systems have been optimized utilizing sustained-
release microspheres loaded with melatonin (Mel) and Laponite hydrogels, enabling stable
and prolonged release for neural function restoration [76].

In the localized treatment of non-small cell lung cancer (NSCLC), an injectable ther-
mosensitive hydrogel composed of the amphiphilic triblock copolymer poly(d, l-lactide)-
poly(ethylene glycol)-poly(d, l-lactide) loaded with erlotinib-loaded hollow mesoporous
silica nanoparticles (ERT@HMSNs/gel) has exhibited promising outcomes (Figure 1) [77].
This investigation involved determining the sol-to-gel transition temperature, which corre-
sponds to the body temperature, as well as evaluating in vitro drug release from HMSNs
with or without the gel. Moreover, an in vivo comparative study of different ERT formula-
tions and the commercially available drug Tarceva was conducted using NSCLC xenograft
models (Figure 2). The findings revealed that the ERT-loaded HMSNs/gel system displays
substantial potential as an in-situ treatment approach for NSCLC, offering prolonged drug
retention along with efficacy and safety. Similarly, an injectable silk fibroin nanofiber hy-
drogel for vancomycin delivery has demonstrated exceptional antibacterial properties and
biocompatibility [78].

Polysaccharide-based nanoscale drug delivery systems have garnered significant
attention within the field of tissue engineering due to their potential applications. These
systems leverage the unique properties of polysaccharides to mimic the extracellular
matrix and modulate cellular functions [79]. A recent perspective article discussed the
clinical relevance and future prospects of an injectable hydrogel and nanoparticle system
designed for microRNA (miR) delivery to the heart, emphasizing its potential in cardiac
therapy [80]. In another study, researchers explored a composite hydrogel incorporating
P24 peptide-loaded microspheres and nano-hydroxyapatite, demonstrating promising
outcomes for bone regeneration in tissue engineering [81]. Similarly, a thermosensitive
injectable hydrogel based on PLGA-PEG-PLGA copolymer, integrated with hydroxyapatite
particles, showcased controlled release of calcium cations, thus exhibiting potential for
calcium delivery in bone regeneration [82].

Silica microparticles encapsulating triptorelin acetate formed an injectable depot with
sustained release characteristics, exhibiting pharmacodynamic effects comparable to those
of commercially available products [83]. The controlled release of bone morphogenetic
protein-2 (BMP-2) from a three-dimensional tissue-engineered nano-scaffold resulted in
significant ectopic bone formation, further underscoring its potential for tissue regen-
eration [84]. A multifunctional sustainable delivery system for calcitriol, employing a
thermosensitive hydrogel, nano-hydroxyapatite, and calcitriol-loaded micelles, stimulated
osteogenesis and bone regeneration both in vitro and in vivo, displaying low cytotoxicity
and an appropriate degradation rate [85]. Additionally, a thermosensitive micellar hydrogel
composed of PELT triblock copolymer exhibited potential as an injectable nanomedicine
reservoir and platform for co-delivery of therapeutic agents [86]. Lastly, a macroscale
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thermosensitive micellar-hydrogel depot demonstrated sustained drug release, stable im-
mobilization of radioisotopes, and enhanced antitumor effects, thus offering a promising
approach for combined chemoradiotherapy [87].
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Figure 1. Schematic representation of ERT@HMSNs/gel composite to treat NSCLC. Hollow meso-
porous silica nanoparticles (HMSNs) act as a carrier for encapsulating erlotinib, aiming to enhance
its therapeutic efficacy and mitigate drug-related toxicity. To endure homogeneity and stability of
the injectable matrix, PLEL added to the ERT@HMSNs solution. The evaluation included assessing
transition from sol to gel phase and the sustained release of the drug. Adopted with permission [77].

In the realm of drug delivery systems, innovative approaches have been explored,
such as a cell-penetrable nano-polyplex hydrogel system that enables localized siRNA
delivery, thereby facilitating long-term and site-specific gene silencing through a single
injection [88]. Furthermore, a moldable and biodegradable colloidal nano-network was
developed for the protection and localized delivery of antimicrobial peptides, highlighting
its potential in preserving bioactivity and effectively eliminating bacteria [89].

Efforts to promote neuroregeneration following traumatic spinal cord injury have
been a major focus in therapeutic delivery strategies. Injectable hydrogel-based systems
and scaffold architectures have demonstrated promising results in facilitating neuroregen-
eration [90]. Graphene oxide (GO) has been extensively investigated as a nanofiller in
self-assembling peptide hydrogels for intervertebral disc repair, exhibiting mechanical prop-
erties akin to those of the nucleus pulposus while supporting cell viability [91]. Alginate
nanohydrogels loaded with bone morphogenetic protein-2 (BMP-2) have been proposed as
a controlled release system to enhance osteoblastic growth and differentiation [92].
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Figure 2. (A) Reversible sol–gel phase transition of ERT@HMSNs/gel composite; (B) In vitro drug
release profile; (C) In vivo antitumor efficiency of different ERT formulations and Terceva on NSCLC
xenograft models. (a) NS; (b) ERT@HMSNs; (c–e) different concentrations of ERT@HMSNs/gel (25,
50, and 100 mg/kg); (f–h) different concentrations of marketed drug Tarceva (25, 50, and 100 mg/kg).
(D) The tumor growth curves of each group. (E) Body weight changes of mice as a function of
time in each group. All quantitative data are given as mean ± SD (n = 5). “*” mean p < 0.05 and
“**”mean p < 0.01. Adopted with permission [77].

In the realm of antioxidant therapy, a hydrogel delivery system incorporating cur-
cumin into oligo-conjugated linoleic acid vesicles (OCLAVs) and a chitosan (CS) hydrogel
demonstrated sustained release of curcumin over a span of 96 h, accompanied by enhanced
antioxidant activity [93]. Similarly, a study focused on an injectable hydrogel composed of
chitosan, collagen, hydroxypropyl-gamma-cyclodextrin, and polyethylene glycol, which
showcased a two-step forming process and controlled release of bioactive substances [94].
These findings underscore the potential of hydrogel systems in antioxidant therapy, offering
prolonged release and improved therapeutic effects.

Advances in the field of bone regeneration have led to the synthesis of poly(phosphazene)
hydrogels with specific release rates, demonstrating their efficacy in promoting bone
regeneration [95]. Additionally, a noteworthy development is the injectable hydrogel
depot system that employs sustained release of exendin 4 (Ex-4) for the treatment of type
2 diabetes mellitus [96]. These studies exemplify the versatility of hydrogel-based systems
in controlled release and their potential in bone regeneration and diabetes treatment.

Enhancing the mechanical properties of injectable hydrogels has been a significant
focus in the context of bone regeneration. The incorporation of nano-hydroxyapatite or
strontium hydroxyapatite, along with dopamine modification, has been shown to augment
the mechanical properties of alginate-based hydrogels [97]. Furthermore, the injectable
bone regeneration composite (IBRC), which facilitates controlled release of recombinant
human bone morphogenetic protein-2 (rhBMP-2), has demonstrated potential for clinical
applications in bone defect repair [98]. These advancements underscore the promise of
injectable hydrogel systems in the realms of bone regeneration and tissue engineering.

In the pursuit of improved drug delivery, nanoparticle-based systems have been ex-
plored for the enhanced delivery of nitric oxide (NO) in cancer treatment [99]. Injectable
nano-apatite scaffolds, capable of delivering osteogenic cells and growth factors, have
exhibited promise in promoting bone regeneration [100]. Moreover, injectable quadruple-
functional hydrogels have demonstrated enhanced tumor targeting and significant reduc-
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tion in tumor volume through sustained targeting and combined therapy approaches [101].
Additionally, the development of a multiple magnetic hyperthermia (MHT)-mediated
release system utilizing an injectable, thermosensitive polymeric hydrogel has proven
effective in combination cancer therapy [102]. These studies shed light on the potential of
injectable hydrogel systems in cancer therapy, bone regeneration, and controlled release of
therapeutic agents.

Overall, the ongoing advancements in hydrogel-based systems continue to drive
innovation in the field of drug delivery, providing versatile platforms for controlled release,
targeted delivery, and improved therapeutic outcomes in various biomedical applications.
These advancements pave the way for enhanced patient care and treatment outcomes.
Table 1 provides an overview of the injectable hydrogel materials employed primarily in
drug delivery systems.

Table 1. Different hydrogel materials used for drug delivery.

Hydrogel Composition Outcomes Ref.

Polyurethane hydrogel and
copper-substituted bioactive

mesoporous glasses (Cu-MBGs)

Injectable hybrid formulations based on polyurethane hydrogel and Cu-MBGs
enable simultaneous localized co-delivery of functional ions and drugs with
sustained release profiles and tunable residence time at the pathological site.

[103]

Dexmedetomidine-loaded
nano-hydrogel

Injectable nano-drug delivery system combined with Dexmedetomidine for
thoracic paravertebral block significantly relieved pain, improved sleep quality,

and reduced the need for remedial analgesia and side effects after thoracic surgery.
[3]

Nano-thermogel system of
polyethylene glycol-

polycaprolactone-polyethylene
glycol (PEG-PCL-PEG) triblock
with poly(lactic-co-glycolic acid)

(PLGA) nanoparticles loaded
p11 peptide

Controlled release of p11 peptide achieved with nano-thermogel system, showing
potential for effective treatment of ocular disorders characterized by angiogenesis. [4]

Hybrid silk hydrogel with
carbon nanotubes

Hybrid silk hydrogel with carbon nanotubes enables localized, targeted, and
on-demand delivery of anticancer drugs, reducing systemic side effects. [40]

pH- and
temperature-responsive
hydrogels poly(ethylene

glycol)-poly(beta-aminoester
urethane)

Chondroitin sulfate nanogels incorporated into pH- and temperature-responsive
hydrogels deliver cisplatin selectively to cancer cells, improving targeted therapy. [41]

Urothelium-adherent,
ion-triggered liposome-in-gel

system

Liposome-in-gel system enhances drug penetration and adhesion in the bladder,
showing prolonged drug retention and potential use in intravesical applications. [58]

Composite liposome-in-gel
system (gellan hydrogel)

Liposome-in-gel system delivers radiosensitizer paclitaxel to tumor site,
enhancing the effect of concurrent radiotherapy and improving tumor volume

reduction and animal survival.
[59]

Four-arm
maleimide-functionalized

polyethylene glycol
(PEG-4MAL) hydrogel system

PEG-4MAL hydrogel acted as a mechanical pillow to protect the knee joint, inhibit
cartilage degradation, and prevent osteophyte formation in an in vivo

load-induced osteoarthritis mouse model.
[55]

Injectable hydrogel (amphiphilic
polymers) system with

tumor-targeting nano-micelles

The injectable hydrogel system sustainedly released tumor-targeting
nano-micelles, which exhibited GSH-responsive drug release behavior, leading to

enhanced antitumor efficiency and improved bioavailability of the drug.
[56]

Injectable thermosensitive
photothermal-network hydrogel

The thermosensitive photothermal-network hydrogel demonstrated high
photothermal conversion efficiency, reversible gel–sol transition, and on-demand

drug release, enabling effective near-infrared-triggered
photothermal-chemotherapy for breast cancer treatment.

[60]
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Table 1. Cont.

Hydrogel Composition Outcomes Ref.

Ultrasoft polymeric DNA
networks of variable

crystallinities

Ultrasoft self-supporting polymerized DNA networks with variable crystallinities
showed tunable mechanical properties, pH-responsive drug release, and

crystallinity-dependent antitumor efficacy, providing a favorable
microenvironment for demand-localized drug delivery.

[62]

Sugar-based injectable
thermoresponsive hydrogel

Injectable thermoresponsive hydroxypropyl guar-graft-poly(N-vinylcaprolactam)
(HPG-g-PNVCL) hydrogel and its composite with nano-hydroxyapatite (n-HA)
showed biocompatibility, thermoreversibility, slow drug release, and supported

osteoblastic cell growth, making them potential scaffolds for bone tissue
engineering.

[63]

Injectable polysaccharide
hydrogel with hydroxyapatite

and calcium carbonate

Injectable and degradable polysaccharide-based hydrogels integrated with
hydroxyapatite and calcium carbonate show controlled gelation, enhanced
mechanical properties, sustained drug release, antibacterial properties, and

self-healing capabilities, making them promising for bone regeneration.

[64]

Injectable hydrogel
nanomaterials (PNIPAAM with
CS, APS and cross-linked with

PEGDMA)

Continuous subcutaneous insulin infusion (CSII) showed better blood glucose
control and lower incidence of hypoglycemia compared with multiple daily

injections (MDI) in children with type 1 diabetes mellitus (T1DM).
[68]

Injectable liquid metal
nanoflake hydrogel

The LM-doxorubicin nanoflake hydrogel with pH-triggered drug release shows
enhanced therapeutic efficacy in preventing postoperative tumor relapse. [72]

Bio-inspired fluorescent
nano-injectable hydrogel

prepared by copolymerization
of N-isopropylacrylamide

(NIPAM) and acrylic
functionalized nucleobase

(adenine)

The injectable hydrogel with a phase-separated structure enables sequential
release of different drugs and exhibits fluorescence characteristics, making it

suitable for dual drug delivery and imaging.
[73]

Injectable
micromotor@hydrogel system

The micromotor@hydrogel drug delivery system protects micromotors and
enables sustained release of erythromycin, exhibiting excellent antibacterial effect

for the treatment of bacterial infections.
[74]

Nano polydopamine
crosslinked thiol-functionalized

hyaluronic acid hydrogel

The hydrogel, crosslinked using polydopamine nanoparticles, shows good
injectability, mechanical stability, sustained drug release, and enhanced

endothelial cell behavior, making it suitable for angiogenic drug delivery and
tissue engineering.

[75]

poly(lactic-co-glycolic acid)
(PLGA) MS loaded with

melatonin(Mel) + Laponite
hydrogels

The injectable micro-gel compound and nano-PM compound based on
sustained-release microspheres provide stable and prolonged drug release, repair
neural function, and reduce biomaterial loss for the treatment of spinal cord injury.

[76]

Injectable thermosensitive
hydrogel

(poly(d,l-lactide)-poly(ethylene
glycol)-poly(d,l-

lactide))containing
erlotinib-loaded hollow

mesoporous silica nanoparticles

The injectable ERT@HMSNs/gel composite provides sustained release of erlotinib,
improves efficacy against NSCLC, and demonstrates an impressive balance

between antitumor efficacy and systemic safety.
[77]

Injectable PEG-induced silk
nanofiber hydrogel

The injectable silk fibroin nanofiber hydrogel, prepared using a dissolving
technique and PEG, exhibits fast gelation, amorphous structure, and superior
antibacterial properties, making it suitable for vancomycin delivery in tissue

engineering.

[78]

Injectable hydrogel and
nanoparticle system

The injectable hydrogel-nanoparticle system provides a promising approach for
delivering microRNAs to cardiac tissue, improving cardiac function after

myocardial infarction.
[80]

207



Gels 2023, 9, 533

Table 1. Cont.

Hydrogel Composition Outcomes Ref.

Sustained delivery system
incorporating P24-loaded PLGA

microspheres and
nano-hydroxyapatite in

composite hydrogel

The composite hydrogel with sustained P24 peptide release enhances bone tissue
regeneration and shows potential for improving bone defect treatment in tissue

engineering.
[81]

Injectable hydrogel
(PLGA-PEG-PLGA) modified
with hydroxyapatite particles

The hydrogel modified with nano- and core-shell hydroxyapatite particles enables
controlled release of calcium cations, offering potential applications in bone

regeneration.
[82]

Injectable thermo-sensitive
hydrogel (hyaluronic

acid-chitosan-g-poly(N-
isopropylacrylamide)

The injectable hydrogel, combined with folic acid-conjugated graphene oxide
(GOFA) nano-carrier, provides controlled and targeted intratumoral delivery of

doxorubicin for breast cancer therapy.
[67]

Silica-triptorelin acetate depot
The silica-triptorelin acetate depot demonstrates sustained release of triptorelin,

comparable to Pamorelin(R), and maintains equivalent pharmacodynamic effects
with lower Cmax values, offering potential for prolonged therapeutic effects.

[83]

Injectable 3-D nano-scaffold
hydrogel

Mixing peptide-amphiphile (PA) with BMP-2 formed a transparent hydrogel that
induced significant ectopic bone formation, offering potential for tissue

regeneration.
[84]

Multi-functional calcitriol
delivery system for osteoporotic

bone regeneration based on
poly(D, L-lactide)-poly(ethylene

glycol)-poly(D, L-lactide)
hydrogel

PDLLA-PEG-PDLLA hydrogel integrated with HA-D and PCL-PEG-NH2 micelles
enabled sustained release of calcitriol, promoting osteogenesis and bone

regeneration both in vitro and in vivo.
[85]

FRET-enabled monitoring of
thermosensitive micellar

hydrogel assembly
(poly(epsilon-caprolactone-co-

1,4,8-trioxa[4.6]spiro-9-
undecanone)-b-poly(ethylene

glycol)-b-poly(epsilon-
caprolactone-co-1,4,8-

trioxa[4.6]spiro-9-undecanone)
triblock copolymer.

PECT triblock copolymer facilitated hydrogel formation and sustained release of
micelles, allowing precise imaging of the fate of macro biodegradable materials

and potential for co-delivery of therapeutic agents.
[86]

Thermosensitive micellar
hydrogel (PECT triblock

copolymer)

Injectable MHg depot composed of PECT micelles immobilized DOX and
I-131-HA, enabling localized delivery, sustained release, and enhanced antitumor

effect with reduced side effects.
[87]

Cell penetrable nano-polyplex
hydrogel

Protamine-conjugated poly(organo-phosphazene) hydrogel forms after injection,
releasing nano-polyplexes for effective siRNA delivery and long-term gene

silencing on target site.
[88]

Biopolymer nano-network
(Chitosan and dextran sulfate)

Colloidal nano-network made of chitosan and dextran sulfate encapsulates PA-13
antimicrobial peptide, protecting it from degradation, and delivers it locally,

eliminating bacteria without impacting bioactivity.
[89]

Graphene oxide-containing
self-assembling peptide hybrid

hydrogels

GO-reinforced peptide hydrogels promote high cell viability and metabolic
activity, showing potential as injectable scaffolds for in vivo delivery of nucleus

pulposus cells.
[91]

Alginate nanohydrogels
BMP-2@ANH system promotes proliferation and differentiation of human bone
marrow stromal cells into osteoblasts, offering a potential method for facilitating

stem cell differentiation in vivo.
[92]

Nano-hybrid oligopeptide
hydrogel

Topical delivery of docetaxel using DTX-CTs/Gel inhibited post-surgical tumor
recurrence and enhanced cell death, showing promise for cancer therapy. [104]
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Table 1. Cont.

Hydrogel Composition Outcomes Ref.

Chitosan-incorporated fatty acid
vesicles hydrogel

Curcumin-loaded OCLAVs-CS hydrogel effectively reduced burst release,
exhibited enhanced antioxidant activity, and can serve as an injectable or 3D

printable drug delivery system.
[93]

Injectable two-step forming
hydrogel (chitosan, collagen,

hydroxypropyl-gamma-
cyclodextrin and polyethylene

glycol)

Hydrogel composed of chitosan, collagen, hydroxypropyl-gamma-cyclodextrin,
and polyethylene glycol exhibited controlled release properties, adaptability for

minimally invasive implantation, and support for cell proliferation.
[94]

Injectable poly(phosphazene)
hydrogels with different anionic

sidechains

Tunable hydrogel systems with optimized physical properties and BMP-2 release
rates were identified, enabling effective bone regeneration in a critical-sized

calvarial defect model.
[95]

Injectable hydrogel depot
system using Exendin 4 (Ex-4)

interactive and
complex-forming polymeric

ionic nanoparticles

The hydrogel system demonstrated prolonged release of Exendin 4 (Ex-4), offering
potential as a long-term effective and reproducible treatment for type 2 diabetes

mellitus.
[96]

Two-in-one injectable
micelleplex-loaded thermogel

system composed with
polymerization of poly(ethylene
glycol), poly(propylene glycol),
and poly(3-hydroxybutyrate)

The novel nanoparticle-hydrogel system enabled prolonged release of pDNA
micelleplexes, indicating its potential for sustained gene delivery applications. [105]

Injectable alginate-based
hydrogel cross-linked via the
regulated release of divalent
ions from the hydrolysis of

D-glucono-delta-lactone

The hydrogel exhibited improved mechanical properties through the slow release
of divalent ions from D-glucono-delta-lactone, making it suitable for bone tissue

engineering applications.
[97]

Injectable bone regeneration
composite (IBRC) with

nano-hydroxyapatite/collagen
particles in an alginate hydrogel

carrier

The controlled release of rhBMP-2 from IBRC promoted bone formation,
highlighting its potential as a bone defect repair material for clinical applications. [98]

Moldable/injectable calcium
phosphate cement (CPC)

composite scaffolds

Strong, macroporous CPC scaffolds were developed, suitable for bone
regeneration, cell delivery, and growth factor release, with potential applications

in dental, craniofacial, and orthopedic reconstructions.
[100]

Injectable and
quadruple-functional hydrogel

(folate/polyethylenimine-
conjugated

poly(organophosphazene)
polymer) encapsulated with

siRNA and Au-Fe3O4
nanoparticles

The hydrogel-based delivery method improved tumor targeting efficiency
compared with intravenous delivery, enabling sustained release, passive targeting,

active targeting, and magnetic targeting for enhanced therapeutic effects.
[101]

Injectable thermosensitive
polymeric hydrogel of

poly(organophosphazene)
combined with

superparamagnetic iron oxide
nanoparticles

The designed injectable hydrogel allowed controlled release of TRAIL/SPION
nanocomplex under hyperthermia, resulting in enhanced cytotoxicity against

TRAIL-resistant cancer cells and significant tumor reduction in vivo.
[102]

Abbreviations: PNIPAAM, Poly(N-isopropylacrylamide); PEGDMA, Polyethylene glycol dimethacrylate; nHA,
nano-hydroxyapatite; PLGA, poly(lactide-co-glycolide); PEG, poly(ethylene glycol); FRET, Fluorescence resonance
energy transfer; PECT, poly(epsilon-caprolactone-co-1,4,8-trioxa[4.6]spiro-9-undecanone)-poly(ethyleneglycol)-
poly(epsilon-caprolactone-co-1,4,8-trioxa[4.6]spiro-9-undecanone).
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Injectable hydrogel systems have emerged as a highly promising platform for drug
delivery, demonstrating notable advantages in achieving localized and sustained release,
thereby facilitating targeted therapy. This feat is accomplished through the implementa-
tion of various strategies, such as the utilization of functional ions, nanomaterials, and
responsive systems, which collectively contribute to the achievement of controlled release
profiles. Furthermore, the integration of hybrid formulations, nanogels, liposome-in-gel
systems, and thermo-responsive hydrogels effectively ensures prolonged drug release.
Exciting prospects are also observed in combination therapies, where the amalgamation of
drug delivery systems with complementary agents exhibits synergistic effects, promising
enhanced therapeutic outcomes. In the specific context of bone tissue regeneration, hydro-
gels play a pivotal role by incorporating bioactive components such as peptides, calcium
cations, micelles, and growth factors, thereby promoting osteogenesis and bone formation.
Moreover, the tunability of mechanical properties in hydrogels facilitates cell proliferation
and provides an adaptable environment for tissue engineering applications.

3. Tissue Engineering

In recent years, significant advancements have been made in the field of tissue en-
gineering, particularly in the development of functional hydrogel-based constructs for
tissue regeneration. Researchers have leveraged advancements in nano-based 3D and 4D
scaffolds, stem cells, and biomaterial innovations to achieve promising results in various
applications, including bone and cartilage tissue engineering [5]. Notably, electrospun
nanofibrous scaffolds and hydrogel scaffolds that emulate the native extracellular matrix
have substantially improved cell viability, adhesion, differentiation, and host integration
in these areas [5]. Furthermore, aligned conductive core-shell biomimetic scaffolds have
emerged as potential tools for peripheral nerve tissue regeneration [106].

In the realm of bone regeneration, injectable thermosensitive hydrogels enriched
with nano-hydroxyapatite have demonstrated potential as biocompatible alternatives [6].
Researchers have tackled challenges associated with natural hydrogels by developing
efficient encapsulation systems employing bivalent cobalt-doped nano-hydroxyapatite and
gum tragacanth for bone tissue engineering [107]. Additionally, injectable collagen-based
hydrogels with controlled mechanical properties have shown promise in bone regeneration
applications [7].

The biocompatibility and immune response of injectable collagen/nano-hydroxyapatite
(Col/nHA) hydrogels have been investigated for hard tissue engineering [108]. Injectable
gels composed of carboxymethyl-chitosan, gelatin, and nano-hydroxyapatite have also
demonstrated potential in bone tissue engineering [8]. Similarly, hydrogel constructs in-
corporating chondroitin sulfate nanoparticles and nano-hydroxyapatite have exhibited
superior properties for osteochondral regeneration [109]. Hydrogels have also been recog-
nized as promising vehicles for cardiac tissue regeneration, offering minimally invasive
administration and effective delivery of therapeutic agents [110].

Polymeric scaffolds, including hydrogels with nano-additives, have emerged as so-
lutions to address limitations in bone/cartilage and neural tissue engineering [111]. For
instance, the addition of zirconium oxide nanoparticles to alginate-gelatin hydrogels has
enhanced their mechanical properties and regulation of biodegradation, rendering them
suitable for cartilage tissue engineering [112]. Injectable alginate-O-carboxymethyl chi-
tosan/nano fibrin composite hydrogels have been developed for adipose tissue engineering,
supporting stem cell proliferation and differentiation [113]. Carrageenan nanocomposite
hydrogels incorporating whitlockite nanoparticles and an angiogenic drug have also shown
promise for bone tissue engineering [114].

Poly(ethylene glycol)-poly(epsilon-caprolactone)-poly(ethylene glycol) nanocompos-
ites with nano-hydroxyapatite demonstrate thermoresponsivity and favorable gelation
properties, making them viable options for orthopedic tissue engineering [115]. Improv-
ing the mechanical strength and bioactivity of chitosan/collagen hydrogels through the
integration of functionalized single-wall carbon nanotubes holds promise for bone regener-
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ation [116]. Composite hydrogels incorporating nano-hydroxyapatite, glycol chitosan, and
hyaluronic acid present porous structures and cytocompatibility, making them attractive
for bone tissue engineering [117]. Similarly, a composite hydrogel combining laponite
nanoparticles and silated hydroxypropylmethyl cellulose exhibits improved mechanical
properties and cytocompatibility for cartilage tissue engineering [118]. Additionally, a
biohydrogel incorporating nano SIM@ZIF-8 demonstrates osteogenic differentiation and
lipid-lowering abilities, offering potential for bone repair [119].

In the field of tissue engineering, researchers have developed innovative approaches
for fabricating injectable hydrogels with diverse applications [120–128]. One notewor-
thy example is an osteogenic hydrogel composed of gelatin-methacryloyl pre-polymer
(GelMA) and nano silicate (SN) (Figure 3A). This hydrogel has shown promising results
in in vitro studies on SDF-1α release and in vivo studies on a rat calvaria defect model
(Figure 3B,C) [120]. The GelMA-SN-SDF-1α hydrogel exhibits injectability, controlled
release of SDF-1α, and the ability to stimulate mesenchymal stem cell migration and
expression of osteogenic-related biomarkers.
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Figure 3. (A) Schematic presentation of GelMA-SN-SDF-1α hydrogel fabrication; (B) In vitro study of
release profile of SDF-1α from GelMA-SDF-1α and GelMA-SN- SDF-1α and (C) Micro-CT scanning
results of the bone healing of calvaria defects rats treated with GelMA, GelMA-SN, GelMA-SDF-1α,
and GelMA-SN-SDF-1α hydrogel for 6 weeks. Adopted with permission [120].

The field of regenerative medicine has witnessed notable advancements in nanoengi-
neered biomimetic hydrogels, particularly in the realm of 3D printing. These hydrogels
exhibit improved mechanical properties and create an interactive environment that fa-
cilitates favorable outcomes in tissue regeneration [121]. Furthermore, the utilization of
mineralized heparin-gelatin nanoparticles has shown promise in bone tissue engineering,
serving as versatile fillers or multifunctional devices for nanotherapeutic approaches [122].

In the context of hair follicle tissue engineering, the application of GelMA/chitosan-
microcarriers loaded with platelet-rich plasma and dermal papilla cells has yielded encour-
aging results, promoting hair follicle growth and vascularization to enable hair regener-
ation [123]. Injectable hydrogel composites based on polysaccharides and incorporating
nano-hydroxyapatite have been developed as scaffolds for bone tissue engineering, ex-
hibiting remarkable efficacy in bone repair [124]. Similarly, bioactive glass nanoparticle-
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reinforced injectable hydrogels composed of PEG and pNVC copolymers have demon-
strated improved properties and enhanced osteogenesis, positioning them as suitable
grafting materials for orthopedic reconstructive surgeries [125]. Additionally, an injectable
hydrogel composed of collagen fibrils and a glycol-chitosan matrix has been tailored to ad-
dress the unique challenges of mechanically strained tissues in soft tissue engineering [126].

Researchers have underscored the significance of integrating stem cells, nanotechnol-
ogy, and biomaterial innovations in the development of functional hydrogel-based con-
structs for tissue regeneration [127]. Notably, visible-light-mediated nano-biomineralization
has emerged as a rapid fabrication method for customizable biomineralized tough hydro-
gels, exhibiting enhanced mechanical and biological properties. These hydrogels hold great
promise for applications in skin repair and bone regeneration [128].

The collective efforts in hydrogel development offer significant potential for advancing
the field of tissue engineering and regenerative medicine. For a comprehensive overview
of the hydrogel materials utilized in tissue engineering, please refer to Table 2.

Table 2. Different hydrogel materials used for tissue engineering.

Hydrogel Composition Outcomes Ref.

Core-shell scaffold based on
aligned conductive nanofiber

yarns (NFYs) within a
methacrylated gelatin (GelMA)

hydrogel

Aligned nanofiber yarns within a hydrogel scaffold induce neurite alignment and
extension, promoting the alignment and elongation of nerve cells, offering

potential for nerve tissue engineering applications.
[106]

In situ forming thermosensitive
chitosan-glycerol phosphate

hydrogel loaded with
risedronate and

nano-hydroxyapatite

The prepared hydrogel formulation with risedronate and nano-hydroxyapatite
showed sustained drug release, enhanced Saos-2 cell proliferation, alkaline

phosphatase activity, and calcium deposition, making it a promising option for
bone tissue engineering.

[6]

Protein-based hydrogels
derived from natural tissues

Investigating the nano-/micro-structure and composition of protein-based
hydrogels derived from natural tissues is crucial for their widespread use in tissue

engineering and regenerative medicine.
[129]

Calcium alginate-gum
tragacanth hydrogels

incorporated with cobalt-doped
nano-hydroxyapatite

The hydrogels exhibited enhanced swelling, degradation, diffusion, long-term
viability of encapsulated cells, osteogenic differentiation, and angiogenic

properties, making them suitable for bone tissue engineering applications.
[107]

Chemically crosslinked
collagen/chitosan/hyaluronic

acid hydrogels

Optimization of the hydrogel composition showed that using high concentrations
of crosslinking agent and adjusting the hyaluronic acid content resulted in
hydrogels with compact structure, good mechanical properties, prolonged

degradation profile, and suitable biocompatibility for bone regeneration
applications.

[7]

Injectable
PCL-PEG-PCL-Col/nHA

hydrogels

PCL-PEG-PCL-Col/nHA hydrogels showed successful integration of collagen and
nano-hydroxyapatite, delayed biodegradation rate, no prominent

pro-inflammatory response, and increased expression of CD31 and IL-10,
indicating biocompatibility for hard tissue regeneration.

[108]

Enzymatically crosslinked
CMC/gelatin/nHAp injectable

gels

The enzymatically crosslinked injectable gels exhibited rigidity, adjustable
crosslinking degree and strength, increased pore sizes with higher gelatin

concentration, and support for osteoblast cell proliferation and differentiation,
making them suitable for in situ bone tissue engineering applications.

[8]

Injectable semi-interpenetrating
network hydrogel with

chondroitin sulfate
nanoparticles (ChS-NP)s and
nanohydroxyapatite (nHA)

The gradient hydrogel construct demonstrated mineralized subchondral and
chondral zones, higher osteoblast proliferation in the subchondral zone, porous

structure with gradient interface, layer-specific retention of cells, and in vivo
osteochondral regeneration with hyaline cartilage formation and subchondral

bone integration.

[109]
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Table 2. Cont.

Hydrogel Composition Outcomes Ref.

Alginate dialdehyde-gelatin
scaffolds with zirconium oxide

nanoparticles

Incorporation of ZrO2 nanoparticles into alginate-gelatin hydrogels enhances
mechanical and chemical properties. Nanocomposite hydrogels exhibit improved

swelling behavior, controlled biodegradation, cell viability, and attachment,
making them suitable for cartilage tissue regeneration.

[112]

Alginate-O-carboxymethyl
chitosan/nano fibrin composite

hydrogels

Alginate/O-CMC hydrogel blend demonstrated superior properties for tissue
engineering applications, supporting the survival, adhesion, proliferation, and

differentiation of adipose-derived stem cells.
[113]

Injectable carrageenan
nanocomposite hydrogel

Carrageenan nanocomposite hydrogel incorporated with whitlockite
nanoparticles and an angiogenic drug promoted osteogenesis and angiogenesis

in vitro, showing potential for bone tissue engineering.
[114]

Injectable thermosensitive
hydrogel made of poly(ethylene

glycol)-poly(epsilon-
caprolactone)-poly(ethylene

glycol) (PECE) and
nanohydroxyapatite (n-HA)

Thermosensitive hydrogel nanocomposites exhibited good thermosensitivity,
injectability, and 3D network structure, making them promising for injectable

orthopedic tissue engineering.
[115]

Chitosan/collagen hydrogels
nano-engineered with

functionalized single-wall
carbon nanotubes

Integration of COOH-SWCNTs into chitosan and collagen hydrogels increased
mechanical strength, bioactivity, and potential for bone tissue engineering and

regenerative medicine.
[116]

Nano-hydroxyapatite/glycol
chitosan/hyaluronic acid

composite hydrogel

Composite hydrogel exhibited porous structure, enzymatic degradation, and
cytocompatibility, making it suitable for bone tissue engineering applications. [117]

Laponite
nanoparticle-associated silated
hydroxypropylmethyl cellulose

hydrogel

Incorporation of laponites into silated hydroxypropylmethyl cellulose hydrogel
resulted in an interpenetrating network that improved mechanical properties

without compromising cytocompatibility, oxygen diffusion, or chondrogenic cell
functionality.

[118]

Nano SIM@ZIF-8-modified
injectable high-intensity

biohydrogel composed of
composed of poly (ethylene

glycol) diacrylate (PEGDA) and
sodium alginate (SA) + nano

simvastatin-laden zeolitic
imidazolate framework-8

nSZPS hydrogel stimulates osteogenic differentiation, inhibits adipogenic
differentiation, exhibits excellent injectability, mechanical strength, and promotes

bone regeneration in hyperlipidemic microenvironments.
[119]

Nano-silicate-reinforced and
SDF-1alpha-loaded

gelatin-methacryloyl hydrogel

GelMA-SN-SDF-1alpha hydrogel demonstrates injectability, controlled release of
SDF-1alpha, MSC migration and homing, and excellent bone regeneration ability

in critical-sized calvaria defects.
[120]

Succinylated gelatin
cross-linked with aldehyde

heparin formed nanoparticles,
which were mineralized with
hydroxyapatite (mineralized

heparin-gelatin nanoparticles)

These nanoparticles may enhance the mechanical properties of injectable
hydrogels for bone regeneration. [122]

Injectable platelet-rich plasma
(PRP)/cell-laden

microcarrier/hydrogel
composite system

Gelatin methacryloyl (GelMA) and chitosan hydrogels were used to prepare
scalable interpenetrating network GelMA/chitosan-microcarriers (IGMs) loaded
with PRP and dermal papilla cells (DPCs). The composite system promoted DPC

viability, hair inducibility, and hair follicle regeneration.

[123]

Polysaccharide-based injectable
hydrogel compositing
nano-hydroxyapatite

N-carboxyethyl chitosan (NCEC) and oxidized dextran (ODex) were cross-linked
via Schiff base linkage to form an injectable hydrogel. The hydrogel, composited
with nano-hydroxyapatite (nHAP), exhibited interconnected porous structure and

showed excellent bone repair effect in vivo.

[124]
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Table 2. Cont.

Hydrogel Composition Outcomes Ref.

Bioactive glass
nanoparticle-incorporated

triblock copolymeric injectable
hydrogel

Injectable hydrogel with bioactive glass nanoparticles showed good gelling and
injectability properties, excellent swelling properties, enhanced bone cell

proliferation, ALP activity, and apatite mineralization for accelerated in vitro
osteogenesis.

[125]

Nano-fibrillar hybrid injectable
hydrogel with heterotypic

collagen fibrils

Injectable hydrogel with semi-interpenetrating networks of heterotypic collagen
fibrils in a glycol-chitosan matrix showed nano-fibrillar porous structure,

mechanical stability, prolonged half-life, and support for cell implantation.
[126]

Visible-light-mediated
nano-biomineralization of

customizable tough hydrogels

Rapid preparation of biomineralized tough hydrogels with improved mechanical
and biological properties under visible light irradiation, suitable for customizable

skin repair and bone regeneration.
[128]

Abbreviations: PCL-PEG-PCL-Col/nHA, Poly(ε-caprolactone)-poly(ethylene glycol)-poly(ε-caprolactone)/
collagen/nano-hydroxyapatite; CMC, carboxymethyl-chitosan; SDF-1alpha stromal cell-derived factor-1 alpha.

These studies underscore the versatility and potential of hydrogels in tissue engineer-
ing and regenerative medicine. By customizing the composition, structure, and properties of
hydrogels, researchers can design materials that promote cell alignment, controlled release
of bioactive substances, integration of nanoparticles, and interpenetrating network struc-
tures, all of which contribute to their suitability for various tissue engineering applications.

4. Bone Repair

In recent years, considerable research endeavors have been devoted to the advance-
ment of biomaterials tailored specifically for bone regeneration purposes. The primary
objective of these biomaterials is to promote bone formation and address various bone de-
fects, thereby offering potential solutions for a wide range of clinical applications. Among
the emerging avenues in this field, composite biomaterials and injectable hydrogels have
garnered significant attention.

Composite biomaterials, such as the combination of RADA16 peptide hydrogel with
porous calcium sulfate/nano-hydroxyapatite (CaSO4/HA) cement, have emerged as a
promising approach. Notably, this particular composite has demonstrated improved
osteogenic differentiation and enhanced bone formation in femoral condyle defects [9].
Another notable study developed an injectable hydrogel for craniofacial bone regeneration,
incorporating bioglass or whitlockite nanoparticles with FGF-18 into a chitin-PLGA hydro-
gel. This hydrogel exhibited sustained release of FGF-18, resulting in near-complete bone
regeneration in craniofacial bone defects [10].

The development of injectable hydrogels has also shown promise as a viable strategy
for bone regeneration. For instance, a GelMA-HAMA/nHAP composite hydrogel encapsu-
lating human-urine-derived stem cell exosomes (USCEXOs) exhibited controlled-release
properties, fostering osteogenesis and angiogenesis in vitro, while significantly enhancing
cranial bone defect repair in a rat model [11]. Additionally, injectable bone regeneration
composites composed of nano-hydroxyapatite/collagen (nHAC) particles within an algi-
nate hydrogel carrier demonstrated controllable degradation, biocompatibility, and great
potential for bone repair and tissue engineering [12].

Noteworthy advancements in the realm of biomaterials for bone regeneration also
encompass injectable hydrogels with dual functionality. One particular study focused on
tumor microenvironment-modulated hydrogels (TME), which incorporated bio-responsive
drug-loaded mesoporous bioactive glass nanoparticles (MTX-ss-MBGN), gelatin, and
oxidized chondroitin sulfate (OCS) for the treatment of tumor-associated bone defects
(Figure 4A). The injected Gel/OCS solution, along with MTX-ss-MBGN, rapidly formed
a TME-modulated hydrogel, facilitating sustained drug-responsive release with targeted
delivery to tumor cells through the depletion of protons and glutathione (GSH). Figure 4B,C
depict the hydrogel formation process and the dual responsiveness, highlighting the con-
trolled release capability of MTX-ss-MBGN GO hydrogels. Moreover, this hydrogel facili-
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tated bone regeneration by transitioning into regenerative scaffolds (Figure 4D), effectively
preventing tumor recurrence [17]. Similarly, an injectable hydrogel utilizing cisplatin and
polydopamine-decorated nano-hydroxyapatite demonstrated tumor ablation, suppression
of tumor growth, and improved adhesion and proliferation of bone mesenchymal stem
cells [18].
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Figure 4. (A) Schematic representation of the synthesized injectable TME-modulated MTX-ss-MBGN
GO hydrogels showing residual tumor apoptosis, restoring chemotherapy sensitivity and promot-
ing bone regeneration for postoperative tumor-associated bone defect closed-loop management;
(B) Observation study of hydrogels; (C) In vitro drug release study to confirm controlled release
capability of MTX-ss-MBGN GO hydrogels under tumor-mimicking environment; (D) Micro-CT
image of calvarial defect repair at 4 or 8 weeks under different treatments on healthy SD rats. Adopted
with permission [17].

Recent scientific investigations have placed significant emphasis on the advancement
of injectable gel systems and hydrogel composites designed for bone regeneration, with the
aim of addressing a wide range of clinical applications. Noteworthy examples include the
utilization of chitin-CaSO4-nano-fibrin gel and a double cross-linked hydrogel consisting of
gelatin, alginate dialdehyde, calcium ions, and nano-sized hydroxyapatite. These composite
hydrogels have demonstrated improved angiogenesis, osteogenesis, and efficacy in bone
defect repair [21,23].

Furthermore, the development of injectable hydrogel systems specifically tailored
for bone regeneration has garnered considerable attention in research endeavors. One
such system involves the incorporation of controlled-release microspheres of bone morpho-
genetic protein 2 (BMP-2) and 17 beta-estradiol within a composite hydrogel, showcasing
uniform discharge and promising outcomes in tissue regeneration [24]. In another study,
chitin nano-whiskers (CNWs) were integrated into a chitosan/beta-glycerophosphate dis-
odium salt (CS/GP) hydrogel, resulting in enhanced mechanical properties, improved
biocompatibility, and a controlled drug release rate [25].

Moreover, an injectable nano-composite hydrogel for bone regeneration was devel-
oped by facilitating the in-situ growth of calcium phosphate (CaP) nanoparticles. This
approach exhibited superior mechanical properties, enhanced cell adhesion, osteodiffer-
entiation, and noteworthy advancements in bone formation in vivo [26]. Similarly, an
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injectable bone regeneration composite (IBRC) employing a calcium alginate hydrogel ma-
trix carrying nano-hydroxyapatite/collagen particles demonstrated structural homogeneity,
histocompatibility, and bone healing capabilities [27].

The potential of injectable hydrogels in promoting bone formation, enhancing bone
architecture, and addressing bone-related conditions has been substantiated by various
studies. For instance, a rabbit-based investigation utilized a biomimetic/osteoinductive
injectable hydrogel comprising hyaluronan and nano-hydroxyapatite crystals, leading to
substantial improvements in bone density and architecture [130]. Another study compared
the osteogenic potential of two injectable hydrogels, namely, demineralized dentin matrix
(DDM) hydrogel and nano-hydroxyapatite (n-HA), with the DDM hydrogel demonstrating
promising outcomes in promoting collagen-I gene expression and alkaline phosphatase
activity [131]. Additionally, an injectable hydrogel based on gellan gum (GG) loaded with
chlorhexidine (CHX) and nano-hydroxyapatite (nHA) exhibited a three-dimensional poly-
meric network, remarkable biocompatibility, and notable osteogenic properties, effectively
inhibiting bacterial growth and presenting a potential treatment option for infectious bone
defects [132]. A comprehensive summary of the hydrogel materials employed in tissue
engineering can be found in Table 3.

Table 3. Different hydrogel materials used for bone repair and osteogenesis.

Hydrogel Composition Outcomes Ref.

RADA16 peptide hydrogel
filled with porous calcium

sulfate/nano-hydroxyapatite
(CaSO4/HA) composite

biomaterial

Controlled and sustainable release of bFGF for more than 32 days from
RADA16/CaSO4/HA composite biomaterial, leading to enhanced osteogenic

differentiation in vitro and improved bone formation in vivo.
[9]

Injectable chitin-PLGA hydrogel
containing bioglass

nanoparticles (nBG) or
whitlockite nanoparticles (nWH)

with FGF-18

CGnWHF (nWH + FGF-18 containing CG) showed the highest osteogenic
potential and near-complete bone regeneration in critical-sized defect region

compared to other groups, indicating its potential for craniofacial bone defects.
[10]

GelMA-HAMA/nHAP
composite hydrogel with

human-urine-derived stem cell
exosomes

Composite hydrogel with controlled release of USCEXOs promotes osteogenesis
and angiogenesis, enhancing bone regeneration in vivo. [11]

Injectable bone regeneration
composite (IBRC) with

nano-hydroxyapatite/collagen
(nHAC) particles in alginate

hydrogel carrier

IBRC exhibited controllable degradability and biocompatibility, making it a
promising material for bone repair and tissue engineering. [12]

poly
(caprolactone)-poly(ethylene
glycol)-poly(caprolactone) +

gelatin and
nano-hydroxyapatite

Hydrogels showed successful integration of Gel and nHA, lacked inflammation,
and exhibited biocompatibility without toxic effects in in vivo conditions. [13]

nano-hydroxyapatite hybrid
methylcellulose hydrogel

carrying bone mesenchymal
stem cells

Addition of nHA to MC hydrogel enhances cell survival, osteogenic
differentiation, and remediation efficiency in vivo. [14]

Thermo-sensitive
PEG-PCL-PEG

copolymer/collagen/n-HA
hydrogel composite

Composite hydrogel exhibits thermosensitivity, biocompatibility, and better
performance in guided bone regeneration compared to self-healing processes. [15]
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Table 3. Cont.

Hydrogel Composition Outcomes Ref.

Injectable polysaccharide
hydrogel-loaded

nano-hydroxyapatite

Hydrogel/hydroxyapatite composite scaffold enhances new bone area and
alveolar ridge promotion, while promoting soft tissue healing. [16]

TME-modulated hydrogel
(MBGN/Gel/OCS)

Hydrogel interferes with tumor microenvironment, overcomes cancer resistance,
and promotes sustained drug release and osteogenesis. [17]

Injectable hydrogel containing
cisplatin (DDP) and

polydopamine-decorated
nano-hydroxyapatite
(DDP/PDA/nHA)

Exhibits dual functions of tumor therapy and bone regeneration, effectively
ablating tumor cells and inducing bone regeneration. [18]

Light-cured hyaluronic acid
composite hydrogels
(nano-HA/chitosan)

Enhance mechanical properties and osteogenic potential, promising for bone
regeneration applications. [19]

Nanocellulose reinforced
alginate hydrogel(AC) that

carried beta-tricalcium
phosphate (beta-TCP)

nano-powder and liver-derived
extracellular matrix (ECM) from

porcine

ETAC Show enhanced cytocompatibility, accelerated bone regeneration, and
improved healing quality compared to TAC and AC beads. [20]

Chitin-CaSO4-nFibrin gel Demonstrates improved rheology, angiogenic potential, and osteo-regeneration
compared to chitin control. [21]

Silk-hydroxyapatite composite Exhibits injectability, thixotropy, and osteodifferentiation potential, supporting
improved osteogenesis and bone defect healing. [22]

nHA@Gel/ADA hydrogel with
gelatin, alginate dialdehyde,
Ca2+, borax, and nano-sized

hydroxyapatite

Promotes efficient repair of critical-size skull bone defects and supports
macrophage-BMSC crosstalk. [23]

Composite hydrogel system
incorporating PLGA-BMP-2 and

PLA-17 beta-estradiol
microspheres in a hydrogel core

Shows controlled release, refilling of bone defects, and regeneration in
osteoporotic rats. [24]

Injectable hydrogel with
chitosan/beta-

glycerophosphate disodium salt
(CS/GP) and chitin

nano-whiskers (CNWs)

Exhibits improved mechanical properties, gelation speed, and biocompatibility,
suitable for tissue engineering scaffold applications. [25]

PDH/mICPN hydrogel
composed of DMAEMA,

HEMA, CaP nanoparticles
(ICPNs), and poly-L-glutamic

acid (PGA)

Self-assembles in situ, demonstrating enhanced mechanical strength, cell adhesion,
and osteodifferentiation for bone regeneration. [26]

Injectable bone regeneration
composite (IBRC) with calcium

alginate hydrogel matrix
carrying

nano-hydroxyapatite/collagen

Demonstrates structural homogeneity, good biocompatibility, and the ability to
promote bone healing. [27]

Biomimetic/osteoinductive
injectable hyaluronan-based

hydrogel loaded with
nano-hydroxyapatite crystals

(Hya/HA)

Shows potential for enhancing bone architecture, with an osteoinductive effect and
improved bone density and architecture in the rabbit distal femur. [130]
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Table 3. Cont.

Hydrogel Composition Outcomes Ref.

Demineralized dentin matrix
hydrogel (DDMH)

Exhibits a porous structure and supports viability and differentiation of BMMSCs,
with potential for promoting bone formation. A 50% concentration of DDMH

shows promising results.
[131]

Gellan gum (GG)-based
injectable hydrogel loaded with

chlorhexidine (CHX) and
nanohydroxyapatite (nHA)

Demonstrates superior biocompatibility, mechanical strength, osteogenic
properties, and antibacterial effect against E. faecalis. Shows potential for treating

infectious bone defects.
[132]

Abbreviations: GelMA-HAMA/nHAP, Gelatin-methacrylate-Hyaluronic acid methacrylate/nano-hydroxyapatite;
PEG-PCL-PEG, poly(ethylene glycol)-poly(ε-caprolactone)-poly(ethylene glycol); TME, Tumor microenvironment;
MBGN/Gel/OCS, modulated hydrogel composed of bio-responsive drug-loaded mesoporous bioactive glass
nanoparticles/gelatin/oxidized chondroitin sulfate; DMAEMA, dimethylaminoethyl methacrylate; HEMA,
2-hydroxyethyl methacrylate.

These studies underscore the potential of hydrogels in bone tissue engineering and
regeneration. By leveraging controlled-release mechanisms, ensuring biocompatibility
and tissue integration, enhancing mechanical properties, and addressing specific clinical
challenges such as bone defects and infections, hydrogels hold promise as materials for
promoting bone healing, regeneration, and broader tissue engineering applications.

5. Wound Healing

Considerable advancements have been made in the realm of hydrogel-based materials
for wound healing and therapy. These versatile hydrogels have garnered significant
attention in the context of wound dressings due to their ability to address multiple aspects
of wound management. A comprehensive review conducted in this domain highlights
the numerous benefits associated with hydrogel dressings, including moisture retention,
protective qualities, exudate absorption, as well as anti-inflammatory and antibacterial
properties [133]. The review also delves into the feasibility and future trends concerning
hydrogel dressing development, encompassing diverse preparation materials, cross-linking
methods, and hydrogel types.

In a particular study, researchers explored the incorporation of catechol-modified
quaternized chitosan (QCS-C) within a poly(d,l-lactide)-poly(ethylene glycol)-poly(d,l-
lactide) (PLEL) hydrogel. This integration resulted in improved tissue adhesion and a
reduced gelation temperature. Moreover, the inclusion of nano-scaled bioactive glass (nBG)
further augmented angiogenesis and accelerated wound healing [134].

Chitosan-carboxymethyl cellulose (CMC)-based hydrogels loaded with nano-curcumin
exhibited controlled release properties, cytocompatibility, and facilitated tissue regenera-
tion, making them well-suited for diabetic wound repair [135].

A noteworthy study in the field involves the development of a black nano-titania
thermogel, wherein nanosized black titania nanoparticles were integrated into a chitosan
matrix. This composition highlighted simultaneous photothermal and photodynamic
therapy effects. Furthermore, it supported normal skin cell functions and promoted the
regeneration of skin tissue, thereby facilitating the healing of cutaneous tumor-induced
wounds [136].

Regarding antibacterial activity and wound healing, an injectable silver-gelatin-cellulose
hydrogel dressing, incorporated with silver nanoparticles, exhibited enhanced wound-
healing properties, particularly in the context of infant nursing care [137]. Additionally, a
berberine-modified ZnO nano-colloid hydrogel demonstrated exceptional moisturizing
capabilities, anti-inflammatory effects, and notable wound healing abilities, positioning it
as a promising candidate for diabetic wound healing [138]. Another intriguing hydrogel
formulation involved the encapsulation of Ag-decorated polydopamine nanoparticles
within a cationic guar gum hydrogel, exhibiting high photothermal conversion efficiency
and potent antibacterial properties, thereby presenting a potential solution for wound
healing and combatting bacterial infections [139].
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Considerable advancements have been achieved in the realm of hydrogel-based mate-
rials specifically designed for wound-healing applications. Notably, the incorporation of
nanoparticles has emerged as a valuable approach for enhancing the properties of these
hydrogels. For instance, an alginate nanocomposite hydrogel incorporating nano-sized cal-
cium fluoride particles has demonstrated enhanced bioactivity and antibacterial properties.
This hydrogel formulation effectively promotes fibroblast cell proliferation, facilitates cell
migration, and accelerates the process of wound healing [28].

Gellan gum methacrylate and laponite nanocomposite hydrogels have also exhibited
notable improvements in mechanical properties and swelling behavior. These hydrogels
hold potential as carriers for therapeutic agents, making them well-suited for the treatment
of chronic infections in burn wounds [29]. In another study, researchers introduced an
injectable nano-composite hydrogel composed of curcumin, N,O-carboxymethyl chitosan,
and oxidized alginate. This hydrogel formulation demonstrates controlled release behavior
and expedites wound healing in vivo, positioning it as a highly promising material for
wound dressings [140].

Furthermore, a multifunctionalized injectable hydrogel, known as COA hydrogel,
has garnered attention for its exceptional wound-repair capabilities. Comprising oxidized
alginate/carboxymethyl chitosan (KA hydrogel) integrated with keratin nanoparticles (Ker
NPs) and nanosized-EGCG covered with silver nanoparticles (AE NPs), this hydrogel
displays promising outcomes. It promotes epithelization, scavenges radicals, and exhibits
significant improvements in wound healing, as substantiated by an increase in epidermis
thickness [141]. Please refer to Figure 5 for an illustration of the multifunctionalized
injectable hydrogel (COA hydrogel) and Figure 6 for visual evidence of its efficacy in
promoting wound healing.
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An exemplary instance involves the utilization of an injectable hydrogel system
that combines methacryloxylated silk fibroin, metformin-loaded mesoporous silica mi-
crospheres, and silver nanoparticles. This nano-dressing exhibits remarkable immunomod-
ulatory effects, effectively inhibits bacterial growth, enhances fibroblast migration, and
promotes angiogenesis. Consequently, it emerges as a highly promising solution for the
treatment of diabetic wounds [142].
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Injectable hydrogel dressings also show great potential for surgical applications. For
instance, a hydrogel adhesive possessing rapid adhesion and anti-swelling properties holds
promise for achieving prompt hemostasis and wound sealing [143]. Furthermore, a sodium
alginate-based injectable hydrogel dressing, cross-linked with gallic acid-functionalized
silver nanoparticles, exhibits sustained antimicrobial activity, reduces the inflammatory
response, and accelerates wound healing in infected wounds [144].

Numerous novel injectable hydrogel dressings have been developed with outstanding
antibacterial properties and enhanced wound-healing capabilities. These include injectable
hydrogels incorporating Ag-doped Mo2C-derived polyoxometalate nanoparticles, fusiform-
like zinc oxide nanorods, and mce-like Au-CuS heterostructural nanoparticles [145–147].

In a separate study, the therapeutic potential of an injectable hydrogel composed
of nano-sized suspended formulations of human fibroblast-derived matrix (sFDM) is
explored. This hydrogel demonstrates excellent biocompatibility, mechanical stability,
and regenerative effects, effectively promoting wound healing, neovessel formation, and
reducing necrosis and fibrosis in preclinical models [148].

The development of multifunctional hydrogels incorporating bioactive silver-lignin
nanoparticles shows considerable promise for managing chronic wounds. These hydrogels
possess commendable antimicrobial, antioxidant, and tissue remodeling properties [149].
Similarly, dual-functional hydrogels composed of guar gum-grafted-polyacrylamidoglycolic
acid and silver nanocomposites exhibit self-healing capabilities, injectability, and bacterial
inactivation properties, rendering them highly advantageous for wound-healing applica-
tions [150].

These innovative hydrogel-based materials present exciting opportunities for wound
management and therapy. For further details and a comprehensive overview of various
hydrogel materials and their outcomes, please refer to Table 4.
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Table 4. Different hydrogel materials used for wound healing.

Hydrogel Composition Outcomes Ref.

PLEL-nBG-QCS-C hydrogel:
poly(d,llactide)-poly(ethylene glycol)-poly(d,l-lactide)
PLEL, nano-scaled bioactive glass (nBG), and catechol

modified quaternized chitosan (QCS-C)

Exhibits thermo-sensitivity, antibacterial properties,
tissue adhesion, and accelerates wound healing [134]

Chitosan-CMC-g-PF127 injectable hydrogels loaded
with nano-curcumin

Show controlled release, biocompatibility, and
promote diabetic wound repair [135]

BT-CTS thermogel: Injectable thermosensitive
hydrogel with black titania nanoparticles (B-TiO2-x) in

chitosan matrix

Provides effective tumor therapy, wound closure, and
tissue regeneration for skin tumors [136]

Injectable silver-gelatin-cellulose ternary hydrogel
dressing with aminated silver nanoparticles

Exhibits antibacterial properties and enhances
cutaneous wound healing in infant nursing care [137]

ZnO-Ber/H: Berberine-modified ZnO nano-colloids
hydrogel

Promotes diabetic wound healing by enhancing
wound healing rate, regulating antioxidant stress

factors, downregulating inflammatory factors, and
promoting the expression of vascular and epithelial

tissue-related factors

[138]

CG/PDA@Ag hydrogel: Cationic guar gum hydrogel
encapsulating Polydopamine NPs with Ag (PDA@Ag)

Combines high photothermal conversion efficiency
and inherent antibacterial ability, demonstrating
superior antibacterial efficacy for photothermal

antibacterial therapy

[139]

Injectable alginate nanocomposite hydrogel containing
nano-sized calcium fluoride particles

Enhances bioactivity, antibacterial property, cell
proliferation, migration, and extracellular matrix

deposition for accelerated wound healing
[28]

GG-MA/Laponite hydrogel: Gellan gum methacrylate
(GG-MA) combined with laponite (R) XLG

Shows improved mechanical properties and potential
as wound dressing materials for infected wounds [29]

Nano-curcumin/CCS-OA hydrogel: In situ injectable
hydrogel composed of curcumin, N,O-carboxymethyl

chitosan, and oxidized alginate

Accelerates wound healing by promoting
re-epithelialization and collagen deposition in rat

dorsal wounds
[140]

KA hydrogel: Injectable oxidized
alginate/carboxymethyl chitosan hydrogel

functionalized with keratin nanoparticles (Ker NPs)
and nanosized-EGCG covered with Ag nanoparticles

(AE NPs)

Accelerates wound healing, particularly in the early
stage, and improves the thickness of renascent

epidermis
[141]

M@M-Ag-Sil-MA hydrogel: Photocurable
methacryloxylated silk fibroin hydrogel (Sil-MA)

co-encapsulated with metformin-loaded mesoporous
silica microspheres (MET@MSNs) and silver

nanoparticles (Ag NPs)

Resolves immune contradiction in diabetic wounds,
promotes fibroblast migration and endothelial cell

angiogenesis, and accelerates diabetic wound healing
in a diabetic mouse model

[142]

RAAS hydrogel: Injectable hydrogel adhesive with
rapid adhesion to wet tissues and anti-swelling

properties.

Achieves rapid adhesion to wet tissues, exhibits
excellent anti-swelling properties, and demonstrates

fast hemostasis and stable adhesion strength in diverse
hemorrhage models

[143]

GA@AgNPs-SA hydrogel: Injectable sodium alginate
hydrogel loaded with gallic acid-functionalized silver

nanoparticles (GA@AgNPs)

Exhibits long-term antimicrobial effect, reduces
inflammatory response, and accelerates the repair of

bacteria-infected wounds through sustained release of
silver ions and promotion of angiogenesis

[144]

Injectable hydrogel with Ag-doped Mo2C-derived
polyoxometalate (AgPOM) nanoparticles, urea,

gelatin, and tea polyphenols (TPs)

Exhibits antibacterial activity, accelerates wound
healing, and shows potential as a therapeutic agent for

drug-resistant bacteria-infected wounds
[145]

CMCS-brZnO hydrogel: Injectable hydrogel
synthesized by incorporating fusiform-like zinc oxide

nanorods (brZnO) into carboxymethyl chitosan
(CMCS)

Demonstrates injectability, self-healing, tissue
adhesion, antibacterial activity, and promotion of

wound healing through sustained release of
antibacterial Zn(2+) ions

[146]
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Table 4. Cont.

Hydrogel Composition Outcomes Ref.

Silk fibroin-hyaluronic acid based injectable hydrogel
incorporated with mace-like Au-CuS heterostructural

nanoparticles (gAu-CuS HSs)

Enhances hemostasis, exhibits antibacterial activity,
regulates cytokine expression, promotes angiogenesis,
and accelerates wound healing, making it a promising

strategy for diabetic wound healing

[147]

PH/sFDM hydrogel containing nano-sized suspended
formulation and Pluronic F127/hyaluronic acid (HA)

Promotes neovessel formation, collagen deposition,
blood reperfusion, and reduces necrosis and fibrosis in

cutaneous wound and hindlimb ischemia models
[148]

Self-assembling hydrogels based on thiolated
hyaluronic acid (HA-SH) and bioactive silver-lignin

nanoparticles (Ag@Lig NPs)

Inhibits proteolytic enzymes, oxidative enzymes, and
bacteria, while promoting tissue remodeling and skin

integrity restoration in chronic wounds
[149]

Guar gum-grafted-polyacrylamidoglycolic acid
(GG-g-PAGA) polymer-based silver nanocomposite

(AgNC) hydrogels

Exhibits self-healing ability, injectability, stretchability,
flowability, high swelling, porosity, mechanical

behavior, and biodegradability, suitable for
wound-healing applications

[150]

Abbreviations: sFDM, Human fibroblast derived matrix in nano-sized suspended formulation.

The aforementioned studies serve as significant indicators of the potential that hydro-
gels hold in the realm of wound healing applications. With their inherent thermo-sensitivity,
controlled release capabilities, antibacterial properties, and ability to facilitate various
wound-healing processes, hydrogels offer a promising avenue for accelerating the healing
of wounds, managing infections, and promoting tissue regeneration. The versatile formu-
lation and properties of hydrogels further contribute to their efficacy in wound care. As
research and development in this field progresses, the role of hydrogel-based materials in
enhancing wound care and improving patient outcomes is expected to be further enhanced.

6. Photothermal

The use of injectable hydrogels has emerged as a promising approach for vari-
ous modalities of cancer therapy. Specifically, studies have focused on developing
injectable hydrogel systems for chemo-photothermal therapy, targeted drug delivery,
and combination therapies.

In the realm of chemo-photothermal therapy, innovative hydrogel formulations have
been developed to enhance therapeutic outcomes. For instance, a study investigated an in-
situ-forming hydrogel incorporating dopamine-reduced graphene oxide (DOPA-rGO) and
resveratrol for breast cancer therapy [30]. Another study developed an in-situ-injectable
PEG hydrogel system loaded with albumin nanoparticles, demonstrating efficient singlet
oxygen generation and hyperthermia, resulting in enhanced cancer cell killing [31]. Fur-
thermore, injectable and biodegradable nano-photothermal DNA hydrogel nanoparticles
were engineered to improve tumor cell sensitivity to photothermal and photodynamic
treatments [32]. These studies highlight the potential of injectable hydrogels in chemo-
photothermal therapy, providing targeted and effective options for cancer treatment.

Moreover, injectable hydrogels have been explored for targeted drug delivery and
combination therapies. A self-healing nanocomposite hydrogel carrying graphene oxide
(GO) and nano-hydroxyapatite (HAP) exhibited tumor inhibition and photothermal effects,
offering a potential treatment for tumors without the side effects of chemotherapy [33]. An
intelligent thermo-responsive hydrogel system loaded with berberine hydrochloride (BH)
demonstrated enhanced anti-tumor activity when combined with laser irradiation [34].

Recent advancements have expanded the applications of injectable hydrogels in cancer
therapy. For example, an injectable nano-composite hydrogel based on hyaluronic acid-
chitosan derivatives demonstrated simultaneous photothermal-chemotherapy of cancer
with anti-inflammatory capacity, exhibiting favorable tumor inhibition effects [35]. A silk
fibroin nanofiber hydrogel system complexed with upconversion nanoparticles and nano-
graphene oxide showed excellent biocompatibility and efficient cancer cell ablation through
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upconversion luminescence imaging and photothermal therapy [36]. Additionally, an
injectable and near-infrared (NIR)/pH-responsive nanocomposite hydrogel incorporated
gold nanorods, enabling sustained drug release and offering therapeutic potential for
chemophotothermal synergistic cancer therapy [37].

Furthermore, the development of bifunctional biomaterials has been explored for bone
tumor therapy, combining tumor photothermal therapy with enhanced bone regenera-
tion [38]. The utilization of injectable thermosensitive hydrogels loaded with deferasirox
nanoparticles presented a potential strategy for combined chemo-photothermal therapy in
melanoma, offering localized drug delivery and photothermal therapy [39]. Please refer to
Table 5 for a description of the hydrogel materials used in photothermal therapy.

Table 5. Different hydrogel materials used for photothermal therapy.

Hydrogel Materials and Composition Outcomes Ref.

Chitosan-based injectable in-situ-forming hydrogels
containing dopamine-reduced graphene oxide

(DOPA-rGO) and resveratrol (RES)

Exhibits injectability, in situ gelation, suitable
physicochemical properties, and good cytocompatibility, and

significantly enhances the efficacy of chemo-photothermal
therapy in breast cancer cells.

[30]

In situ injectable PEG hydrogel system formulated
with albumin nanoparticles

Exhibits hyperthermia, singlet oxygen ((1)O(2)) generation,
and enhanced killing of tumor cells, showing potential for

ablation of poorly responsive hypoxic tumors.
[31]

Injectable and biodegradable nano-photothermal
DNA hydrogel

Exhibits improved penetration, sensitivity to photothermal
therapy (PTT) and photodynamic treatment (PDT), easy

cellular uptake, enhanced anti-tumor activity, and reduced
drug resistance, providing a safe and efficient supplement for

cancer therapy.

[32]

Injectable and self-healing nanocomposite hydrogel
loaded with needle-like nano-hydroxyapatite (HAP)

and graphene oxide (GO)

Effectively inhibits tumor cell proliferation, realizes the
synergistic effect of photothermal therapy, and shows

potential as an effective treatment approach for tumors.
[33]

Injectable in situ intelligent thermo-responsive
hydrogel with glycyrrhetinic acid (GA)-conjugated

nano graphene oxide (NGO)

Exhibits sustained and temperature-dependent drug release,
enhanced anti-tumor activity when combined with laser
irradiation, and shows potential for clinical treatment of

malignant tumors.

[34]

Injectable nano-composite hydrogel based on
hyaluronic acid-chitosan derivatives

Demonstrates tumor inhibition through a comprehensive
approach of photothermal therapy, chemotherapy, and

anti-inflammatory effects.
[35]

Silk fibroin nanofiber (SF) hydrogel system
complexed with upconversion nanoparticles and

nano-graphene oxide (SF/UCNP@NGO)

Shows potential for tumor imaging and therapy, with
excellent biocompatibility, efficient cancer cell ablation, and

outstanding antitumor efficacy.
[36]

Injectable, near-infrared (NIR)/pH-responsive
nanocomposite hydrogel

Demonstrates potential as a long-term drug delivery platform
for chemophotothermal synergistic cancer therapy, reducing
adverse effects and enabling prolonged drug retention in the

tumor region.

[37]

Thermosensitive TMPO-oxidized
lignocellulose/cationic agarose hydrogel

Shows potential for photothermal therapy in melanoma, with
short gelation time, high mechanical strength, efficient drug
release, and reduced cytotoxicity with laser light irradiation.

[39]

These studies highlight the potential of hydrogels in cancer therapy by providing a
platform for synergistic treatments, controlled drug release, tumor ablation, and prolifer-
ation control. By leveraging these capabilities, hydrogels offer promising strategies for
improving therapeutic efficacy and reducing adverse effects in cancer treatment.
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7. Other Biomedical Applications
7.1. Angiogenesis

Injectable hydrogels have emerged as versatile biomedical tools with wide-ranging
applications, including the treatment of ischemic brain injury, cardiovascular diseases, and
cancer therapy. These hydrogels hold significant potential for addressing critical challenges
in these fields.

In the context of ischemic brain injury, a promising approach involves the combination
of bone marrow mesenchymal stem cells (BMSCs) with rigid-flexible composite scaffolds.
This synergistic approach has demonstrated improved therapeutic effects by reducing brain
edema, infarct volume, and neurological deficits, while promoting neuronal proliferation
and vascular growth. Such advances in the use of injectable hydrogels with BMSCs hold
promise for the treatment of brain injuries [42].

Furthermore, injectable hydrogels have shown promise in tissue regeneration. For ex-
ample, a sulfated cellulose nanocrystal (CNC-S) hydrogel loaded with vascular endothelial
growth factor (VEGF) has been developed to facilitate tissue regeneration by promoting
cellular infiltration and angiogenesis. This innovative hydrogel-based approach offers a
potential solution for promoting tissue regeneration in various clinical scenarios [43].

The use of injectable hydrogels in the treatment of cardiovascular diseases has also
been explored. A comprehensive review highlights the potential of injectable hydrogels
as minimally invasive therapies for cardiac applications. The review discusses various
strategies, including the combination of hydrogels with stem cells, cytokines, nanoparticles,
exosomes, and genetic material. These strategies present exciting possibilities for improv-
ing cardiac function and promoting tissue regeneration in the context of cardiovascular
diseases [44].

Moreover, injectable hydrogels demonstrate promise in targeted cancer therapy. A
thermo-responsive nano-hydrogel loaded with triptolide has exhibited localized and
sustained-release treatment of breast cancer. This approach displays enhanced cytotoxicity
and anti-angiogenesis effects, underscoring the potential of injectable hydrogels in targeted
cancer therapy. Such advancements hold considerable potential for improving cancer
treatment outcomes [45].

Collectively, these studies highlight the remarkable capability of injectable hydrogels
to address critical challenges in ischemic brain injury, tissue regeneration in cardiovascular
diseases, and targeted cancer therapy. The development and utilization of injectable hydro-
gels in these areas pave the way for significant advancements in biomedical applications,
improving patient outcomes.

7.2. Antibacterial

Injectable hydrogels have emerged as a versatile tool in various biomedical applica-
tions, including active cargo delivery, tissue regeneration, antibacterial applications, and
bone reconstruction. One notable example of the potential of injectable hydrogels is found
in the development of an antimicrobial colloidal hydrogel. This hydrogel incorporates
graphene oxide (GO), thermo-sensitive nanogels (tNG), and silver nanoparticles (AgNPs).
The resulting hydrogel possesses several desirable features, including tunable mechanical
strength, responsive drug release, high antibacterial activity, temperature responsiveness,
and self-healing properties. Such multifunctional characteristics make this hydrogel suit-
able for scaffold-based applications and antibacterial therapies, positioning it as a promising
material with broad biomedical applications [151,152].

In the realm of bone regeneration and reconstruction, injectable bone substitutes com-
posed of carrageenan (CG), nano-hydroxyapatite (nHA), and polymethylmethacrylate
(PMMA) bone cement have demonstrated significant promise. These substitutes exhibit
exceptional osteoblast adhesion, tissue regeneration potential, antimicrobial properties,
remineralization capacity, as well as favorable physicochemical and mechanical perfor-
mance. By offering a versatile solution for bone tissue engineering that does not solely
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rely on pharmaceutical drugs, these injectable bone substitutes represent a significant
advancement in the field [153,154].

These examples highlight the potential of injectable hydrogels in advancing biomed-
ical applications. Through their unique properties and versatile formulations, injectable
hydrogels continue to pave the way for groundbreaking developments in the fields of active
cargo delivery, tissue regeneration, antibacterial applications, and bone reconstruction.

7.3. Immiunotherapy

The field of injectable biomaterials has witnessed notable progress, resulting in in-
novative strategies for personalized cancer immunotherapy and tumor treatment. These
advancements offer promising avenues to augment immune responses and effectively
combat tumors.

One significant study involves the utilization of a self-assembled nano-vaccine plat-
form that combines a conjugate of Toll-like receptor 7/8 agonist and tumor epitope
(TLR7/8a-epitope) [46]. This nano-vaccine has demonstrated the capacity to enhance CD8
T-cell immunity, positioning it as a promising candidate for personalized immunotherapy
in the treatment of melanoma tumors.

Another promising development revolves around the design of injectable smart hy-
drogels (ISHs) as a robust cancer vaccine platform. These hydrogels have the ability to
recruit dendritic cells (DCs) and elicit tumor-specific immune responses, resulting in the
eradication of melanoma tumors in preclinical mouse models. The ISHs offer a targeted
and efficient approach to stimulate immune responses against cancer [47].

The integration of nanotechnology and biomaterials has played a pivotal role in
advancing injectable biomaterials for cancer immunotherapy and tumor treatment [48].
Organic and polymeric carriers have also emerged as valuable tools in localized tumor
chemo-immunotherapy, contributing to enhanced treatment effectiveness [49]. These
technologies find diverse applications in diagnostics, drug delivery, cancer treatment, and
tissue engineering, facilitating the development of personalized therapeutic strategies.

Furthermore, an injectable immunotherapy system based on a sodium alginate hydro-
gel has exhibited promise in inhibiting tumor recurrence and metastasis [50]. This system
presents a potential strategy for adjuvant immunotherapy, providing supplementary sup-
port in cancer treatment.

Collectively, these advancements underscore the substantial potential of injectable
biomaterials in personalized cancer immunotherapy and tumor treatment. The uti-
lization of nanovaccine platforms, ISHs, organic and polymeric carriers, and sodium
alginate hydrogels exemplifies the broad spectrum of applications and advantages
offered by injectable biomaterials in the fight against cancer. These innovative ap-
proaches pave the way for more targeted, efficient, and personalized therapies in
cancer immunotherapy [46–50].

7.4. Cartilage Repair

Significant strides have been made in recent investigations aimed at the development
of injectable hydrogels for cartilage regeneration, presenting promising strategies to tackle
the challenges associated with cartilage tissue engineering.

One notable approach involves the formulation of an injectable double-crosslinked
hydrogel functionalized with kartogenin (KGN)-conjugated polyurethane nanoparticles
(PN-KGN) and transforming growth factor beta3 (TGF-beta3) [51]. This hydrogel effec-
tively promotes the migration and chondrogenesis of endogenous mesenchymal stem cells
(MSCs), offering a viable in situ strategy for cartilage regeneration.

Another study focuses on an injectable biphasic semi-interpenetrating polymer net-
work (SIPN) hydrogel impregnated with chondroitin sulfate (ChS) nanoparticles and
ChS-loaded zein nanoparticles [52]. These nanoparticles are dispersed within injectable
SIPNs developed by blending alginate with poly(vinyl alcohol) and calcium crosslinking.
This hydrogel exhibits compatibility with chondrocytes and stimulates cartilage-specific
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gene expression and protein synthesis, demonstrating promise for the regeneration of
hyaline cartilage.

Furthermore, a novel injectable biphasic hydrogel composed of partially hydrolyzed
polyacrylamide (HPAM) crosslinked with chromium acetate and incorporating nanocrys-
talline hydroxyapatite (nHAp) has been developed [53]. This hydrogel supports cell
viability and differentiation, positioning it as a prospective candidate for applications in
cartilage tissue engineering.

In aggregate, these studies contribute to the advancement of injectable hydrogels for
cartilage regeneration. By facilitating cell migration, chondrogenesis, and the expression of
cartilage-specific genes, these hydrogels offer promising solutions for effective cartilage
repair and regeneration.

7.5. Other Applications

The integration of nanomaterials with injectable self-healing hydrogels has yielded
significant progress in therapies and regenerative medicine, showcasing their potential
across a wide range of therapeutic domains.

In the field of cancer therapy, researchers have explored the combination of self-healing
hydrogels with nanomaterials, such as Mn-Zn ferrite@mesoporous silica nanospheres and
DOX [155]. This integration allows for tumor imaging and synergistic magnetothermal-
chemo-chemodynamic therapy, offering efficient diagnosis and treatment for tumors.

Nano-engineered materials have been employed to enhance artificial extracellular
matrices (ECMs) for improved cell scaffolds [156]. By modifying the mechanical properties
of ECMs and providing dynamic stimuli, these materials enable wireless monitoring of cell
status within cultures, leading to advancements in artificial ECMs.

For neurodegenerative diseases, a bioactive self-healing hydrogel based on a tannic-
acid-modified gold nano-crosslinker has emerged as a potential injectable brain implant for
treating Parkinson’s disease [157]. This hydrogel promotes neural stem cell proliferation
and differentiation, possesses anti-inflammatory properties, and effectively restores motor
function in a rat model of Parkinson’s disease.

Biodegradable polymers (BDPs) have gained prominence in various biomedical ap-
plications, including ophthalmic drug delivery [158]. Leveraging BDP-based implants,
microneedles, and injectable particles enables targeted drug delivery to the ocular posterior
segment, enhancing drug retention and bioavailability for ophthalmic treatments.

Advancements in nano- and micro-technologies have empowered researchers to exert
precise control over hydrogel properties and functionalities for regenerative engineer-
ing [159]. These advancements hold significant implications for tissue engineering, encom-
passing musculoskeletal, nervous, and cardiac tissues.

Additionally, the development of an injectable conductive hydrogel shows promise in
myocardial infarction (MI) treatment [160]. This hydrogel exhibits comparable myocardial
conductivity and anti-fatigue performance. When loaded with plasmid DNA encoding en-
dothelial nitric oxide synthase (eNOs) and adipose-derived stem cells (ADSCs), it improves
heart function, thereby presenting a potential therapeutic strategy for MI treatment.

In the realm of dermal fillers, hyaluronic acid (HAc)-hydroxyapatite (HAp) compos-
ite hydrogels have been formulated as injectable fillers with enhanced biostability and
bioactivity [161]. These composite fillers stimulate dermis recovery, collagen synthesis,
and elastic fiber formation, positioning them as attractive candidates for long-lasting and
multifunctional soft tissue augmentation.

Nanotechnology-based delivery vehicles are being investigated for the treatment of
erectile dysfunction (ED) [162]. These vehicles exhibit promise in topical drug delivery,
injectable gels, hydrogels for nerve regeneration, and encapsulation of drugs to enhance
erectile function. Basic science studies underscore the potential of nanotechnology in
developing therapies for ED, highlighting its utility in addressing male sexual dysfunction.

Lastly, a dual-network hydrogel based on an ionic nano-reservoir (INR) has been de-
veloped for sealing gastric perforations [163]. This hydrogel displays exceptional adhesion
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and mechanical properties, offering a potential solution for biomedical challenges such as
gastric perforation treatment.

Collectively, these studies and advancements underscore the diverse applications and
potential benefits arising from the integration of nanomaterials with injectable hydrogels in
various therapeutic areas.

7.6. Perspective

The literature review highlights several significant trends and perspectives in the
fields of drug delivery, tissue engineering, wound healing, cancer therapy, and therapeutic
applications of injectable hydrogel systems. Injectable hydrogels have gained popularity as
versatile platforms for drug delivery due to their gelation upon injection, which enables
localized and sustained drug release [4,55,56,60,63,64,73–78,80,103]. Achieving targeted
and localized drug delivery to specific sites, such as tumor cells or pathological areas, has
been a major focus of research, and various strategies have been explored to achieve this
objective [40,41,59,62,73,75,77].

Another essential aspect of drug delivery systems is sustained and controlled drug release,
which can enhance therapeutic efficacy and minimize side effects. Various techniques have been
employed to achieve sustained drug release, including hybrid formulations, nanogels, liposome-
in-gel systems, and thermo-responsive hydrogels [3,40,59,62,63,72,73,75,80]. Furthermore, the
integration of drug delivery systems with other therapeutic agents or techniques, known as
combination therapies, has shown promise in achieving synergistic effects and improving
treatment outcomes [40,56,59,60,74,75,77,80].

In the field of bone tissue regeneration and treatment of bone defects, hydrogel-based drug
delivery systems have demonstrated significant potential. Various agents, such as peptides,
calcium cations, micelles, and growth factors, have been incorporated into hydrogels to promote
osteogenesis, bone formation, and bone regeneration [81,82,85,95,97,98]. Additionally, efforts
have been focused on tailoring the mechanical properties and adaptability of hydrogels for
specific applications, with the aim of enhancing mechanical strength, macroporosity, and
adaptability to facilitate cell proliferation, implantation, and tissue engineering [94,95,97,100].

In the field of tissue engineering, the reviewed literature reveals patterns that high-
light the versatility and potential of hydrogels. Aligned nanofiber yarns within hydrogel
scaffolds have shown potential in promoting the alignment and elongation of nerve cells
and other cell types, which is beneficial for nerve and bone tissue engineering [106,107].
Controlled release of bioactive substances from hydrogels has been demonstrated, enabling
sustained release and promoting cell proliferation and tissue regeneration [6]. The incorpo-
ration of nanoparticles into hydrogels improves their mechanical and chemical properties,
leading to enhanced cell viability, attachment, and proliferation, making them suitable for
various tissue regeneration applications [108,112,116,125]. Injectable and thermosensitive
hydrogels have been developed, offering advantages such as adjustable crosslinking, in-
jectability, and support for cell proliferation and differentiation [8,115]. Interpenetrating
network structures in hydrogels show promise for bone tissue engineering by provid-
ing porous structures, improved mechanical properties, and support for cell implanta-
tion [117,118,126].

In the field of bone tissue engineering and regeneration using hydrogel systems,
controlled release systems have shown potential in enhancing osteogenic differentiation
and bone formation by delivering bioactive factors over time [9,11]. Hydrogels have
demonstrated biocompatibility and the ability to integrate with native tissues, making
them suitable for tissue engineering and implantation [13]. Composite hydrogels with
improved mechanical properties have been developed, exhibiting osteogenic potential
and facilitating bone healing [19,25]. Additionally, hydrogels have shown promise in
the treatment of various bone defects, including critical-size defects and infectious bone
defects [10,23,132]. Advancements in rheological properties, injectability, and self-assembly
capabilities have further improved the ease of application and in situ gel formation [22,26].
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In the field of wound healing, the literature review reveals important trends and poten-
tial applications of injectable hydrogel systems. Thermo-sensitive hydrogels with antibacte-
rial properties and tissue adhesion have shown potential for wound healing [134,139,146].
Hydrogels with controlled release capabilities and biocompatibility have demonstrated
effectiveness in diabetic wound repair [135,138,142,147]. Various hydrogel formulations
have been developed to promote wound healing, tissue regeneration, and control infec-
tions [28,136,140,141,147,148]. Antibacterial hydrogels have shown efficacy in inhibiting
bacterial growth and managing drug-resistant infections [137,144,145,149]. Certain hy-
drogels also exhibit hemostatic abilities, contributing to efficient wound closure [143,147].
Injectable, self-healing, and versatile hydrogels have been designed for easy application
and adaptation to different wound types [146,150].

In the field of cancer therapy, hydrogel systems have shown promise in improving
therapeutic outcomes. The combination of multiple treatment modalities within hydro-
gels has been shown to have synergistic effects, leading to improved outcomes [30,32,35].
Hydrogels with controlled and temperature-dependent drug release capabilities have
demonstrated targeted delivery and enhanced anti-tumor activity [34]. Additionally, hydro-
gels have shown potential in tumor ablation and inhibition through hyperthermia, singlet
oxygen generation, and comprehensive treatment approaches [31,33,35]. The physico-
chemical properties and cytocompatibility of hydrogels further contribute to their clinical
applicability in cancer therapy [30].

The integration of nanomaterials with injectable hydrogels opens up promising possi-
bilities for therapeutic applications [49,156]. These hybrid systems have shown therapeutic
effects in various diseases and conditions, including ischemic insult, CNS diseases, cancer,
neurodegenerative diseases, ophthalmic treatments, tissue engineering, myocardial infarc-
tion, dermal fillers, erectile dysfunction, and gastric perforations. Nanomaterial-integrated
hydrogels serve as versatile platforms for targeted drug delivery, tissue regeneration,
immunotherapy, and implantable devices in biomedical contexts [49,156]. The combina-
tion of nanomaterials with injectable hydrogels enables synergistic treatment approaches,
leading to improved outcomes in diagnosis, drug release, and therapeutic efficacy. The
biocompatibility and biodegradability of these hydrogels make them suitable for long-term
implantation or drug release without adverse effects [156,159]. Furthermore, injectable
hydrogels integrated with nanomaterials hold promise for personalized therapies, tailoring
treatments to individual patients and enhancing therapeutic effects against tumors [46,47].

It is also important to note that while the literature review provides valuable insights,
further research and development are still necessary to overcome challenges and optimize
the use of injectable hydrogel systems in clinical settings. Future studies could focus on
refining the design and properties of hydrogels, exploring new combinations of therapeutic
agents, advancing the understanding of their interactions with biological systems, and
conducting rigorous preclinical and clinical trials to establish their safety and efficacy.

8. Conclusions

In conclusion, the development of nanostructured injectable hydrogel systems has
advanced biomedical applications and expanded therapeutic possibilities. These materi-
als play a crucial role in drug delivery, tissue engineering, wound management, cancer
therapy, and bone regeneration. Injectable hydrogels provide precise control over drug
release, targeted delivery, and improved mechanical properties. They show promise in
various areas such as cardiac regeneration, joint diseases, ocular disorder treatment, and
gynecological drug delivery. Furthermore, they have potential applications in diabetes
treatment, wound healing, cancer therapy, and neuroregeneration. The integration of
nanomaterials with injectable hydrogels has further broadened their use in advanced thera-
pies and regenerative medicine. Ongoing advancements in hydrogel-based systems drive
innovation in drug delivery and tissue engineering, leading to personalized treatments
and improved patient outcomes. With their versatility, controlled release capabilities, and
biocompatibility, injectable hydrogels offer a promising platform for addressing clinical
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challenges and revolutionizing medical treatments. They hold great potential for the future
of regenerative medicine and contribute to the advancement of healthcare.
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Abstract: Bladder cancer (BC) is the tenth most common type of cancer worldwide, affecting up
to four times more men than women. Depending on the stage of the tumor, different therapy
protocols are applied. Non-muscle-invasive cancer englobes around 70% of the cases and is usually
treated using the transurethral resection of bladder tumor (TURBIT) followed by the instillation
of chemotherapy or immunotherapy. However, due to bladder anatomy and physiology, current
intravesical therapies present limitations concerning permeation and time of residence. Furthermore,
they require several frequent catheter insertions with a reduced interval between doses, which is
highly demotivating for the patient. This scenario has encouraged several pieces of research focusing
on the development of drug delivery systems (DDS) to improve drug time residence, permeation
capacity, and target release. In this review, the current situation of BC is described concerning the
disease and available treatments, followed by a report on the main DDS developed in the past few
years, focusing on those based on mucoadhesive polymers as a strategy. A brief review of methods
to evaluate mucoadhesion properties is also presented; lastly, different polymers suitable for this
application are discussed.

Keywords: mucoadhesion; drug release; bladder tumor; polymeric hydrogels; intravesical therapy

1. Overview

One of the most probable causes of mortality in the worldwide population is cancer.
The prevalence of this set of diseases seems to be decreasing very slowly due to enhance-
ments in early detection and better treatments. Nevertheless, cancer remains a major
problem concerning public health systems [1]. Above 18 million new cases are diagnosed
each year, and one in every five people develops this condition before the age of 75 years
old. Subsequently, around 10 million people die from cancer per year [2].

Bladder cancer is the tenth most common type, representing 3% of the new diagnoses
and 2.1% of cancer deaths [2,3]. Focusing on gender, men present three to four times more
chances to develop bladder cancer than women [4].

Moreover, there is a significant variance concerning occurrence in the geographical
regions; higher rates are observed in Europe and North America, while a lower percentage
of cases can be found in Latin America and Northern Africa (Figure 1). The registers
concerning bladder cancer vary around the world and are more easily found in European
countries and Australia. Developing countries usually lack registers of regional recurrence
of cases, in addition to being deficient in providing access to care and diagnostic procedures.
However, the differences in recurrence are mostly due to differences in exposure to risk
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factors such as cigarette smoking, chemical carcinogens, chemotherapy, pelvic radiother-
apy, traces of arsenic in drinking water, or endemic chronic urinary infections caused by
Schistosoma haematobium [3,5].

Figure 1. Age-standardized incidence rates of bladder cancer in the world according to the World
Health Organization. Reprinted from Bladder Cancer, The Global Cancer Observatory, Copyright
(2020) [2].

Smoking is the main risk factor for bladder cancer and is related to up to 50% of
all cases, particularly urothelial tumors. On the other hand, the infection by Schistosoma
haematobium is usually related to squamous cell carcinoma. For example, in Egypt, where
there was an endemic scenario related to schistosomiasis, there is a dominance of this type
of bladder cancer [3].

The symptoms that could potentially indicate the existence of the tumor are the
presence of blood in the urine, irritative voiding symptoms such as urgency to urinate
frequently, and repetitive urinary infections. Furthermore, 75% of bladder tumors are
non-muscle-invasive (urothelial) and, therefore, less aggressive, while the other 25% are
muscle-invasive or metastatic diseases. The stage of urothelial carcinoma is the most
important prognostic factor, which is based on cytologic atypia.

The tumors are classified according to the TNM scale, which describes tumor size/depth
and nodal or metastatic spread (Ta, T1, T2, T3, or T4—Figure 2), and the muscle-invasive
forms are those above T2. However, T1 tumors must receive significant attention because
they affect the lamina propria, which indicates their potential to become invasive [6,7].
Depending on the disease stage, different protocols of therapies are required. Superficial
tumors are often treated with single instillation of mitomycin C (MMC), epirubicin, gemc-
itabine, or BCG (bacillus Calmette–Guérin), while more invasive tumors may demand the
combination of more than one drug for chemotherapy [8,9].
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Figure 2. Bladder cancer stages according to TNM classification. Created with BioRender.com
adapted from Surgery, 34:10, Down et al., Bladder Cancer, Pages 532–539, Copyright (2016), with
permission from Elsevier [7].

2. Fundamentals
2.1. Mucosa Structure

The urinary bladder wall is composed of the urothelium (inner layer), the lamina
propria (submucosal connective tissue layer), the muscular layer, and the serosal layer
covering it on the outer layer (Figure 3). Usually, women present 3.0 ± 1.0 mm of bladder
wall thickness, while men present 3.3 ± 1.1 mm [10].

The internal face of the bladder is covered by a mucosa composed of transitional
epithelium known as the urothelium, basement membrane, and sub-urothelium. The
urothelium is a specialized epithelium coated with mucopolysaccharide and glycosamino-
glycan, with an important function of protection from the urine. The structure of this
mucosal surface is wrinkled, which allows the cycles of filling and voiding the vesicle
without compromising the barrier function. The urothelium has three layers; the first one
is made of basal cells attached to a basement membrane. The superficial layers, i.e., the
second and the third ones, are made of large hexagonal cells, the umbrella cells. One of
the main functions of the urothelium is to isolate the urine from the underlying tissues,
which is possible due to the tight junctions between umbrella cells. Between the urothelium
and the detrusor layer, there is a layer composed of an extracellular matrix known as the
“sub-urothelium”. This layer contains fibril-shaped or bundle-shaped collagens (type I
and III), an elastin fibrous network, interstitial cells, fibroblasts, adipocytes, afferent and
efferent endings, blood vessels, and a muscular layer called muscularis mucosae [10,11].
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Figure 3. Layers that compose the bladder wall. The inner layer is called the urothelium, and its
luminal surface is covered with glycosaminoglycan (GAG). The urothelium is composed of three
sublayers. The first one is made of basal cells attached to a basement membrane; the superficial
layers, i.e., the second and the third ones, are made of large hexagonal cells, the umbrella cells. Under
the urothelium, the submucosa or lamina propria is composed of fibril-shaped or bundle-shaped
collagens (type I and III), an elastin fibrous network, interstitial cells, fibroblasts, adipocytes, afferent
and efferent endings, and blood vessels. Lastly, the outer layer is the muscular one (detrusor) covered
by the adventitia. Created with BioRender.com, adapted from open access Wang et al., Pharmaceutics;
published by MDPI, 2021 [12].

2.2. Available Treatments

Superficial bladder cancer is the most frequent form of bladder cancer. Usually,
it is treated by telescopic removal of the tumor using a technique called transurethral
resection of bladder tumor (TURBIT), followed by the instillation of chemotherapy or
immunotherapy. The monitoring of the bladder is conducted by cystoscopy. Around 70%
of the patients diagnosed with bladder cancer present the non-muscle-invasive kind. The
American Urological Association (AUA) classifies patients into low-, intermediate-, and
high-risk categories, according to factors such as age, smoking history, and symptoms
(Figure 4) [9]. Low-risk tumors (low-grade Ta) are treated by TUBIT followed by a single
instillation of a chemotherapy drug (MMC, epirubicin, or gemcitabine, for example) [13].
High-grade Ta and T1 just treated with TURBIT present a 50% chance of recurrence; thus, it
is common to combine TURBIT with MMC or BCG. Chemotherapy is used when there is a
greater risk of progression or recurrence in non-muscle-invasive types.

When the patient presents a high risk, major surgery to remove the organ (cystectomy)
could be considered. In cases where the tumor has invaded the bladder muscle, the
cure may be achieved via treatment with chemotherapy, radiotherapy, or cystectomy.
On the other hand, when the tumor presents too high a grade and, therefore, does not
have a perspective of cure, treatment with radiotherapy and chemotherapy are extremely
recommended [14].
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Figure 4. Stratification system for superficial bladder cancer.

BCG was developed as a vaccine for the prevention of tuberculosis disease. However,
it has been applied in oncology as an immunotherapeutic for several types of cancer,
including non-muscle-invasive bladder cancer. Since 1976, BCG has been recommended for
superficial bladder cancer treatment for patients who present a high risk for recurrence and
progression as it is the best option to delay them [6]. The vaccine acts by recruiting different
types of cells in the tumor microenvironment, such as CD4+ and CD8+ lymphocytes,
granulocytes, macrophages, and dendritic cells, which lead the tumor cells to apoptosis [8].

Non-metastasized bladder tumors are treated with intravesical chemotherapy. Ac-
cording to the tumor progression, a single chemotherapeutic or a combination may be used.
Gemcitabine and cisplatin, dose-dense methotrexate, vinblastine, doxorubicin (DOX) and
cisplatin (MVAC), cisplatin, methotrexate, and vinblastine (CMV), and gemcitabine and
paclitaxel are the common combination drugs [8].

Intravesical formulations to treat bladder cancer must attend to some specific features
such as having the ability to overcome the urothelium wall, molecular weight under or
equal to 200 Da, pH between 6 and 7, and aqueous/organic phase partition coefficient from
−0.4 to −0.2 or from −7.5 to −8.0. In addition, the presence of charge in eventual drug
nanoparticles may help with cellular uptake. Positively charged particles are more rapidly
absorbed into tissues in comparison with anionic or neutral particles [15,16].

Usually, the volume of drug formulation instilled into the urine bladder is around
50 mL. Afterward, micturition is prevented for 1–2 h. Regardless of the preparation of
the patient, residual urine is often present in the human urinary bladder, which causes
dilution of the drug or even washing it out. These circumstances demand frequent catheter
insertion with a reduced interval between doses and even irritation of the urothelial lining or
urinary tract infection. To overcome that, new formulations with improved mucoadhesion,
targeting, and controlled delivery have been studied in the past years [15].

2.3. Drug Delivery Systems (DDS)

One of the main advantages of drug delivery systems is the release of the drug in a
targeted location, increasing the absorption by the organism. Accordingly, drug delivery
systems are an option to increase treatment efficacy.

In DDS, there are generally two factors used to evaluate the efficacy of the system: the
quantity of the drug loading and the duration of the presence of the drug in the organism.
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Consequently, the design of drug delivery systems involves the chemical formulation of
the drugs, the route of administration, the form of dosage, and the use of supplemental
medical devices [17].

Researchers aim to develop a target-specific, effective, and safe drug delivery system
to boost therapeutic actions and reduce side effects. Advances in drug delivery studies
can facilitate the development of an active carrier for targeted action with improved
pharmacokinetic behavior [18].

Drug properties can vary significantly when used to treat the same symptoms, de-
pending on the chemical composition, size, hydrophilicity, and ability to bind to a specific
receptor. The drugs can suffer from insufficient bioavailability due to insolubility in
physiological fluids and low permeability of different organs. Therefore, the therapeutic
performance is dependent not only on the activity of the applied drug but also on the
bioavailability of the targeted site [19].

The delivery of a specific drug at a programmed rate over a prolonged period is a
topic of interest in the drug delivery field. The strategy of releasing drugs at slower rates
is very useful for pharmaceutical ingredients that are either subject to a fast metabolism
and eliminated from the organism quickly after administration or for providing extended
pharmacological action. Sustained drug delivery can be reached by preventing the drug
molecules from completely entering the aqueous environment for a viable period; it can be
achieved by adjusting the degradation speed of the carrier or by adjusting the diffusion rate
of the drug over an insoluble polymer matrix or shell. A constant dosage of drug within
the therapeutic window is beneficial to counter the side-effects related, for example, to
chemotherapy [20].

The ideal drug carrier should have the following characteristics: good biocompatibility
and specific release of drugs at the lesion tissue or targeted cells. Even though no clinical
formulation possesses all these characteristics, researchers continue to design smart DDSs
with multiple functions, aiming to explore improved strategies for the treatment of diseases
and to obtain promising formulations for clinical translation [21]. Below, several DDS
implemented for the treatment of BC are briefly explained.

Thiolated chitosan has been frequently explored for intravesical DDS due to its high
mucoadhesive properties, but usually, this kind of system is used for the delivery of
hydrophilic drugs. To allow the administration of a lipophilic drug in such a system, a
self-emulsifying drug delivery system (SEDDS) decorated with thiolated chitosan was
prepared. Formulations composed of S-protected chitosan complexed with sodium dodecyl
sulfate (SEDDS-CS-MNA-SDS) were those able to be retained in the porcine mucosa for a
longer period after voiding several times [22].

A new intravesical DDS composed of a Foley-type catheter (FT-C), which contains an
inflation balloon at the tip, was developed by replacing the impermeable silicone rubber
of the balloon with a permeable membrane made of interpenetrating polymer network
(IPN). The system allowed the diffusion of water-soluble drugs such as MMC, providing
prolonged drug release into the bladder. Drug release and anti-carcinoma cell efficacy
were investigated. In vitro results showed a sustained release of MMC for up to 12 days
with an inhibitory effect against HTB-9 (ATCC bladder carcinoma cell line), but that time
could be extended once the drug reservoir can be reloaded without removing the catheter.
In vivo short-term studies were also performed in porcine models, and the therapeutic
MMC concentration was released after 2 h. However, optimization of the system and longer
pre-clinical studies are needed, as little or no MMC tissue uptake was observed [23].

Kaldybekov and coworkers [24] developed maleimide-functionalized PEGylated lipo-
somes (PED-Mal) for intravesical drug delivery. The liposomes presented good adhesion to
the bladder mucosa, with a retention of 32% of the formulation after 50 min of washing.
Fluorescence microscopy assays revealed that the PEGylated liposomes presented a higher
capacity of permeation than conventional and PEG-Mal ones. This is mainly because the
maleimide-functionalized PEG liposomes formed strong covalent bonds to the mucosa
slowing down their penetration. Concerning drug release, PEG-Mal liposomes presented
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a sustained release through 8 h while conventional and PEGylated ones presented faster
release, in 2 h and 4 h, respectively.

New approaches to drug design based on nanoparticles and nanostructures for ef-
fective drug delivery are crucial for the future of medical treatment, especially for cancer
therapy. Nanotechnology associated with the appropriate material may present great poten-
tial in increasing drug delivery efficiency. Furthermore, for biomedical applications, they
must be biodegradable, have a prolonged circulation half-life, not be inclined to aggregate
or cause an inflammatory response in the organism, and be cost-effective. The efficacy of
those structures is very dependent on their chemical properties, as well as on their size,
charge, shape, surface modifications, and loading methods [25].

Nanoparticles (NPs) or nanocarriers (NCs) are increasingly considered candidates
to safely carry therapeutic agents into selected sections in the body, such as a cell or a
particular tissue. Various nano or micro delivery systems are designed to encapsulate
the active agent such as polymeric nanocapsules, dendrimers, and liposomes. They can
conceal some of the adverse biopharmaceutical properties of the molecule and replace
them with properties of materials used for nano-delivery systems. Furthermore, advances
in the nanomedical field are also applied for site-specific drug delivery [26]. The benefits
of nanoscience and nanotechnology progress and their application in therapeutic drug
delivery are huge, aiming to overcome the undesirable effects of previous therapies and
develop treatments for several diseases. As a result, the pharmacokinetics can be modulated,
and the transport and specific targeting through the controlled drug release with reduced
dosing can be achieved. In addition, the solubility, biodistribution, and in vivo stability can
be increased [25].

For instance, mesoporous silica nanoparticles were modified superficially with poly
(amidoamine) (PAMAM) dendrimers through a layer-by-layer method for the delivery of
DOX in the treatment of bladder cancer. The number of PAMAM dendrimer layers was
capable of controlling the release rate of the system which was triggered by acid pH. The
mucoadhesion was increased by enhancing the number of amino groups in the PAMAM.
This was concluded after observing the increase in the hydrodynamic size of nanoparticles
after electrostatic interactions between their positive charges and the mucin’s negative
charges. However, there was no significant difference between two and three layers of the
polymer, indicating its biding saturation [27].

Self-immolative systems (SIS) are systems capable of being activated by a stimulus that
will initiate spontaneous intramolecular disassembling, breaking them into their building
blocks and, therefore, releasing the drug encapsulated in the structure. This feature has
received attention as it is possible to program the drug release according to the specific en-
vironment found in diseased tissues such as different pH, reductive conditions, or enzyme
expression [28]. The synthesis of a macromolecular system with high renal clearance effi-
ciency and activatable near-infrared fluorescence was reported as a self-immolative system
with the potential for real-time noninvasive imaging of orthotopic bladder cancer (Figure 5).
The aminopeptidase N enzyme (APN) has paramount importance in the processes of tumor
invasion, angiogenesis, and metastasis; accordingly, it is overexpressed in BC, in a way that
its levels indicate the tumor size, lymph node metastasis, and metastasis stage. In addition,
APN is considered a reliable urinary biomarker for BC detection. However, the challenge
related to the optical imaging of BC relies on the ability of probes to go through renal
clearance to reach the bladder and to present high specific signals concerning BC-associated
biomarkers. The preclinical results of this study showed a renal clearance efficiency of 94%
ID 24 h post-injection, and the synthesized macromolecule was effectively able to detect
the APN levels related to bladder cancer [29].
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Figure 5. Scheme representing the design and mechanisms of the renal-clearable macromolecular
reporter (CyP1) for NIRF imaging and urinalysis of BC in living mice. Chemical structures of CyP1
and its activated form as CCD in response to APN (R = H or CH2CHOHCH3) are also represented.
Huang et al.: A Renal-Clearable Macromolecular Reporter for Near-Infrared Fluorescence Imaging of
Bladder Cancer. Angewandte Chemie. 2020. 59. P. 4416. Copyright Wiley-VCH GmbH. Reproduced
with permission [29].

2.4. Adhesion/Bioadhesion/Mucoadhesion

Defined as the formation of an attachment between a biological material and an
artificial substrate, bioadhesion is of interest in the development of drug delivery systems.
Usually, biopolymers show bioadhesive properties and are used for diverse therapeutic
purposes. The bioadhesive polymers can be classified into two groups: (i) specific, with
the ability to adhere to certain chemical structures within the biological molecules, and
(ii) nonspecific, with the capacity of binding the cell surfaces and the mucosal layer [30].

The direct contact between a delivery vehicle and an absorptive epithelium can result
in the intensified specificity and therapeutic effectiveness of delivered compounds [31].
Bioadhesive pharmaceutical formulations are usually designed to enhance drug bioavail-
ability by increasing the residence time of drug compounds and localizing the effect at the
targeted site. Simultaneously, they contribute to local drug delivery formulation design,
improving bioavailability by avoiding metabolic pathways [32,33].

The current mucoadhesive formulations deal, primarily, with adhesion force-mediated
transmucosal drug delivery. Those adhesion forces are generated from the epithelial
cell layer, the mucus layer, or a combination of both. There are various mucoadhesive
formulations, such as gel, tablet, ointment, powder, and film agent, and their sites of
absorption are various mucosal epidermis cells, including buccal and nasal mucosa or
ocular surfaces [34].

While mucoadhesive materials can increase contact with a specific site or tissue, the
mucoadhesion of a system can be compromised by the natural defenses of the body against
the deposition of impurities onto the mucous membrane. Hence, there is a need to possess
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suitable features to help the maintenance of effective drug concentration at the action site,
control the drug release, enable a decrease in drug administration frequency, and increase
patient compliance to the therapy [35].

3. Mucoadhesive Polymeric Drug Delivery Systems

Mucoadhesive DDS may be of diverse types such as particles with surface modifica-
tion (cationic or thiolated particulate system) and chemical or physical drug entrapment
(system composed of nanoparticles and hydrogels). In a system composed of nanoparticles
and hydrogels, it is still possible to obtain non-floating in situ gelations (non-floating com-
posite system of polymeric nanoparticles and hydrogels) [15]. Therefore, to improve drug
residence in the urothelial wall of the bladder, after urination, strategic and advanced for-
mulations (Table 1) have been developed through intelligent drug carriers, which combine
characteristics of solubility, permeability, adhesion, loading, release, and cytotoxic effect
against cancer cells. The mucoadhesion of a system relies on the interaction between the
hydrogel and the mucosa structure. The swelling of the hydrogel during contact with the
mucosa promotes bioadhesion with physical or chemical interactions and helps to induce
cellular uptake. The interactions between the hydrogel and mucosa depend on features
such as molecular weight of the polymer, hydration, hydrogen bonding capacity, chain
flexibility, charge, and biological environmental factors [36]. In Table 2, some advantages
and disadvantages of mucoadhesive DDS are listed.

Table 1. Mucoadhesive polymeric systems for controlled drug release in the bladder—advanced
formulations.

Drug Carrier Polymer Cancer Cells Encapsulation
Efficiency (%) Reference

Doxorubicin Nanodiamonds with
surface modification Chitosan HT-1197 >90 [37]

Doxorubicin Nanoparticles with
surface modification Poly(amidoamine) UMUC3 >90 [27]

Gambogic acid Nanoparticles with
surface modification Chitosan MB49 and MH-3T3 - [38]

Docetaxel Nanogel Polyacrylamide UMC3 and T24 >90 [39]

MMC Gel Chitosan/β-
glycerophosphate - - [40]

Fluorescein
diacetate

Micro and
nanoparticles

CH glycol (GCH),
N-acetylcysteine

(NAC), and
glutadione (GSH)

- 12.2–100% [41]

Gemcitabine
hydrochloride Microspheres

Carbopol 2020 NF,
Eudragit E100

(EE100), poloxamer
and chitosan

T24 (ATCC
HTB4TM) and RT4
(ATCC HTB2TM)

>80 [42]

Paclitaxel Nanoparticles Gelatin - 0.52 [43]

Doxorubicin and
peptide-modified

cisplatin
Nanocapsules Chitosan,

polymethacrylic acid UMUC3 >80 [44]

Paclitaxel Liposomes in a gel
system Gellan gum NBT-II and T24

(ATCC, USA) >90 [45]
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Table 2. Mucoadhesive DDS: advantages and disadvantages [46].

Advantages Disadvantages

Prolong drug residence time at the tumor site Dislodgement of the formulation may happen

Increase drug bioavailability Overhydration may compromise the
formulation structure

Reduce dosing frequency
Improve drug permeability

Reduce the dose of drug administered
Fast onset of action

An emergent delivery system, based on nanodiamonds (NDs) with a massive surface-
to-area ratio, was developed to improve bladder cancer treatment. In this study, chitosan
(CH) was used to attribute adhesiveness, increasing the electrostatic force between the
positive charge of the polymer and the negative charge of the mucosal wall. Furthermore,
the polymer provided steric stability for the colloid, preventing rapid aggregation of the
NDs through ion release when in contact with physiological media. To increase the stability
of NDs loaded with DOX and coated with CH (CH-NDx) in a neutral pH medium, the
CH-NDx were coated with polyanionic molecules (dextran sulfate—DS and pentasodium
tripolyphosphate—TPP). Greater release and greater retention of the drug were identified
in the TPPCH-NDx formulation (75% and 45%, respectively). TPPCH-NDx also proved
to be efficient in the cytotoxic effect against cancer cells, with a lower IC50 compared to
the IC50 of the free drug and the drug trapped only in uncoated NDs. The NDs system
proposed by the authors presented encouraging results, highlighting it as a possible option
for a more efficient bladder cancer treatment [37].

Studies by Wang et al. [27] focused on the surface modification of mesoporous sil-
ica nanoparticles (MSNPs) loaded with DOX, through coating with poly(amidoamine)
(PAMAM). In this study, the potential of loading efficiency, release, mucoadhesion, and
cytotoxic effect could be controlled by the number of PAMAM dendrimer layers on the
surface of MSNPs. Therefore, MSNPs formulations containing zero (G0), one (G1), two
(G2), and three (G3) layers of PAMAM were created for investigation. Mucoadhesion
assays with mucin particles and in ex vivo porcine bladders showed that the MSNPs-G2
formulation showed greater adhesion to the urothelial mucosa compared to MSNPs-G0.
This result is associated with the capacity for electrostatic interaction between positively
charged PAMAM and negatively charged urothelium mucin. The loading efficiency and
100 h DOX release for MSNPs-G2 were 95.5% and 65.3% vs. 94.7% and 93.8% for MSNPs-G0,
respectively. The presence of PAMAM dendrimer decreased the release rate of DOX, but
increased the mucoadhesion of the system, allowing sustained release. The authors also
observed that the release of DOX@MSNPs-G2 is responsive to pH, with values of 89.6%
(pH 4.5), 67.7% (pH 6.1), and 34.3% (pH 4. 5). The study of cytotoxic effects had an IC50
of 1.07 ug/mL for free DOX and 5.63 ug/mL for DOX@MSNPs-G2. The obtention of a
formulation with sustained release is a common problem due to the frequent burst behavior
of hydrogels. In this research, this problem was fixed by upgrading the functionalities of
the materials, such as improvement of mucoadhesion and pH responsiveness.

Xu and coworkers [38] developed mucoadhesive CH nanoparticles modified with
mono-benzylic acid (CB) responsive (SSCB) and nonresponsive (CCCB) carriers to intra-
cellular glutathione (GSH) loaded with the gambogic acid drug (GA) activated by ROS
(reactive oxygen species). In this study, drug release could be triggered by increased GSH
concentration and ROS levels within bladder cancer cells. To efficiently encapsulate hy-
drophobic charges, CH was modified by mono-benzylic acid, to create hydrophobicity
in the amino groups of CH. Part of these amino groups was modified by hydrophobic
portions of the benzyl group. In terms of cytotoxic effect against MB49 (mouse bladder
cancer cells) and NIH-3T3 (mouse fibroblast cells), the IC50 of GA (free drug) was lower
than that of GB (drug activated with ROS). For both cells, the best IC50 was in the order
GA < SSCBGA < CCCBGA. The study of mucoadhesion was carried out in vivo, with
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fluorescence imaging testing using mice. The tested formulations were responsive (SS-
CBGB) and non-responsive (CCCBGB) GB, with Cy7.5 as a positive control. After 60 h of
incubation, SSCBGB and CCCBGB presented enhanced adhesion when compared to free
control. In short, cationic CH promoted the mucoadhesion of the prodrug and ROS-related
properties gave SSCBGB the precision to deliver GA to bladder cancer cells. This system
presented, thus, a great contribution to bladder treatment studies, as it represents a system
with improved residence time and with targeting features.

Another system, composed of a polyacrylamide nanogel (PAm) functionalized with a
cationic amine group (NH2) and loaded with the hydrophobic drug docetaxel (DTX), was
prepared as a mucoadhesive platform for cancer treatment. The interaction between the
hydrophilic matrix and the hydrophobic drug constituted a slow and sustained release of
up to 9 days; after 9 days of experimentation, 76% of DTX was released from the PAm-NH2-
DTX nanogels. The authors carried out a study of the mucoadhesion of PAm-NH2-DTX
nanogels comparing them with free CH. It was identified that PAm-NH2-DTX nanogels
were more mucoadhesive than CH. The cell viability in human urothelial carcinoma cell
lines, UMCU3 and T24, for PAm-N H2-DTX and PAm-DTX was similar to free DTX, but
PAm-NH2-DTX exhibited superior inhibition compared to UMUC3 cells when compared to
T24 cells, with a minimal inhibitory concentration (IC50) of 5.6 ng/mL versus 535.6 ng/mL,
respectively. The IC50 difference became even more pronounced as exposure time increased.
Thus, this study represented an important option of polymer functionalization to increase
mucoadhesive properties, extending the options for systems that present electrostatic
interaction with urothelium beyond those containing CH [39].

Studies by Kolawole et al. emphasized the use of CH with β-glycerophosphate
(CHGP) for its ability to form a thermosensitive in situ gelling system, with physical
crosslinking at 37 ◦C and pH 6. The study related the thermogelling behavior, drug release,
retention, and mucoadhesive properties with the molecular weight of chitosan. In this
way, CH of low (LCH), medium (MCH), and high (HCH) molecular weight was used
for the formulations. HCH in the presence of GP (HCH-GP) showed a higher gelation
index at 37 ◦C of 138.09 PA, compared to the 59.7 and 30.2 PA of MCH-GP and LCH-GP,
respectively. In addition to gelling, mucosal retention was also favored by the high weight
of CH. In contrast, formulations with HCH-GP showed less release of MMC, compared to
formulations of MCH-GP and LCH-GP; therefore, a higher molecular weight of CH led to
the lower release of the drug. The release was still favored in the presence of GP; for all
molecular weights of CH, the formulations that contained GP showed greater release of the
drug compared to the formulations without GP. In terms of mucoadhesion, the presence
of GP in the formulations reduced mucosal adhesion, but the formulations still presented
satisfactory adhesion results. Mediating all results, the HCH-GP formulation was identified
as promising for intravesical application [40]. In this study, the influence of the molar mass
of the polymer chosen on the construction of the system, as well as its behavior concerning
mucoadhesion and drug release, was clear.

The mucoadhesion of CH for intravesical administration through the thiolation process
has been also investigated and reported in the literature. One of the studies addressed
the conjugation of CH glycol (GCH) with thiolated polymers N-acetylcysteine (NAC) and
glutadione (GSH) to produce microparticles (MP) and nanoparticles (NP). The degree of
thiolation by quantifying thiol and disulfide bonds was verified using Ellman’s method.
In particular, GSH- and NAC-GC were characterized by 3.6 and 6.3 mmol of immobilized
free thiol groups and 0.2 and 0.8 mmol of disulfide bonds per gram of polymer conjugate,
respectively. Using the mucin particle method, mucoadhesive properties were measured
as a function of turbidimetry and zeta potential in artificial urine with pH 5.0 and 7.0.
Conjugates of GC with NAC (NAC-GC) and with GSH (GSH-GC), at both pH, showed
greater mucoadhesion compared to unconjugated GC. In all profiles, the NAC-GC formula
had greater adhesion strength. Thus, it is possible to observe that the preservation of the
thiol groups from oxidation and the greater formation of disulfide bonds resulted in the best
mucoadhesion property. Polymer thiolation has been a frequent strategy for mucoadhesion
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improvement [41]. Moreover, studies conducted by Kolawole et al. (2018) showed that,
for CH, mucoadhesion is linked to the degree of methacrylation of H-CH (370 kDa) with
anhydrous methacrylate. Different levels of the degree of methacrylation in CH were
approached as low (LMe-CH) and high (HMe-CHi) molecular weight. Through the ex vivo
study in porcine bladder with sodium fluorescein (FS), the high degree of methacrylation
formula revealed better mucoadhesion, due to the presence of a higher percentage of
unsaturated methacrylate groups that form covalent bonds with thiols present on the
mucosal surface.

The mucoadhesion of high-molecular-weight CH was also evaluated under the in-
fluence of the degree of boronation, conjugated by reaction with 4-carboxyphenylboronic.
This study pointed out that boron CH can interact with the mucosal surface through
three mechanisms: (i) covalent bonding of phenylboronic acid with mucosal sialic acid,
(ii) hydrogen bonds with glycoproteins, and (iii) electrostatic interaction between cationic
polymer and sialic acid. Therefore, using the traction method, it was possible to observe
that the mucoadhesive property was improved in the formulation containing a high degree
of boronation (HBChi), due to the greater presence of boronate groups interacting with
the mucosal surface. This represents another possibility to confer enhanced mucoadhesion
features to polymers by modifying their structures [47].

3.1. Theories and Mechanisms

Mucoadhesion could be explained by some theories that include the electronic theory,
the wetting theory, the adsorption theory, the diffusion theory, the mechanical theory, the
cohesive theory, and the fracture theory [48,49].

Despite the complexity of the mechanism responsible for the formation of mucoad-
hesive forces, there are two general steps involved in the process, namely, contact and
consolidation (Figure 6). In the contacting step, the adhesive polymer and the mucous
initiate free contact with each other, sometimes influenced by external forces such as the
peristaltic movements of the gastrointestinal tract, motions of organic fluids, or Brownian
movements. Thus, both attractive and repulsive forces act and the adhesion process ini-
tiates only when the repulsive forces are surpassed. This initial step can be correlated to
wetting, electronic, adsorption, and mechanical theories [48].

Figure 6. Formation of mucoadhesive forces scheme. Created with BioRender.com Adapted from
Biomaterials and Bionanotechnology, Tekade et al., Thiolated-Chitosan: A Novel Mucoadhesive Poly-
mer for Better-Targeted Drug Delivery Muktika, pages 459–493, Copyright (2019), with permission
from Elsevier [50].
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In the consolidation step, the humidity plasticizes the adhesive polymer and favors
the formation of van der Waals and hydrogen bonds. Initially, the adhesive polymer
and glycoproteins from the mucous interact by interdiffusion and form secondary bonds.
After that, the adhesive polymer forms an instantaneous gel hydrated by the aqueous
environment [48]. This step is regarded as the diffusion and the cohesive theories, which
enforce the idea that the mucoadhesion mechanism is better explained by combining all
the mentioned theories [49]. This section describes the various theories and mechanisms
involved in the mucoadhesion process.

3.1.1. Electronic Theory

The electronic theory (Figure 7) explains the presence of attractive forces between the
biological and the adhesive system surfaces due to the formation of an electrical double
layer produced from the electron transfer among the surfaces [51].

Figure 7. Mucoadhesion mechanism according to electronic theory. Created with BioRender.com
Adapted from Biomaterials and Bionanotechnology, Tekade et al., Thiolated-Chitosan: A Novel
Mucoadhesive Polymer for Better-Targeted Drug Delivery Muktika, pages 459–493, Copyright (2019),
with permission from Elsevier [50].

3.1.2. Wetting Theory

The wetting theory is applied to adhesive systems with low viscosity and high affinity
to the substrate. It correlates the adhesion strength to the contact angle of the low-viscosity
system (Figure 8), the spreadability coefficient (the difference in the surface energies be-
tween the biological surface and the liquid), and the work of adhesion (the energy needed to
separate the two phases). In general, at contact angles close to zero, the adhesion strength is
benefited due to the increased contact area. In addition, higher individual surface energies
are correlated with a better adhesive strength of the interface [49].

Figure 8. The wetting theory according to contact angle. Created with BioRender.com Adapted from
Biomaterials and Bionanotechnology, Tekade et al., Thiolated-Chitosan: A Novel Mucoadhesive Poly-
mer for Better-Targeted Drug Delivery Muktika, pages 459–493, Copyright (2019), with permission
from Elsevier [50].
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3.1.3. Adsorption Theory

The adsorption theory approaches the presence of intermolecular forces, namely,
hydrogen bonding and Van der Waals forces, that act between the biological substrate and
the adhesive material [51]. Despite the isolated interaction being weak, the combined effect
of several forces could lead to strong interactions [48].

3.1.4. Diffusion Theory

The diffusion theory presumes the polymer chain interpenetration through the sub-
strate surface, forming a network structure (Figure 9). The depth of penetration depends
on the polymer diffusion coefficient, flexibility and mobility of the mucin structure, the
polymer–substrate contact time, the mutual solubility, and the similarity in the chemical
structures [51].

Figure 9. Diffusion theory mechanism. Created with BioRender.com.

3.1.5. Mechanical Theory

The mechanical theory assumes the diffusion of the low-viscosity polymeric system to
an irregular and rough biological surface which must increase the surface area available for
interaction, forming an interlocked structure that benefits the adhesion process, as well as
viscoelastic and plastic dissipation of energies [48].

3.1.6. Cohesive or Fracture Theory

The cohesive theory postulates that the mucoadhesion phenomenon occurs mostly
due to the intermolecular interactions among the polymer molecules and biomolecules
present in the mucus [52].

This theory considers the strength required for detaching two surfaces after adhesion.
Therefore, the adhesion is described by the force required for rupture, in addition to the
factors that promote the adhesive interaction, considering the other theories to explain the
mucoadhesion process. Moreover, the rupture of the adhesive bonds occurs through the
interface, mostly at the weakest point of interaction between the surfaces. This theory is
mainly applicable to rigid and semirigid bioadhesive materials [53,54].

Based on previous theories, mucoadhesion can be generally classified into two cate-
gories: (i) chemical, which comprehends the electronic and the adsorption theories, and
(ii) physical, which includes the wetting, diffusion, and cohesive theories.

3.2. Methods to Evaluate Mucoadhesivity of Polymers

There are several in vivo, ex vivo, and in vitro methods for assessing the efficacy of the
mucoadhesion capacity of a polymer system. In vitro tests are firstly performed to screen
potential bioadhesives and are usually accomplished using mechanical and rheological
tests. Some typical tests include tensile strength, shear strength, rheological methods,
colloidal gold staining method, mechanical spectroscopic method, and falling liquid film
method. This section describes the tests mentioned above.
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3.2.1. In Vitro and Ex Vivo Methods
Tensile Strength

This method measures the force required to break the adhesive between the mucoadhe-
sive polymer system and the mucous using testers and balances [48]. For example, Ferreira
and colleagues [55] evaluated their adhesive formulations using a texture analyzer.

Shear Strength

The shear strength is determined by measuring the required force for a mucoadhesive
polymer system to slide from the mucous surface considering the parallel direction to the
plane of the contact area. For instance, Silva and collaborators [56] evaluated the synergism
between their polymeric adhesive system and mucin using a controlled stress rheometer.

Rheological Methods

The viscometrical method is used to measure the mucin–mucoadhesive polymer bond
strength. Thus, the force of mucoadhesion is measured concerning the rheological changes
of the polymer–mucin mixtures. The mucoadhesive polymers/mucin mixtures tend to
present a higher viscosity than the sum of viscosities of the individual components of the
mixture. The interaction between the mucin and the mucoadhesive polymer commonly
generates improved viscosity depending on the polymer applied to the system [48].

Washability Test

The washability test is a modification of the Franz diffusion cell to concurrently
measure the drug released by diffusion from a mucoadhesive polymeric system and the
amount washed by a tangential flow. This method adopts the use of a modified donor
that has the chamber closed with two sideways that enable a thermostatic buffer to stream
over the sample. The buffer simulates the physiologic conditions and is fluxed over the
mucoadhesive polymeric system at a constant rate, being gathered in a beaker under
constant stirring. Moreover, the tracer or drug washed is quantified by a proper analytical
method [56].

Colloidal Gold Staining Method

The colloidal gold staining method is based on the measurement of the change in the
color intensity of the mucin molecules promoted by the red colloidal gold particles result-
ing from the interaction between the mucoadhesive polymer system and the mucin gold
conjugates, which tends to develop a red color on the mucoadhesive surface [48]. Huang
and colleagues [57] improved the classic colloidal gold staining technique developed by
Park in 1989 by developing the Pt-staining method based on test strips to create platinum
nanoshells on the surface of colloidal gold. This method not only retains the original
advantages of colloidal gold with easy synthesis and bonding but inserts Pt. nanopar-
ticles with excellent catalytic activity as a signal marker to reach sensitive quantitative
detection [57,58].

Mechanical Spectroscopic Method

The mechanical spectroscopic method consists of the study of the effect of pH and
polymer chain length over mucoadhesion. The difference between the storage modulus of
the mucoadhesive polymer system and the individual components at the same concentra-
tion is evidenced by the magnitude of the interaction between the polymer and mucin. A
higher difference indicates a stronger presumed interaction [48].

Falling Liquid Film Method

The falling liquid film method is an ex vivo test proposed by Teng and Ho who
set small intestine sections from rats on an inclined Tygon tube flute (angle of 45◦) [59].
The particle suspension migrates over the mucous interface, and the adhesion strength
is determined by the particle portion adhered to the mucous surface [48]. Efiana and
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collaborators adapted the method for porcine intestinal mucosa, and Sudan Red G was
used as a label signal for absorbance measurement [60].

Biacore System

The Biacore is an instrument based on the principle of an optical phenomenon, namely,
surface plasmon resonance (SPR), which expresses a response of the measurement of the
refractive index that varies as a function of the solute content present in a solution that
contacts the sensor chip. During the detection process, the polymer molecules are retained
on the sensor chip surface, and the mucin suspension migrates through the sensor chip.
When the analyte, mucin particle, links to the ligand molecule, the polymer on the sensor
chip surface, the solute concentration, and the refractive index on the surface change,
increasing the resonance unit response. Once they dissociate, the resonance unit response
falls [30,60].

Confocal Laser Scanning Microscopy (CLSM) Method

Confocal laser scanning microscopy (CLSM or LSCM) is a high-resolution and high-
selectivity technique. The main aspect of this optical imaging technique is the possibility
of obtaining in-focus images from selected depths. CLSM combines the laser scanning
method with the 3D detection of biological objects marked with fluorescent signalers. For
example, Dyawanapelly and collaborators [61] evaluated the mucoadhesion properties of
the CH oligosaccharide surface-modified polymer nanoparticles developed for mucosal
delivery of proteins.

3.2.2. In Vivo Methods

In vivo mucoadhesion evaluation is generally based on residence time or relative
bioavailability assays. Due to the cost, time, and ethical concerns, there are few studies
described in the literature. Accordingly, these techniques are sparse in comparison with
in vitro and ex vivo methods. In vivo methods are a greater indicator of clinical perfor-
mance, although they cannot distinguish between mucoadhesion and other factors that
influence the residence time besides commonly present high standard deviations [51].

The in vivo data can usually be correlated to in vitro analysis. Low in vitro/in vivo
correlation of the mucoadhesive strength indicates that a polymeric system with strong
mucoadhesion properties in vitro might not reach longer mucosal residence in vivo, which
may be explained by the different environments in vitro and in vivo [51]. Gamma scintigra-
phy is a technique used for the diagnosis of diseases in neurology, oncology, and cardiology
based on the use of gamma-ray emitting radioisotopes that allow following in real time the
path of the labeled formulation in the body after administration. Therefore, a formulation
under investigation may be tracked inside the body via a gamma-emitting radionuclide
label. Moreover, it is also possible to obtain quantitative information about the molecules
in organs by counting the radioactivity in them. The radiolabeling of the location/organ of
interest takes place by using a short-lived radioisotope that can emit gamma rays, such as
99Tc [62].

3.3. Mucoadhesive Polymers Suitable for the Development of DDs for Bladder Cancer Treatment

Several different polymers have been used to receive materials suitable for the treat-
ment of bladder cancer. According to the origin of the macromolecules, they could be
synthetic (poly(N-vinyl-2-pyrrolidone), poly(vinyl alcohol), poly(2-hydroxyethyl methacry-
late), Carbopol, Pluronic®, etc.) or natural (gellan gum, sodium alginate, hydroxypropyl
cellulose, or carboxymethylcellulose). Below, general information on the selected polymers
can be found.

Poly(N-vinyl-2-pyrrolidone) (PVP) was developed in 1939 by Walter Reppe at BASF.
Subsequently, it started being utilized in a multiplicity of sectors: pharmaceutical, cosmetic,
and detergent industries. PVP is now being used in several technical applications such
as membranes, glue sticks, hot-melt adhesives, and crop protection. Due to its versatile
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features (such as water solubility, film and complex formation, and adhesive and bonding
power), as well as its toxicological harmlessness, PVP is one of the most interesting technical
specialty polymers in the field of chemistry [63]. Grant and colleagues recently prepared
electrospun nanofibrous mats of CS and PVP for the delivery of the chemotherapy drug
5-fluorouracil (5-Fu) to treat lung cancer. The developed material demonstrated efficiency
in killing cells for over 24 h and, therefore, presented potential as a DDS for the application
proposed [64]. Nanocomposites of PVP combined with alginate and polydopamine were
also prepared and studied regarding their potential for cancer treatment purposes. The
release studies showed the capacity of delivering the DOX drug for 50 h and the possibility
to combine a photothermal treatment with chemotherapy. The results confirmed the efficacy
of the combined therapy, lowering the cell activity to only 13.2% [65].

Poly(vinyl alcohol) (PVA) is a water-soluble, biodegradable (under both aerobic and
anaerobic conditions) [66], and biocompatible polymer that is obtained from poly(vinyl
acetate) through alkaline hydrolysis. It presents a high ability to form films, with high
surface stabilization and chelation properties [67]. This polymer is one of the most im-
portant synthetic polymers used in commercial, industrial, medical, and nutraceutical
applications [68]. Furthermore, several studies have used PVA in the development of
improved cancer therapies [67]. Ullah and coauthors prepared formulations composed
of carboxymethyl chitosan and PVA for the delivery of oxaliplatin in the treatment of
colorectal cancer. In their studies, they were able to develop a pH-responsive hydrogel
which, together with the concentration variation of both polymers, allowed tailoring the
delivery properties of the material [69].

Poly(2-hydroxyethyl methacrylate) (PHEMA) is a stable, optically transparent, hy-
drophilic methacrylate polymer. In the dry state, the material is hard and glassy; however,
in polar media, the pendant hydroxyethyl group can extend outward, and the material
becomes soft and flexible. Due to its good biocompatibility, PHEMA has been extensively
researched for biomedical applications [70], such as hydrogel systems for drug delivery or
scaffolds for tissue engineering. PHEMA-based hydrogels can be engineered to possess
similar water content and mechanical properties as tissue and exhibit excellent cytocompat-
ibility. The most prominent example of a biomedical device based on pHEMA may be the
very first modern soft contact lenses developed by Otto Wichterle around 1960 [71].

Carbopol (Carbomer) is a high-molecular-weight, acrylic acid-based polymer crosslinked
with allyl sucrose or allyl pentaerythritol that contains between 56% and 68% w/w car-
boxylic acid groups [72]. Carbopol polymers were first described and patented in 1957 [73].
Since then, several release tablet formulations, which involve carbomer matrices, have been
patented [74]. Today, Carbopol polymers are widely accepted ingredients in pharmaceutical
dosage systems of almost every form, from controlled-release tablets to oral suspensions
and other novel delivery systems, as well as a variety of topical products. Carbomers
demonstrate good mucoadhesion, particularly at low pH values where they are present in a
protonated state [75]. Carbopol 940 has been combined with micelles containing paclitaxel
for the local treatment of melanoma. The studies showed that the formulation proposed
was capable of increasing the retention the permeability of the drug into the skin. One of the
reasons for this behavior was the positive charges presented in the polymer that were also
helpful to promote melanoma cellular uptake and improve the in vitro cytotoxicity [76].

Pluronic® (Poloxamer) is a synthetic amphiphilic copolymer based on hydrophilic
poly(ethylene oxide) (PEO) blocks and hydrophobic poly(propylene oxide) (PPO) blocks
organized in a triblock structure PEO–PPO–PEO. PEG refers to polyols of Mw below
20,000 Da, while PEO is relevant to polyols with higher molecular weight [77]. The prop-
erties of the Pluronic® copolymers can be changed by adjusting the molar mass ratio
between the PEO and PPO blocks [78]. In an aqueous environment, these block copolymers
self-assemble into micelles with a hydrophilic PEO outer shell that interfaces with water.
Since these micelles are amphiphilic, they could accommodate lipophilic molecules in the
central hydrophobic core area. Consequently, Pluronic® micelles are effectively used as
drug carriers because their assemblies can act as passive drug containers [79]. Researchers
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have developed a system composed of chitosan thioglycolic acid nanoparticles loaded
with gemcitabine HCl and dispersed into a bioadhesive CH gel or in an in situ gelling
poloxamer solution as potential formulations for the treatment of superficial bladder cancer.
Both formulations presented mucoadhesive properties and the capacity of enhancing drug
residence time; however, poloxamer lost its gelling property when diluted in artificial urine
at body temperature. Thus, it would be recommended to empty the bladder of the patient
before application of this formulation to guarantee its gelling capacity and, therefore, good
mucoadhesion and a sustained release [80].

3.4. In Situ Gelling Polymers

In situ gelling systems are polymeric formulations in solution before entering the body,
where, under physiological conditions, they change into a gel form. This can occur through
different types of devices correlated with the properties of the polymers used in the delivery
system and due to physical or chemical crosslinking that can be triggered by factors such
as changes in temperature, pH, and the presence of ions. The sol-gel transition is very
common for thermosetting polymers, i.e., those that present an upper-critical solution
temperature or lower-critical solution temperature, in which, according to temperature
changes, the gel-forming units interact with each other via physical (van der Waals and
electrostatic) or covalent bonds, forming a gel network. These systems are characterized by
being easy to administer, presenting the sustained release of the drug at the target, with the
possibility to be administered via different routes to obtain local or systemic effects of the
loaded drug [81,82].

The pH-specific polymers have the characteristics of structures with ionizable groups—
weakly basic or acidic. Changing the pH will produce changes in the ionization state, as
well as in the solubility and conformation that result in polymer gelation [83].

Thermosensitive in situ gelling systems have sol-gel transition triggered at tempera-
tures close to physiological ones (32–37 ◦C). This transition occurs via a change in the aque-
ous solubility of the polymers, characterized by structures of hydrophobic and hydrophilic
groups. With the increase in temperature, there is a rearrangement of polymer–water inter-
actions, which is responsible for the polymer separation and dehydration of the solvated
polymer chains in a rapid way. These polymers that have hydrophobic and hydrophilic
segments form self-assembled micelles that, at higher temperatures, cause their packing
and, thus, the change of the solution into gel form [84]. Some polymers are sensitive to ions
such as alginate, gellan gum, and pectin, and crosslinking occurs due to some monovalent
or divalent cations that are present in physiological fluids, such as tears and saliva. The
viscosity of the gel obtained depends on the cation type and its concentration [85].

3.4.1. Thermo-Responsive Systems

In situ gelation triggered by temperature occurs in thermo-responsive polymers,
with sol-gel transitions directly linked to specific temperature limits. When a polymer
solidification occurs above a temperature limit, the system presents a “lowest critical
temperature” [86]. Thus, it is understood that, at low or room temperatures (20–25 ◦C), these
thermo-responsive polymers have a fluid aspect, whereas, under physiological conditions
with a temperature between 35–37 ◦C, they present a gel behavior (Figure 10). These
gels sensitive to in situ temperature have high fluidity and low viscosity, providing easy
application [87]. Solutions that show a sol-gel change when cooling present a “higher
critical temperature” due to micellar growth, hydrophobic interaction, and transition from
the coil to a helix. This phenomenon is observed in gelatin or carrageenan solutions, where
a random coil shape occurs in the solution, thus generating a continuous network via
partial helix formation after cooling [88].

Some polymers present gelation at a higher temperature, due to the gradual loss
of water when the temperature rises, thus increasing the intermolecular interaction and
aggregation of the network structure, leading to the gelation of the system [89]. For
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example, hydroxypropylmethylcellulose presents the lowest critical temperature of the
solution between 75 and 90 ◦C, while methylcellulose presents it at 40 to 50 ◦C [90].

Figure 10. Thermo-responsive gel system with lowest critical temperature.

3.4.2. pH-Responsive Systems

The pH is considered an important factor governing the degree of ionization of
polymeric systems and their solubility in water. Repulsive electrostatic forces and osmotic
forces in the presence of ions cause the polymer to swell pH-dependently or to disintegrate
the gel [91].

Some polymers undergo gelling triggered by changes in pH, based on ionizing pro-
portions. Polymers such as polyacrylic acid and carbopols have high molecular weight and
a large number of carboxylic acid groups. These polymers show little swelling at low pH,
as they have low concentrations of dissociated acid portions. When there is an increase
in pH, an electrostatic repulsion triggered by additional charges leads to an expansion of
these polymers, promoting their gelation [92]. If acidic pH is proposed to develop in situ
gelling formulations using these polymers to maintain low viscosity, the stability could be
affected, especially in pH-sensitive drugs [86].

Another polymer that has pH-sensitive properties is CH, which is a polymer rich
in amine bonds. In acidic pH, it is soluble due to electrostatic repulsion, whereas, at pH
above 6.2, it forms a dissociated precipitate [92]. Studies with a CH derivative containing
palmitic acid linkages in its free amines (N-palmitoyl CH) showed gelling properties at
physiological pH. This allowed applying the liquid solution at pH 6.5, which became solid
after reaching pH 7.4 [93]. At low pH, free amines are protonated, and electrostatic forces
block the cohesive attraction between polymer chains; when there is an increase in pH,
the hydrophobic interactions between palmitoyl groups are more significant, boosting the
condensation of molecules of N-palmitoyl CH.

3.4.3. Ionic-Responsive Systems

In situ gelation triggered by ions occurs through the interaction of anionic fractions
present in the molecule and cations, such as calcium (Ca2+), usually present in body fluids
such as vaginal, nasal, or lacrimal [94].
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Ionic-sensitive polymers commonly used for in situ gelling preparation are natural
polysaccharides such as alginate, gellan gum (Figure 11), and pectin, which are generated by
gels triggered by the interaction between carboxylic acid residues present in the polymeric
structure and surrounding cations. Monovalent cations weaken the electrostatic repulsion,
promoting hydrophobic interactions, while divalent cations cause the association of helical
sections of polymer chains, generating junction zones. It should be noted that the variation
in ion concentration can lead to different mechanical properties, creating an ‘egg box’
structure responsible for gelling, resulting in heterogeneous gels [95].

Figure 11. Gellan gum hydrogel system triggered by the presence of cations and temperature. Above
50 ◦C, gellan gum polymer chains are disordered, but the colling process of the solution induces the
formation of double helices stabled by hydrogen bonds. The presence of cations in the solution allows
the interconnection of these helixes and the formation of a 3D matrix. Created with BioRender.com.

3.4.4. In Situ Gelation Triggered by Genipin

Less toxic alternatives than glutaraldehyde for polymer crosslinking have been stud-
ied, and genipin, a compound of natural origin, was demonstrated to be a promising
alternative. The pH of the mixture influences the reaction mechanism, giving genipin a
ring-opening polymerization under basic pH conditions, while a Schiff reaction together
with primary amines gives rise to the formation of crosslinked networks under acidic
or neutral conditions. In these cases, a nucleophilic attack occurs on genipin, resulting
in the formation of heterocyclic amines and, thus, crosslinking via genipin bounds [96].
Researchers investigated the in situ gelation of the collagen–genipin mixture in treatments
for gastrointestinal ulcers, with good results under physiological conditions [97].

3.5. Rheological Aspects

Rheology is the study of the material flow and its deformation behavior, which can be
measured by applying force to a sample. Combined with formulation viscosity, plasticity,
and elasticity, the rheological behavior may impact product manufacturing, long-term sta-
bility, appearance, dispensing, sensory properties, packaging, and in vivo performance [98].

One essential property of semisolids and viscoelastic materials is the rheological
behavior. Gels can be cited as a typical example of a pharmaceutical semisolid that behaves
in a non-Newtonian manner. The viscosity of a gel is defined as a flow curve reflecting
the shear stress as a function of shear rate or strain, and the viscoelastic properties are
presented as a frequency sweep reflecting the moduli at increasing frequencies [99].
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Mathematical modeling can be applied in rheology to reliably predict the rheological
properties of concentrated or diluted polymeric liquids. With those models applied in
the assessment of hydrogel networks and their rheological characteristics, it is possible to
identify key parameters for the process, formulation, and mechanisms of drug delivery.
Consequently, the mathematical understanding of the gel-forming material properties and
of the way the formulation and process parameters interact can facilitate the intelligent
design of a hydrogel network [100].

The understanding of the rheological properties of hydrogels is key to gaining insight
into the mechanical properties, viscoelastic behavior, and interactions between the hydrogel
components. Those properties are the fusion of multiple factors such as the structure and
nature of polymers, temperature, ionic strength, pH, concentration, and crosslinking of
polymers components within the hydrogel. Further knowledge about those properties helps
the determination of possible industrial applications for the synthesized hydrogel [101].

A thorough rheological analysis helps in understanding the properties of any synthe-
sized material. The rheological study helps in perceiving the viscosity, elasticity, crosslink-
ing, flow, and mechanical behavior of the material, in response to an applied strain or
stress. Those kinds of properties are also known to vary with changes in the molecular
network, and they play a crucial role in the determination of the field of application of the
synthesized material [102].

When it comes to developing formulations for intravesical applications, rheology is
a key factor to allow instillation via a catheter and to understand its behavior inside the
bladder concerning bioadhesion, stability, and drug release.

4. Conclusions and Future Perspectives

Bladder cancer’s survival rate is high when compared to other types of tumors such
as pancreatic and glioblastoma. However, it affects considerably the quality of life of
the patients. Additionally, many of them present the progression of superficial cancer,
pass through chemoresistance, and end up developing muscle-invasive bladder cancer [8].
Depending on the tumor stage, treatment may englobe intravesical chemotherapy, which
usually demands frequent catheter insertions due to the reduced residence time of the
drug. Several procedures of chemotherapy instillations may irritate the urinary tract and
other side-effects, which have encouraged researchers to develop drug delivery systems
for bladder cancer treatment.

Drug delivery systems must present some important properties such as specific release
at the lesion tissue or targeted cells and biocompatibility. Concerning nanotechnologies,
they may be very helpful in targeting nonspecific drug release, via passive and active
approaches, as an option to solve side-effects related to chemotherapy [8].

Bioadhesion is an important strategy to enhance drug residence time and target de-
livery. Among other key points to evaluate, mucosal thickness, low absorptive surface
area, mucosal microbiome, and mucosal secretion are challenges that must be taken into ac-
count when developing a mucoadhesive system with optimum therapeutic response [103].
Natural and synthetic polymers have been explored due to their properties of mucoadhe-
sion with different mechanisms as possible vehicles for drug delivery in bladder cancer
treatment. However, most of the research in progress is still in need of further in vitro and
in vivo studies. Moreover, therapeutic outcomes and topics concerning safety must be
evaluated by clinical trials, as in vitro and in vivo results provide limited information. The
progress in these aspects of new and sophisticated drug delivery systems will allow the
improvement of bladder cancer treatment [104].
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