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Abstract: Controlled drug delivery in the oral cavity poses challenges such as bacterial contami-
nation, saliva dilution, and inactivation by salivary enzymes upon ingestion. Microneedles offer
a location-specific, minimally invasive, and retentive approach. Hydrogel-forming microneedles
(HFMs) have emerged for dental diagnostics and therapeutics. HFMs penetrate the stratum corneum,
undergo swelling upon contact, secure attachment, and enable sustained transdermal or transmu-
cosal drug delivery. Commonly employed polymers such as polyvinyl alcohol (PVA) and polyvinyl
pyrrolidone are crosslinked with tartaric acid or its derivatives while incorporating therapeutic agents.
Microneedle patches provide suture-free and painless drug delivery to keratinized or non-keratinized
mucosa, facilitating site-specific treatment and patient compliance. This review comprehensively dis-
cusses HFMs’ applications in dentistry such as local anesthesia, oral ulcer management, periodontal
treatment, etc., encompassing animal experiments, clinical trials, and their fundamental impact and
limitations, for example, restricted drug carrying capacity and, until now, a low number of dental
clinical trial reports. The review explores the advantages and future perspectives of HFMs for oral
drug delivery.

Keywords: drug administration routes; drug delivery systems; drug implants; hydrogels

1. Introduction

“Microneedles” refer to tiny, needle-like structures that are typically less than 1 mm
long and used for transdermal delivery of drugs or other therapeutic agents [1]. By
penetrating the outer layer of the skin, therapeutic agent(s) can be delivered efficiently and
effectively to the tissues beneath and/or to the systemic circulation in a controlled fashion,
which is predetermined by the microneedle (MN) patch design, designated anatomical
location of application, and material properties of all agents involved.

MN:s can be shaped in a variety of ways: array formation or individual needles, while
the needles can be formed by a variety of natural/synthetic materials: glass, hydrogels,
metals, polymers, silicone, and zeolite. These devices are widespread across various
medical fields, especially for applications where minimization of discomfort or pain is
desirable, including dermatology, diabetes management, and vaccination [2,3]. In recent
years, significant progress has been made in developing microneedles as a promising
approach for transdermal drug delivery, such as solid MN, coated MN, hollow MN, and
hydrogel MN (Figure 1).
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Figure 1. Microneedle (MN) types for transdermal drug delivery. Left to right: Solid MN—solid shaft
with sharp tips for skin penetration and drug delivery by dissolution, diffusion, and surface coating;
Coated MN—solid base with surface coating for controlled release of encapsulated drug/active
ingredients; Hollow MN-—needles with a hollow core for fluid injection or collection; Hydrogel
MN-—Dbiocompatible needles that dissolve upon insertion, releasing loaded drugs or vaccines. The
figure was created with BioRender.com.

Hydrogel-forming microneedles (HFMs) exhibit sufficient mechanical strength to
penetrate the skin on the application while readily absorbing tissue fluid after implantation
into the epithelium [4]. This results in the swelling of the polymer and subsequently
forming continuous, unimpeded hydrogel microchannels, which open diffusion portals
for drug delivery, thereby allowing the release of the therapeutic agent and the anticipated
therapeutic actions in the body [5].

Concerning base/structural ingredients, HFMs could be classified as natural [6] or
synthetic hydrogel MNs [7] with structural components from natural (e.g., hyaluronic acid
(HA), gelatin, etc.) or synthetic polymers (e.g., polyvinyl alcohol, sodium polyacrylate,
methacrylic acid polymers, etc.), respectively. Certain HFMs such as HA hydrogels and
Gelatin methacryloyl (GelMA) hydrogels have received more attention due to their decent
biocompatibility, degradability, and non-toxic nature, making HFMs one of the most
commonly used/advocated local drug delivery protocols in biomedical applications.

Hydrogel MNs are prepared by inducing the polymerization of agents such as acry-
lamide, N-isopropylacrylamide, or methacrylated HA in the hydrogel, followed by injecting
the fluid mixture into an MN mold, left to cure, then de-mold followed by preservation
through drying [1]. Gelation of hydrogels can be achieved by a variety of mechanisms [8],
including physical cross-linking of polymer chains, electrostatic interactions, and covalent
chemical cross-linking, targeting the formation of a hydrophilic polymer network that (i)
can absorb water and swell, (ii) has a porous structure that encapsulates the active agent
such as the drug to be delivered, (iii) presents in a solid state and therefore minimizes drug
loss during transport, and (iv) delivers the drug to a predetermined anatomical location
or particular tissue type so as to enhance the therapeutic efficacy of the agent involved [9].
Hydrogel polymerization is often carefully physically and/or chemically modulated for
specific controlled drug release protocols in designated therapeutic applications [10].

Compared with traditional drug delivery routes (e.g., oral administration, intra-
muscular/-venous injections), transdermal delivery, which mainly involves placing an MN
patch on the skin, puncturing the skin stratum corneum, and delivering the drug to the
bloodstream through the skin tissue, is a delivery protocol of great interest because of the
advantages of self-administration, on-demand drug delivery, good patient compliance, and
avoidance of first-pass effect in the liver and/or drug degradation in the gastrointestinal
tract [11]. HFM has a wide range of applications, from medicine to cosmetics to biotechnol-
ogy. HFM has been utilized in the medical field to deliver transdermal drugs, administer
vaccinations [3], monitor glucose levels [12], and treat wounds [13]. Microencapsulated
cell delivery using HFM [14] has gained increasing interest in recent years. Through this
innovative approach, therapeutic cells are encapsulated within hydrogel matrices and
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delivered through the network of microneedles. Regenerative medicine, tissue engineering,
and cell-based therapies are now possible.

Similarly, the oral mucosal drug delivery system is a new type of drug delivery
scheme developed in recent years, specifically targeting diseases and conditions in the
mouth, which avoids gastrointestinal enzyme metabolism, acid degradation, and hepatic
pre-systemic metabolism. It thus improves the bioavailability of drugs for local or systemic
therapy [15]. In dentistry, the application of hydrogel-forming microneedles is gaining
significant attention. Researchers and clinicians have been actively exploring the potential
of these microneedles to improve oral health care, prevention, and treatment. Laboratory-
based and clinical studies have been conducted to investigate using hydrogel-forming
microneedles for oral disease prevention, diagnosis, and treatment. Most research in
this area has been shown in the medical field, while the potential of HFM applications in
dentistry remains to be explored. This paper will provide a brief overview of HFM materials
and fabrication methods, medical diagnosis and disease management, the oral delivery
approach, the current applications, limitations, and potential future uses in dentistry.

2. Materials Used for Hydrogel-Forming Microneedles: Fabrication and Characteristics

Since MNs act by penetrating the protective human skin/mucosal layer, the ma-
terial must be biocompatible, i.e., not immunogenic nor foreign body reaction prone.
In most cases, hydrogels are biocompatible and can be applied without causing any
harm/discomfort to the host. Many of the polymers used for HFMs were previously
researched and extensively trialed for use in medicine—particularly with the essential
properties of biocompatibility and biodegradability (Table 1).

Table 1. Materials used for hydrogel-forming microneedles.

Material

Description Applications

Natural Polymers

Carbohydrate-based

- Chitosan or chitosan derivatives:
Biocompatible, biodegradable,
antimicrobial properties. Used in
transmucosal vaccine delivery and
oral anesthetic patches.

- Hyaluronic acid: Highly
biocompatible, water-retention
ability. Used in transdermal drug
delivery and pain-free
dental treatments.

- Sodium alginate: Biocompatible,

Polysaccharides with biocompatibility non-toxic, widely available. Used in
and bioactive properties hemostatic needles, medical
dressings, and bone
tissue engineering.

- Pullulan: Dissolving microneedles
with potential for transdermal
drug delivery.

- Combined carbohydrate-based
microneedles: Synergistic effects of
chitosan and pullulan, improved
mechanical strength and drug
loading capacity.
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Table 1. Cont.

Material

Description Applications

Protein-based

- Water-soluble silk fibroin:
Biocompatible, adjustable drug
release. Used in sustained-release

Gelatin and silk fibroin with drug systems and

biocompatibility and controllable tissue engineering.
degradation - Gelatin: Derived from collagen,

used in capsules, ointments, and
tissue engineering for bone

regeneration.
Synthetic Polymers
Polvvinyl pyrrolidone Synthetic polymer with good mechanical ~ ~ Us.ed in.drug dthefY systems, such
VAL [y properties and biocompatibility as insulin-loaded microneedles.
Polv (ethvl lycol) Synthetic polymer with high water } Us.ed in hydrogel-forming.
oly (ethylene glyco solubility and biocompatibility microneedles for drug delivery.

Poly (methyl vinyl ether-co-maleic acid)

Poly (acrylic acid)

- Used in mucoadhesive

Synthetic polymer with mucoadhesive microneedles for transmucosal drug
properties and biocompatibility delivery.

) ) ) - Used in pH-responsive
Synthetic polymer with pH-responsive hydrogel-forming microneedles for
properties and biocompatibility drug delivery.

2.1. Natural Polymer Fabricated Hydrogel-Forming Microneedles

Biocompatible materials are used to fabricate MNs made of natural polymers. This
type of drug delivery system uses MNs that form hydrogels. In carbohydrate-based
MNs, natural polysaccharides such as chitosan, cellulose, and starch are used to create
the hydrogel matrix. Protein-based MNs natural polymers could be composed of gelatin
or silk fibroin as the matrix-forming component. These types of MNs are biocompatible,
biodegradable, and non-toxic. Biodegradability, biocompatibility, and swelling capacity
are among the properties of these MNs. In the field of drug delivery, wound healing, and
transdermal vaccination, natural polymer-fabricated hydrogel-forming MNs have shown
promising results.

Natural and synthetic polymer hydrogels differ in their characteristics and appli-
cations. Natural polymer hydrogels, derived from biogenic sources such as proteins or
polysaccharides, exhibit inherent biocompatibility and biodegradability. These hydro-
gels typically possess a high water content and can faithfully replicate the extracellular
matrix, providing an appropriate microenvironment for cellular growth and tissue regen-
eration [16]. Synthetic polymer hydrogels offer adjustable and stable matrices for drug
delivery, tissue engineering, and biomedical applications. However, synthetic polymer
hydrogels may necessitate additional modifications to enhance biocompatibility [17]. In
summary, while natural polymer hydrogels excel in biocompatibility and mimicking the
native tissue environment, synthetic polymer hydrogels provide multifunctionality and
precise control over material properties, making them widely applicable in biomateri-
als [18]. The choice between natural and synthetic polymer hydrogels depends on the
specific requirements of the desired application, balancing factors such as biocompatibility,
mechanical performance, and control over functionality.
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2.1.1. Carbohydrate-Based Microneedles

Carbohydrates are among the oldest MN base materials [19]. Carbohydrates provide a
range of functional groups that allow tunable properties and designated performance to be
designed and developed. In living beings, polysaccharides support structural components,
energy storage, lubrication, and inter-cellular signal transmission. The use of natural
polysaccharides for pharmaceutical applications has become commonplace due to recent
discoveries regarding the novel role that biopolymers play in medicine and pharmacy. One
crucial aspect of polysaccharides is their biocompatibility, making them suitable for various
medical applications without causing harmful effects on the human body.

In addition to biocompatibility, specific polysaccharides have been found to pos-
sess bioactive properties, such as the ability to inhibit cancer cells [20]. For example,
polysaccharide-based pectin inhibits cancer cells by inducing apoptosis [21], as do ex-
tracts from Grateloupia longifolia, Gracilaria lemaneiformis, and other plants [22]. Therefore,
natural polysaccharides with bioactive properties are critical biomaterials for healthcare
management.

Chitosan or Chitosan Derivatives

The alkaline glucosamine and N-acetyl glucosamine copolymer chitosan (CS) is de-
rived from chitin, which originates from lower life forms such as certain algae, fungi,
invertebrates, insects, or crustaceans. This material’s superior biocompatibility, biodegrad-
ability, and antimicrobial properties make it an essential component of food and biomedical
engineering [23]. CS has also been widely used in medicine, cosmetics, and water treat-
ment applications due to its enhanced water solubility and antibacterial activity, which are
attributed to the superior interaction between carboxymethyl groups and water and its
inherent biocompatibility.

Chitosan hydrogel MNs have also been explored for transmucosal vaccine delivery,
e.g., via the mouth or nose portal [24]. Bobbala and Hook delivered an antigen in chitosan
hydrogel MNs to the oral mucosa in a rat model and elicited a robust immune response,
suggesting the feasibility of HFM oral vaccine delivery [25].

Concerning oral/dental applications, the use of dental pulp stem cell-derived exo-
somes (DPSC-Exos) was explored [26], targeting the treatment of periodontitis, which is an
oral disease condition characterized by a high proportion of proinflammatory macrophages
as a result of immune responses to periodontopathogenic bacteria. DPSC-Exos was capa-
ble of suppressing periodontal inflammation and modulating immune response due to
miR-1246 present in DPSC-Exos, a therapeutic potential in treating periodontitis based
on a Gene Ontology term enrichment analysis. The research team demonstrated that
incorporating DPSC-Exos into chitosan hydrogel (DPSC-Exos/CS) accelerates healing in
mice periodontitis models, which changed the proinflammatory macrophage phenotypes
to anti-inflammatory. Further research is on the way for the therapeutic agent carried by
chitosan hydrogel [26].

Hyaluronic Acid

Hyaluronic acid (HA) is a glycosaminoglycan found as a natural constituent in epithe-
lia, dermis, and connective tissues, including dental pulp and periodontal connective tissue.
The skin contains approximately 50% of the total body HA. The human body degrades
about one-third of its total HA daily and replaces the same amount with newly synthesized
HA. During physiological conditions, HA is converted to its more hydrophilic sodium
salt. It can hold 1000 times its own water weight because HA contains numerous hydroxyl
groups. HA water retention ability enables many homeostatic functions as well as support
and maintenance of diverse physiological processes in the human body. HA MNs are
highly biocompatible, resistant to deformation, and are a common ingredient in skin care
products [27].

Moreover, HA MNs are strong enough to penetrate the skin, readily dissolve, and
release drug/active ingredients within a predetermined short period. Furthermore, no
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requirement of heating or organic solvents during HA MN fabrication enhances the preser-
vation and stability of heat- and/or chemical-liable agents/drugs, such as insulin. Gill and
Prausnitz [28], and Liu et al. [29] were among the first groups to pioneer the fabrication
of insulin-loaded HA MNs. Liu et al. demonstrated that the novel insulin-loaded HA
MNs exhibited self-dissolving properties and appeared safe. Hygroscopy, stability, drug
release profiles, and dissolution characteristics of the insulin-loaded HA MNs were also
characterized via a diabetic rat model by the same group [29].

Oral anesthetic injections without surface anesthesia can increase pain and anxiety
during dental therapy. An HA MN patch with MN tips containing fast-dissolving lidocaine
hydrochloride (LDC) was developed to address this problem. In the isolated porcine oral
mucosa, LDC-containing HA MN patches were able to puncture the stratum corneum at a
depth of approximately 0.28 mm. The fast-dissolving LDC on the HA MN patch enables
anesthesia within 3 min at the tentative local anesthesia injection site. The adhesive MN
patch was proposed to process the potential to aid transmucosal delivery of anesthetics,
further enhancing the delivery of pain-free dental treatments. [30].

Sodium Alginate

Sodium alginate (SA) is a linear polysaccharide derived from brown algae. It is
composed of poly-(1,4-diaminobenzoic acid) and nanoparticles of 1,4-L-glucuronide in
different proportions, and its aqueous solution is highly viscous. As a result of the high
number of carboxyl groups and hydroxyl groups in the molecular structure, SA has a high
degree of chemical activity and can rapidly form a hydrogel containing a three-dimensional
mesh structure, and it is non-toxic and odorless and exhibits outstanding biocompatibility
and environmental friendliness. Safe dental application of alginate, e.g., dental impression
materials, could be dated back to the 1950s [31]. SA and its derivatives are also readily
available, inexpensive, simple, and renewable [32].

Blood loss is a common complication following trauma and surgery that can cause seri-
ous harm to the body [33]. Alginate is an excellent hemostatic polymer-based biomaterial as
it is biocompatible, biodegradable, non-toxic, quickly gelled, and widely available [34]. In
the medical field, SA hydrogels have been widely used, including injectable hydrogels [35],
hemostatic needles [36], medical dressings [37], etc.

A North American group developed an injectable, biodegradable scaffold based on
alginate microbeads for in vitro bone tissue engineering using periodontal ligament and
gingival mesenchymal stem cells [38,39]. The stem cells remained viable in the laboratory
and could differentiate into osteogenic and adipogenic tissues. Furthermore, the degrada-
tion behavior and swelling kinetics of the scaffold were characterized. Therefore, alginate
has proven to be a promising non-toxic scaffold for stem cells, providing a good strategy
for engineering bone tissue [40]. Additionally, a microneedle-mediated drug delivery
system containing sodium alginate for immunochemotherapy has been developed. In
glioma-bearing mice, microneedles loaded with lipopolysaccharide (LPS) and doxorubicin
(DOX) demonstrated excellent efficacy in promoting immune response and inhibiting
tumor growth [41].

Pullulan

Pullulan (PL) is an &-(1—6)-linked (1—4)-«-d-tri-glucosides polysaccharide/glucan
or maltotriose, which is a carbohydrate biopolymer produced by Aureobasidium pullulans.
The application of pullulan-based MN has been advocated since 2020 [42,43]. The authors
present the first dissolving microneedle (DMN) system using PL. A variety of concentrations
of PL gels were tested for viscosity and film formation, and then MNs were created using
the appropriate concentration of PL gels. PL DMN was loaded with model molecules
and proteins/peptides, and their stability was assessed using circular dichroism. Ex vivo
studies were conducted using Franz diffusion cells to determine the permeation of Flu-Na
and FITC-BSA-loaded PL-DMN into porcine skin. The findings suggest that PL DMNs can
be effective for transdermal drug delivery [44].
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In another study, transdermal insulin delivery was achieved using pullulan MN
patches. MNs penetrated skin up to 0.38 mm depth and dissolved within two hours,
releasing up to 87% of insulin. Storing insulin-loaded MNs at 4-40 °C for four weeks
is possible without losing their structure. Additionally, PL MNs were non-cytotoxic,
indicating they are suitable for skin application. A non-invasive treatment option for
insulin could be made possible by PL MNs based on these findings [45].

Cellulose

In recent years, cellulose, a versatile and biocompatible material, has been garner-
ing attention for its potential use in manufacturing microneedles for transdermal drug
delivery [46]. Two studies have examined the use of cellulose-based microneedles and
their unique properties. The one-step created semi-dissolving microneedles comprised a
water-soluble needle layer and a backing layer containing 2,2,6,6-tetramethylpiperidine-1-
oxyl-oxidized bacterial cellulose nanofibers. That material was used as drug reservoirs for
delivering more significant quantities of drugs to the skin [47]. Another study examined
the inclusion of cellulose nanofibers in dissolving microneedle arrays. Including cellulose
nanofibers increased needle stiffness and decreased dissolving and transdermal delivery
rates [48].

The cellulose-based microneedle is capable of delivering drugs transdermally. By
leveraging the unique properties of cellulose, these microneedles improve drug loading
capacity, enhance mechanical properties, and provide controlled drug release, which
opens up new possibilities for advancing transdermal drug delivery systems in diverse
applications, including oral disease management.

Combined Carbohydrate-Based Microneedles

Wei et al. [49] used CS and PL as raw materials to prepare HFMs. The chitosan-
based MNs they developed showed good swelling and water retention properties and
biocompatibility. The application of these hydrogel-based MNs as vehicles for drug delivery
was then evaluated through a skin insertion study and a drug loading/release study.
The mechanical properties of the MNs allowed easy insertion into newborn porcine skin
with observed rapid release of drugs [49]. Combining these two polymers may produce
synergistic effects, such as improved mechanical strength, swelling behavior, and drug
loading capacity [50]. Due to the swelling and water retention properties of CS and the film-
forming properties of pullulan, it may be possible to deliver and release medications more
effectively. Moreover, the biocompatibility of these materials may reduce the possibility of
adverse reactions or tissue damage.

2.1.2. Protein-Based Microneedles

HFMs made from protein-based natural polymers are promising drug delivery sys-
tems that use biocompatible materials [51]. Proteins such as gelatin and silk fibroin are
matrix-forming materials to manufacture MNs. They demonstrated significant potential in
delivering transdermal drugs, vaccinations, and tissue engineering.

Water-Soluble Silk Fibroin

Silk fibroin (SF) is derived from silkworm silk after sericin degradation or degumming
as a natural polymer. It comprises 18 amino acids forming a natural structural protein
without physiological activity. SF is widely used in preparing sustained-release drug
systems because of its biocompatibility, controllable degradation, and adjustable drug
release [52,53]. The SF-based drug-sustained release systems can encapsulate and stabi-
lize various small molecules, proteins, and large biomolecules such as DNA, facilitating
controlled and prolonged content release [54]. In recent years, much attention has been
given to using SF hydrogels in tissue engineering and drug delivery. It was reported that
SF hydrogels prepared by various physical or chemical treatments, coupled with other
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biomaterials, provide a variety of drug release patterns, hence showing promise in the fields
of cartilage tissue regeneration, wound repair, anti-cancer, and anti-infection therapies [55].

In an ectopic root canal transplantation model, silk fibroin scaffolds, not in MN
format, though containing basic fibroblast growth factor (bFGF), were evaluated for pulp
regeneration with DPSCs [56]. It was found that DPSCs seeded in the scaffold survived and
displayed cytoplasmic elongation for at least four weeks in culture. Incorporating bFGF into
tooth fragments and scaffolds increased the viability of DPSCs. This bFGF-incorporated
scaffold generated pulp-like tissue consisting of transplanted and host-derived cells and
displayed good vascularity, matrix deposition, and the formation of dentin-like tissue.
The results of this study indicate that silk fibroin scaffolds incorporating bFGF are a
promising candidate for future treatments in regenerative endodontics [57]. While some
studies have explored the use of SF MNs for delivering other types of stem cells for tissue
regeneration and wound healing applications, the specific combination of DPSCs and SF
MN:s in dentistry is yet to be explored.

Gelatin

Gelatin is a jelly-like substance derived from animals and composed of peptides and
proteins released by partial hydrolysis of collagen, which are typically obtained from skin,
bones, and connective tissues. The hydrolysis process breaks some bonds between and
within the component proteins. Several gelatin chemical characteristics are similar to those
of its parent collagen. In general, pig skin and cattle bones are used to manufacture photo-
graphic and pharmaceutical-grade gelatin. In terms of its composition, gelatin falls under
the category of hydrogels. Various products use gelatin, including capsules, cosmetics,
ointments, and foods. Gelatin MNs can be traced to as early as 2013 [58].

Gelatin has been shown to have osteogenic potential, which is often used as a tissue
engineering scaffold for bone regeneration [59]. The efficacy of bFGF-gelatin hydrogel
complex, not in MN presentation, was evaluated on bone regeneration around dental im-
plants. A total of 24 titanium implants were placed into the mandibles of 4 beagle dogs, and
different amounts of bFGF were applied to fill the bone defect sites. A minimum amount of
bone regeneration was observed in the groups with 0 and 0.1 mg of bFGF after eight weeks,
whereas new bone formation was observed in the groups with 1, 10, and 100 mg of bFGF
and autogenous bone. The results suggest that bFGF-gelatin hydrogel complexes with an
optimal amount of bFGF can be used to augment bone around implants [60]. Again, the
specific combination of bFGF in gelatin hydrogel MNs aiding oral bone tissue healing is
yet to be explored further.

2.1.3. Mixed Carbohydrate-Protein Microneedles

One of the first gelatin MNs was a transdermal insulin delivery patch made from
starch and gelatin developed by Ling and coworkers (2013). The MNs readily penetrate
the test animals” skin upon application and dissolve in five minutes. The effects of insulin-
loaded MNs on diabetic rats were similar to those produced by subcutaneous injections,
and the hormone-loaded MNs were stable after a month of storage [58].

In a study by Jana and coworkers [61], modified sodium carboxymethyl cellulose
(CMC) and gelatin were used to fabricate DMN patches. The authors took advantage of
the CMC-gelatin mechanical strength while the MN vehicle itself appeared able to prevent
insulin degradation, thus potentially maintaining the shelf-life of this essential hormone.

2.2. Synthetic Polymer Fabricated Hydrogel-Forming Microneedles

Hydrogel MNs made from synthetic polymers can be designed to dissolve or swell in
response to moisture or heat, allowing for the controlled release of drugs or other substances
into the body. The mechanical properties of synthetic polymer fabricated MNs could be
more substantial and usually more consistent than that of natural polymer fabricated MNs,
thus improving their effectiveness and reliability. Additionally, synthetic polymers can be
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customized to acquire specific properties, including tunable degradation rates enabling
more versatility for drug delivery.

2.2.1. Gelatin Methacryloyl

Gelatin methacryloyl (GelMA) is a light-cure hydrogel developed by Van den Bulcke
and coworkers [62]. The biocompatibility and controlled molding of GelMA led to the
extensive application of the agent in the biomedical field shortly after its development
and commercialization. By reacting methacrylic anhydride (MA) with amino groups, the
double-bond amide groups would be grafted onto gelatin chains, then cross-linking of the
latter would be facilitated through amide chemical reaction induced by UV activation of
photoinitiators [63] (Figure 2). Since GeIMA also exhibits good biodegradability and mold-
ability, it has attracted considerable research interest. The unique characteristics of GelMA
hydrogel and its simplicity of preparation made it a good MN candidate for wound healing
dressings, drug delivery, biosensing, and tissue regeneration in a wide range of biomedical
applications [64]. It was reported that GelMA could be used to prepare MN arrays with
acceptable release profiles suitable for the delivery of water-soluble drugs [65]. GelMA
hydrogel MNs have numerous applications in the medical field, such as transdermal insulin
delivery, wound healing promotion, tissue regeneration, and biosensing. GelMA-based
microneedles have been explored in wound healing, which possess adhesive properties and
can be loaded with growth factors or other therapeutic agents or cells to promote wound
healing processes. Incorporating GeIMA microneedles into a wound site allows a controlled
release of bioactive molecules, leading to accelerated tissue regeneration and improved
healing outcomes [56,66,67]. Despite this, GeIMA hydrogel MNs hold great potential for
dental and oral applications due to their biocompatibility, biodegradability, and tunable
mechanical properties, particularly local anesthesia, periodontal disease treatment, and/or
controlled drug delivery.

CHa Che
HsC Q CHs Inserting .
Methegrylit? Anhydride ™~ -3 n::’

wE\, A

crosslinked X \/ ,[

! Swelling '
:

Gelatin

| Biodegraded '

Figure 2. Gelatin methacryloyl (GeIMA) microneedle application. GeIMA is a cross-linked hydro-
gel material prepared by grafting methacrylic anhydride (MA) onto gelatin. GeIMA MN exhibits
sufficient mechanical toughness to penetrate the skin upon insertion, followed by swelling, degra-
dation, and drug release, leaving no residue within the skin tissue. The figure was created with
BioRender.com.
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2.2.2. Methacrylate-Based Hyaluronic Acid

Methacrylate-based hyaluronic acid (HAMA) is obtained by chemically modifying the
natural polysaccharide HA with MA [67]. This composite hydrogel has a continuous three-
dimensional network structure, good swelling properties, mechanical properties, and drug
loading capacity and is highly stable in a simulated human physiological microenviron-
ment (pH 7.4) [68]. Xu et al. [69] developed a HAMA MN patch that carries platelet-derived
growth factor D (PDGF-D) and human adipose-derived stem cells (ADSCs) for the manage-
ment of diabetic ulcers. According to their diabetic mouse model, the MN patch delivered
ADSCs and PDGEF-D appeared to promote angiogenesis and wound healing.

At the dental front, a small molecule from the thiadiazolidinone family, NP928, was
designed to be directly delivered into damaged teeth via a MAHA injection. Upon be-
ing cured by dental blue light securing in situ delivery, NP928 was observed to release
from MAHA, which promoted the production of reparative dentine through upregulating
Wnt/ 3-catenin activity in pulp stem cells [68]. Along such lines, the HAMA hydrogel-
based MNs format may enhance another therapeutic agent’s delivery pathway in repairing
damaged dental tissues.

2.2.3. Polyvinyl Alcohol

Polyvinyl alcohol (PVA) is a water-soluble polar polymer with excellent biocompati-
bility, biodegradability, inherent, non-toxic, and mechanical properties. It can be chemically
or physically cross-linked to form a hydrogel, and due to its wound-healing properties via
transforming growth factor beta (TGF-3) upregulation [70], PVA hydrogels are also widely
used as a matrix material for wound dressings [71].

Stratum corneum poses a formidable barrier to effectively delivering large and/or
charged macromolecules such as small interfering RNA (siRNA). The latter would be
helpful in skin disorders management [72]. Despite the effectiveness of intradermal siRNA
injections, the procedure is painful. MN arrays may be an alternate and effective way for
nucleic acid delivery, including siRNAs in a less painful manner. To enable penetration
of the skin barrier, a loadable, PVA-based dissolvable protrusion array device (PAD) was
developed. A PAD-mediated siRNA delivery effectively silenced a transgenic reporter
mouse model in the skin [73].

2.3. Combined Natural and Synthetic Polymer-Fabricated Hydrogel-Forming Microneedles

A study reported that PVA and chitosan (PVA/CS) nanofiber scaffolds are excel-
lent regenerative endodontics models [74]. Using these nanofibers and ciprofloxacin
and IDR-1002, a multifunctional scaffold with anti-biofilm and anti-inflammatory prop-
erties was created. It was demonstrated that tooth fragments filled with these nanofibers
produced pulp-like tissue in vivo. In dentistry, this type of scaffold, in MN/MN patch
presentation, could aid regeneration beyond the pulp revascularization [75].

3. Fabrication of Hydrogel-Forming Microneedles

Hydrogel MNs can be prepared in a variety of ways, varying with the hydrogel mate-
rial(s) and cross-linking mechanism [76,77] (Table 2). As mentioned in the previous section,
the materials used for the preparation include natural polymers and synthetic polymers,
which can be physically cross-linked, electrostatically interacted, or chemically cross-linked
to form a hydrogel with the needle patch formation, as described in this section.
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Table 2. Fabrication methods for hydrogel-forming microneedles as an example of polymeric mi-
croneedle (MN) production.

Method

Description

Advantages

Disadvantages

Micro-molding method

Casting

Electrospinning

Fabrication using a
micro-molding process to

create MN structures made of

hydrogel materials.

Casting hydrogel material
into MN molds

Electrospinning hydrogel
solution into MN structures

Precise control over MN
dimensions

Easy integration of drug
encapsulation

High reproducibility

Simple and cost-effective
fabrication

Suitable for various
hydrogel materials
Scalable production

High flexibility in MN
design

Fine control over MN
size and shape
Enhanced mechanical

Limited scalability
Time-consuming process
Difficulty in complex
MN designs

Limited control over MN
geometry

Potential for air bubble
formation

Difficulty in achieving
uniformity

Complex and expensive
equipment setup
Limited drug loading
capacity

Difficulties in drug

3D printed hydrogel-filled
microneedle array

strength release control

° Precise control over MN

geometry
e  Ability to incorporate e  Limited drug loading
multiple drugs capacity
3D printing of hydrogel-filled ¢  Customizable drug e  Limited scalability
MN arrays release profiles e  Limited mechanical
e  Potential for strength
personalized

medicine applications

In detail, the fabrication of hydrogel microneedles involves an intricate process that
includes mold fabrication, hydrogel formulation, casting, and post-fabrication treatments.
Initially, a microneedle-shaped mold is meticulously crafted using advanced photolithogra-
phy [78] or micro-molding techniques. Additionally, biocompatible polymers are meticu-
lously blended with a suitable crosslinking agent to create a tailored hydrogel formulation.
The hydrogel formulation is carefully poured or injected into the meticulously fabricated
mold cavities without air bubbles by judiciously applying vacuum or centrifugation. Next,
the hydrogel is crosslinked chemically or physically to ensure it is uniform and structurally
robust. In addition to dehydration, sterilization and surface modifications to enhance drug
loading and release properties are some post-fabrication treatments that are meticulously
handled after fabrication to enhance mechanical strength [79].

Currently, very few oral/dental MNs are available on the market. Many methods
have been explored to produce MNs for dental use, including micro-molding, casting,
electrospinning, and 3D-printed hydrogel-filled MN arrays. In recent years, these methods
have proven to be promising for developing MNs for dental applications, such as localized
delivery of drugs and vaccines into the oral cavity. However, more research is needed to
explore the full potential of MNs in dentistry.

3.1. Micro-Molding Method

Micro-molding hydrogel MNs preparation is one standard method applied [80]. Typi-
cally, polydimethylsiloxane (PDMS) casts are used, which are cast around a solid master
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Polymer

template and then cured at 70 °C for two hours. A negative micro-mold can be pro-
duced from the master template for HFM fabrication. Due to the reusable nature of the
micro-mold, multiple HFM arrays could be produced easily and quickly, which is par-
ticularly advantageous for optimizing parameters. A two-step fabrication is a common
technique for fabricating MNs for drug delivery, with active ingredients concentrated at
the MN tips (Figure 3).

Remove redundant solution

VTV

= [T == [TV

Pour premade polymer solution

Hydrogel solution

Peel off : ; : : : : : : : : Vacuum &dry ; : : :

Figure 3. Hydrogel microneedle patch fabrication through a two-step method. First, the polymer

solution with active ingredients was covered and filled in the polydimethylsiloxane (PDMS) female
mold under a vacuum. Next, the redundant solution was removed to ensure each cavity was filled
with the same volume of drug solution. The solution was then let to evaporate. Hydrogel solution
was then poured into the mold under a vacuum, and the sample was allowed to cure/solidify and
dry in a sealed desiccator overnight, followed by demolding, packaging, and storing.

3.2. Casting

Casting is another standard method of fabricating HFM. By using photolithography
or a microfabrication technique, a master mold with the desired MN shape is created.
Hydrogel material solution is then poured into the mold, typically composed of a mixture
of water-soluble monomers/catalysts and the active ingredient(s). To enable solidification,
the aqueous mixture is then allowed to crosslink, typically through UV exposure, heat,
and/or a chemical initiator. The MNs can then be removed from the mold and stored until
use [81].

The casting method enables the manufacture of MNs with complex shapes and dimen-
sions that can be tailored to specific applications [82]. Additionally, this method allows for
incorporating bioactive agents such as drugs, peptides, or growth factors into the hydrogel
solution, which can be released upon MN insertion into the skin [81]. The casting method is
relatively simple, cost-effective, and scalable, making it an attractive option for producing
hydrogel MNs for various biomedical applications.

3.3. Electrospinning

Electrospinning involves drawing a biodegradable polymer solution, e.g., PVA, into a
fine jet using a high-voltage electric field. The solvent evaporates as the jet travels toward
a collector, and the polymer solidifies into a fibrous mat. HFM can be created by coating
fibers with a hydrogel material, such as polyvinylpyrrolidone [83] or HA. Parameters for
electrospinning, e.g., voltage, flow rate, and distance between the needles and the collector,
can be controlled to produce MNs of various shapes and sizes [84].

MNs produced by electrospinning have a high aspect ratio, which means their length
exceeds their width, allowing them to penetrate the skin more efficiently and effectively [85].
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Moreover, the electrospun polymer, by its nature, is capable of releasing the hydrogel-
loaded drugs or active agents in a controlled manner because of the ability of manufacturers
to control the diameter and length of the MNs and porous structure by adjusting the
electrospinning parameters [86]. However, electrospinning is among the more complex
processes and requires specialized equipment.

3.4. Three-Dimensional-Printed Hydrogel-Filled Microneedle Array

It remains uncommon that existing hydrogel-filled MN arrays are designed to deliver
different therapeutic agents to diverse tissue compartments at particular vicinity and to
reach different depths of the targeted tissue mass. To fulfill this, Barnum and coworkers [87]
developed an MN array system composed of a 3D-printed resin-based rigid outer layer
attached to a drug-washed hydrogel. By fabricating MNs of varying compositions and
lengths in a single patch, the same or different drug(s) can be delivered to various depths
within the target tissue mass, perhaps with varying dosing protocols. The composition
of the hydrogel and the shape of the needles can be adjusted in addition to the spatial
distribution of the drug(s) involved. The delivery of vascular endothelial growth factor
using a hydrogel-filled MN array was pioneered as a proof-of-concept approach [87].

Informed by various imaging techniques, the hydrogel-filled, 3D-printed, UV-polymerized
resin-based, custom-made MN array of different needle densities, shapes, and lengths can be
designed to acquire various forms and mechanical properties to ensure successful drug and
biologics delivery. In line with the abovementioned concept, polyethylene glycol diacrylate
hydrogel was developed, which retains properties for therapeutic drug delivery and skin
penetration efficacy. In that study, an array of 100 MNs was successfully printed that release
drugs in response to delivery site stimuli/characteristics such as temperature and pH [88].

4. Application of Hydrogel-Forming Microneedles in the Diagnosis and Treatment
of Diseases

Hydrogel MNs are widely used in the diagnosis or treatment of diseases [89], i.e.,
extraction of skin interstitial fluid to detect health-relevant biomarkers in the human
body [12], such as glucose, nucleic acid, proteins, etc., or they have been employed in
tumors [90], diabetes [91], or eye infection management [92].

4.1. Diagnosis

Most research on HFM-mediated diagnosis has focused on medical applications, such
as diagnosing skin diseases and various forms of cancer. As elaborated in the following
section, HFMs may also be used in dentistry, for example, in diagnosing and treating
oral conditions.

4.1.1. Interstitial Fluid Extraction by Hydrogel-Forming Microneedles

Interstitial fluid (ISF) is a ubiquitous element within the parenchyma, enabling oxygen
and nutrients exchange with waste products from cells. Biomarker analysis of ISF provides
the opportunity for health evaluation of the tissue concerned [93]. In recent years, MNs
extraction of ISF from the skin has received increasing attention in minimally invasive
diagnostics and biosensing. Minimally invasive techniques are practical and patient-
friendly methods aiding disease diagnosis such as superficial cancer, diabetes, and skin
lesions, principally through ISF sampling, while minimizing the risk of blood contamination
for detecting cell-free nucleic acid biomarkers [94]. As mentioned earlier, HFM materials
with excellent swelling capacity would be the ideal agent for extracting ISE. Typically,
immune cells are studied by analyzing blood cells, but this does not reflect their behavior
in target tissue/organs. Mandal and coworkers developed an MN approach to sample
tissue-resident immune cells in the skin. Utilizing this tool, they studied immune responses
over time, improving the comprehension of how the immune system functions within the
tissue tested [95].
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Zheng and colleagues introduced an osmosis-driven hydrogel MN system consisting
of osmolytes (maltose) [96] and showed up to 7.9/3.8 uL ISF could be extracted from
isolated porcine skin/living mouse skin within 3 min, compared to 10 min when hydrogel
MNs were used without osmolytes.

Al Sulaiman et al. [97] designed an SA-based hybrid hydrogel with linker DN A-cross-
linked peptide nucleic acids (PNA/DNA). The setup is supposed to, within 2 min, detect
specific/target nucleic acid biomarkers sequences, e.g., miRNAs in the target tissue ISE.
With the MN array PNA /DNA platform/technology, fast sampling kinetics, relatively
high sampling capacity, and especially multiple sites sampling could be achieved. The
authors argued that the PNA/DNA MN array and an automated platform might enable
longitudinal monitoring of local/systemic patient-specific health status in a personalized
medical approach [97].

Upon satisfactory HFM-facilitated ISF extraction, the quantity of glucose or any drug
substances within ISF could be measured. From blended hydrolyzed poly (methyl-vinyl
ether-co-maleic anhydride) and poly (ethylene glycol) MNs applied on the skin of rat or hu-
man volunteers, concentrations of caffeine, theophylline, and glucose within extracted ISF
could be measured by high-performance liquid chromatography with or without a propri-
etary kit. The analytes’ concentration showed a good correlation with their corresponding
blood level [12].

4.1.2. In Vivo Interstitial Fluid Real-Time Analysis

Alongside the development of MNs for the administration of diabetes medications,
MN-integrated sensors for ISF glucose measurement [98] were also developed as an alterna-
tive to continuous glucose monitor devices, which enhanced patient compliance, excluding
the application of lancets and the pain associated [99]. Zhao and coworkers [100,101]
developed an MN biosensor using a filamentous protein/D-sorbitol array embedded with
platinum and silver wires and glucose oxidase enzymes for continuous glucose monitor-
ing. Glucose oxidase catalyzes glucose oxidation in the working electrode, producing
hydrogen peroxide when inserted into the skin tissue. The working electrode then detects
the hydrogen peroxide concentration, generating a current proportional to the initial glu-
cose concentration [99]. In the future development of glucose-monitoring MN biosensors
(c.f. Section 8.1), an array of microneedles loaded with a glucose oxidase enzyme and hypo-
glycemic drugs could be used for glucose detection and drug delivery. Microneedles may
release medications in response to changes in glucose levels, depending on whether glucose
levels are high or low. Consequently, this may enhance drug-dosing accuracy and reduce
the risk of hypoglycemia and hyperglycemia. HFMs offer several advantages over tradi-
tional diagnostic methods, including biomarker detection, point-of-care testing, enhanced
sensitivity and specificity, minimally invasive sampling, reduced risk of contamination,
and multiplexed analysis.

4.1.3. Epstein-Barr Virus Detection

Biomolecules of circulating extracellular vesicles, such as proteins and nucleic acids,
can directly inform disease status in a living being [102]. Yang and coworkers [103] in-
troduced a hydrogel MN patch for rapid 15 min ISF capture of Epstein-Barr virus (EBV)
cell-free DNA. In vivo data indicated that EBV-DNA was released from nasopharyngeal
carcinoma cells with a maximum capture efficiency of 93.6%. Based on that, the MN patch
could have significant application potential [103].

4.2. Diseases Management

Various disease management applications have been demonstrated to be possible using
HFM because of their ability to deliver drugs with minimal invasiveness and painlessly.
They have been used to administer insulin to manage diabetes [91,104,105], along with
vaccines and medicines to treat skin diseases such as psoriasis [106]. Additionally, hydrogel
MNis have been used to deliver cancer drugs locally, and with antibiotics for treating
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bacterial infections [90]. They have also been explored for treating ocular infection [92],
in which drugs can be delivered directly to the eye without an injection. In addition
to their applications in drug delivery, HFMs have also shown potential in the field of
microencapsulated cell delivery, opening new avenues for disease management [107].

4.2.1. Cancer

Surgical tumor resection is extremely technique-sensitive and invariably associated
with various levels of morbidity. If malignant tumor resection is incomplete or total
resection is not possible, it results in a high risk of tumor recurrence. Chemotherapy
and/or irradiation therapy, post-surgical intervention or not, could be highly stressful
and is often associated with many cases of collateral damage, side effects, and suffering.
Oral and parental routes of anticancer drug administration are always associated with
systemic adverse effects and, nevertheless, remain at risk of eventual low anticancer drug
bioavailability at the site of action because of pharmaceutical limitations and physiological
barriers. As a new generation of trans-tissue local drug delivery [108], hydrogel MNs
loaded with anticancer drug(s), if appliable in the vicinity of the primary tumor resection
site, with or without the aid of endoscopy, can secure effective drug delivery to ensure
tumor elimination and /or minimize tumor recurrence [109] as well as reduced systemic
adverse effects [110].

Hydrogel MNs can be used for transdermal delivery of small molecules to improve the
bioavailability of drugs. Huang and colleagues [90] synthesized photo-crosslinked dextran
methylmalonic acid as the carrier of a novel MN with DOX and trametinib (Tra)-loaded
tips, which can penetrate the epidermis to achieve sustained release of drugs. Tra can
reverse P-glycoprotein-mediated multidrug resistance and effectively block the efflux of
P-glycoprotein to DOX. The results showed a synergistic effect of simultaneous release of
Tra and DOX in a B16 cell xenograft nude mouse model [90].

Cancer immunotherapy involves the provocation of the body’s immune system to
fight against cancer cells (Figure 4). Several studies were conducted on using HFEM to
deliver immunotherapy in cancer treatment [111]. Kim and coworkers [112] examined the
use of hydrogel MNs to deliver checkpoint inhibitors, a type of immunotherapy drug used
in cancer treatment. Checkpoint inhibitors block specific proteins in the body that prevent
the immune system from attacking cancer cells. Photolithographic-loaded checkpoint
inhibitor-hydrogel MNs were developed and applied to a cancer animal model, confirming
the effectiveness of the MN protocol in enhancing the immune response against cancer
cells and reducing tumor growth [112]. Microencapsulation techniques have emerged as
effective strategies in cell therapy, providing immune-privileged environments, mechanical
support, and controlled release capabilities through MN array patches, thereby improving
long-term cell survival and treatment outcomes [113].

4.2.2. Diabetes

Diabetes is a common chronic metabolic disease, and blood glucose levels are often
difficult to control in those severely affected. High compliance is needed because patients
must monitor their own blood glucose on a daily basis (c.f. Sections 4.1.1 and 4.1.2) while
taking their medications and/or regular insulin injections, if needed, on top of a healthy
lifestyle. Hydrogel MN provides controlled insulin release.

Chen and coworkers devised a prolonged hydrogel MN insulin release protocol using
bio-compatible SF protein and phenylboronic acid/acrylamide, with SF as the MN base
layer and glucose-responsive hydrogel forming the tip layer. This hydrogel micro-needle
remains in its original shape after a week in the aqueous system, hence providing an op-
portunity for continuous drug release triggered by the addition of glucose oxidase. When
the glucose concentration rises, it leads to a decrease in the pH inside the MNs, an increase
in the pore size of the MNs, and an acceleration in the rate of insulin release. [91]. A ‘smart
insulin delivery’ protocol to regulate blood glucose levels was designed by Wang and
colleagues using PVA MN with glucose oxygenase as a core and peroxisomal enzyme
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embedded in the outer shell, which is responsive to elevated blood glucose concentrations.
To enable oxidative distress or HyO,-triggered insulin release, insulin was chemically mod-
ified with 4-nitrophenyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxol-2yl) benzyl carbonate (insulin
NBC) and then loaded onto a water-soluble PVA substrate. When the MN is exposed
to high glucose concentration, high localized levels of H,O, are generated, and insulin
NBC is oxidized and hydrolyzed, leading to the rapid release of free insulin and therefore
aiding control of blood glucose concentration (Figure 5). This core-shell structured MN
provides a painless, ‘on-demand’ technique for transdermal drug delivery in a primarily
physiologically factor-controlled manner, improving bio-compatibility [104].
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Figure 4. Schematic illustration of the potential applications of microneedles in cancer detection and
management. (A) Microneedle device is used for interstitial fluid (ISF) extraction, which can be used
for early cancer detection. ISF contains biomarkers that can indicate the presence of cancer in the
body, making it a promising alternative to traditional blood tests for cancer screening. (B) Hydrogel
microneedles can be used for the local delivery of cancer therapeutics. These microneedles can be
loaded with adoptive T cells via microencapsulation, cytokines, vaccines, and checkpoint inhibitor
drugs that target specific cancer cells or regions of the body, allowing for precise and targeted
treatment. (C) Microneedles can be used as biosensors to monitor the health of cancer patients during
and after treatment. The figure was created with BioRender.com.
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Figure 5. Schematic representation of the mechanism of HyO;-sensitive drug (red) release using
4-nitrophenyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxol-2yl) benzyl carbonate (NBC; pink; drug-vehicle com-
plex: purple dots) conjugated polyvinyl alcohol (PVA) substrate in hyaluronic acid (HA) microneedle
(MN). NBC conjugated onto a water-soluble PVA substrate in MN format (upper left) is exposed to
high glucose concentration, which generates high localized levels of HyO,. The H,O, oxidizes and
hydrolyzes NBC (upper center: pictorial; lower panel: line formula representation), rapidly releasing
NBC and drugs from the HA MNs.

4.2.3. Rheumatoid Arthritis

Rheumatoid arthritis (RA) is an inflammatory autoimmune disease mainly affect-
ing joints. The condition has a complex etiology, and those affected exhibit complicated
pathogenesis and multiple joint involvements [114]. Local administration of drugs pre-
venting/attenuating joint deformities in the clinical setting is complicated, e.g., local drug
injection poses risks of joint damage and infection. Hydrogel MNs can be used as a vehicle
for drug and protein inhibitor delivery to the joints involved, minimizing the adverse/side
effects of RA drugs on the gastrointestinal tract if administered orally [115].

Cao and colleagues [116] studied a chemically modified aptamer delivered by translu-
cent acid hydrogel MN to treat RA. The authors first modified DTA (DEK-targeted aptamers,
a nucleic acid aptamer that blocks the ubiquitous chromatin DEK proteins) using methoxy
and reverse deoxythymidine DTA4 on the ribose unit and then modified DTA4 with choles-
terol at its 5’ end to form DTA6, which was loaded onto a methacrylate-modified HA
hydrogel MN that rapidly released DTA6 into the dermis upon skin puncture. The in vitro
results showed that DTAG6 significantly reduced DEK expression in inflammatory RAW264.7
cells, while in vivo it protected mouse joints from cartilage /bone erosion [116].

4.2.4. Psoriasis

Psoriasis treatment with methotrexate (MTX) is limited by its side effects [117]. It is de-
sirable to deliver drugs transdermally, but currently, available techniques have limitations.
Researchers have developed a dissolving MN patch made of HA with controlled doses of
MTX to overcome these limitations. The MNs successfully delivered MTX intralesionally
and exhibited anti-inflammatory effects in mice with psoriasis-like skin inflammation, with
higher efficacy than oral administration [106]. Recently, Liu’s team developed a new type
of MN patch, which is HyO; responsive. It contains quickly released MTX and epigallocat-
echin gallate, which has a sustained release in reaction with H202. It showed improved
outcomes in psoriasis therapy [118].
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4.2.5. Eye Infection

A Hong Kong/Singaporean research team developed CryoMN patches for delivering
Bdellovibrio bacteriovorus, a predatory bacterium preying on other gram-negative bacteria,
to treat ocular infections. These MNs kept 80% viability of B. bacteriovorus in long-term
storage and showed gram-negative bacteria inhibition in vitro. In a porcine model, the
agent reduces infection by almost 6 times over 2.5 days without effects on cornea thickness
or morphology [92].

4.2.6. Microencapsulation Cell Delivery

Microencapsulation of cells within HFMs provides a protective environment for im-
planted cells, allowing for prolonged cell survival and therapeutic efficacy. This approach
has been explored in various disease management strategies, including vaccines [119],
tissue engineering, and cell-based therapies [120]. By encapsulating cells within HFMs,
controlled release of cells and their therapeutic factors can be achieved, enabling targeted
delivery and enhancing treatment outcomes. A research group developed a novel approach
for treating vulvovaginal candidiasis, an infection caused by Candida sp., by formulating
Lactobacillus plantarum-loaded microcapsules using HFMs [121].

5. Applications of Hydrogel-Forming Microneedles in Dental Therapy

Over the past few years, researchers and clinicians embracing HFM applications
have actively explored applying such technology and/or novel concepts to improve oral
health care and prevention. The following is an overview of laboratory-based and clinical
studies regarding recent explorations and/or attempts to translate HFM concepts for oral
condition/disease prevention, diagnosis, treatment, and beyond (Figure 6).

A. Oral ISE B. Earlyoral  C. Oral cancer D. Oral E. Drug
collection cancer diagnosis  treatment vaccination delivery
= | =

WEN .

rea, \ o0 M

= b n .{3. s T
| B VO B

Application of HFM in Dentistry

299992
Chdd )
Qf @
s @
s ¢
F. Prevention G. Periodontitis  H. Oral unlcer | Anti-bacteria J. Oral
of caries treatment manegement anesthesia

Figure 6. Hydrogel-forming microneedles (HFM) application concepts in dentistry. The top panel
from left to right depicts the application of hydrogel microneedles (MNs) in the maintenance and/or
promotion of systemic health: (A) Oral interstitial fluid collection, where the MNs are used to painlessly
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collect oral fluids for diagnostic purposes. (B) In early oral cancer diagnosis, the MNs can collect
and analyze oral tissues and fluids for cancerous cells or related activities. (C) Oral cancer treatment,
where the MNs can deliver precise doses of chemotherapy drugs directly to affected areas. (D) Oral
vaccination, where the MNs can be used to deliver vaccines directly to oral mucosal tissues for
more effective mucosal immunization. (E) Drug delivery, where the MNs can be used to deliver
a wide range of drugs directly through oral tissues for improved systemic or local therapeutic
outcomes. Lower panel from left to right: (F) Prevention of caries, where the MNs can deliver
antibacterial agents to oral mucosa surfaces next to carious lesions to remineralize initial reversible
tooth decay. (G) Periodontal therapy, where the MNs can deliver drugs directly to the gums to the
adjunct periodontal treatment of gum diseases. (H) Oral ulcer management, where the MNs can
deliver analgesic/anti-inflammatory drugs directly to the affected areas. (I) Antibacterial, where the
MNs can deliver antibiotics directly to oral tissues to fight bacterial infections. (J) Oral anesthesia,
where the MNss can provide localized pain relief for simple dental procedures or anesthetize the
mucosa before local anesthetic injection. The figure was created with BioRender.com.

5.1. Collecting Oral Fluid for Diagnosis

In the past, gingival crevicular fluids (GCF) were collected through paper strips [122].
The use of this method, however, presents several challenges, including contamination of
GCF samples by saliva, plaque, and blood, while only small amounts of GCF are being
collected [123]. Moreover, retrieving all GCF content from paper strips has proven to be
difficult. These challenges, however, may be overcome by using MNs. An HEM patch
can be used in dentistry to collect gingival/periodontal ISE. In addition to identifying
and quantifying various biomarkers, including the possibility of continuous monitoring of
periodontal health /diseases, these could also serve as prognostic indicators for the outcome
of periodontal therapy. In the current state of research, and due to limited studies, it is
difficult to determine the effectiveness of HFM in collecting oral fluids, such as gingival ISE.
Past reports have focused on MN-collected ISF from the skin, particularly in experimental
animals, while recent studies reported that HFMs could be applied to collect saliva, blood,
and other types of oral fluids, which can be used for diagnostic and therapeutic purposes.

5.2. Early Detection of Oral Cancer

The asymptomatic nature of oral cancers, such as oral squamous cell carcinoma, makes
it difficult to be detected at the early stage. Several biomarkers, including lactic acid and
valine, tissue polypeptide antigen, lysine, proline, citrulline, and ornithine, have been
advocated to be associated with oral cancer [124]. Early detection of these biomarkers
in ISF from suspected oral lesions collected using MN-based devices would be a good
way forward.

5.3. Oral Cancer Treatment

Since the filing of MN patents in the 1970s, significant progress has been observed,
especially in using MNs as a drug delivery system. In recent years, MNs have also been
used to deliver drugs across the oral mucosal barrier. The treatment of recurrent oral cancer
is challenging because surgery plus/minus chemotherapy and/or irradiation therapy may
not achieve the desired therapeutic effects due to already massive loss of maxillofacial
structures, scarring, and insufficient perfusions due to the prior treatments at tumor first
detection. Local intra-tumor injection of anti-cancer drugs is an alternative therapeutic
approach. However, due to the sequelae of previous therapy, this method leads to uneven
distribution of drugs in the tumor and causes pain and suffering to the patients concerned.
Poly(lactic-co-glycolic acid) (PLGA) coated with DOX with an average particle size of
137 nm was prepared to address the above challenges [125]. On the MN array, DOX-PLGA
nanoparticles coated with a precalculated, sufficient dose of cytotoxic DOX to cancer cells
located within a 1 cm radius from the MN array enabled cell death in a 3D tumor tissue
model. Confocal microscopy and stereomicroscope also demonstrated that DOX could
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diffuse into porcine oral tissues deep and laterally over an area of 1 x 1 cm? [125]. Another
research group developed a cellulose MN patch for localized chemotherapeutic agent
5-fluorouracil delivery to the buccal mucosa to treat oral carcinoma [126]. A photosensitizer-
loaded microneedle patch was developed for targeted phototherapy in oral carcinoma.
The patch successfully penetrated the buccal mucosa and dissolved within a short time.
Localized application of the patch, followed by near-infrared laser irradiation, significantly
reduced tumor volume in a xenograft tumor model [127].

5.4. Oral Vaccination

Compared to the gastrointestinal environment, the oral milieu provides a less harsh
situation for mucosal vaccination, thus preventing significant degradation of vaccine
antigens [128]. The presence of IgA-mediated immunity, in particular, enables the oral
cavity to be one of the prime sites for vaccinations against infectious agents [129].

The effectiveness of oral mucosal vaccination depends on the permeability of the
mucosa, which is influenced by the thickness of the epithelium and the degree of kera-
tinization. The sublingual mucosa is more permeable than the oral and gingival mucosa,
so sublingual vaccination has been extensively investigated [130]. Ma and coworkers
reported that coated MN used in oral cavity vaccine delivery activated systemic and mu-
cosal immunity, while intramuscular injection can only activate systemic immunity [131].
They soon realized the inferior stability and limited dose capacity of the solid or coated
MNs. Zhen and colleagues [132] used hydrogel MNs containing mannose-polyethylene
glycol-cholesterol/lipid A-liposomes (MLLs) to encapsulate the target antigen, establishing
a proMLLs-filled MN array. Antigens with adjuvant loaded into MNs were administered
to mice via the oral mucosa route, and the entire immunization course resulted in systemic
and mucosal immune responses within three weeks: mixed Th1/Th2 immune response
and enhanced levels of IgG2a, IFN-y, and CD8+ T cells. [132].

5.5. Local Anesthesia

The general population has a 1.6% prevalence of dental injection phobia [133]. To
improve patient compliance during dental, periodontal, surgical, and endodontic proce-
dures, topical anesthesia delivered by MNs might help the management of injection phobia.
HEFM technology has been applied in dentistry to enhance surface anesthesia. Daly and col-
leagues [134] conducted a randomized controlled trial of 0.5 g 5% lidocaine gel (Septodon®)
surface anesthetics directly delivered with MN patches to relieve dental injection pain in
fifteen participants randomly divided into four groups with a quasiexperimental-crossover
design. The test sites (buccal or palatal mucosa) received “anesthetic gel applied onto the
center of an MN patch’ delivery, while the control sites received the anesthetic gel directly.
Pain related to the needle penetrated the oral mucosa only, the needle inserted through the
oral mucosa to contact bone, and the needle inserted through the oral mucosa and an entire
cartridge of local anesthetic administration were evaluated using visual analog scoring
(VAS) and a four-point verbal rating scale (VRS). According to the authors, the MN patch
plus lidocaine gel significantly reduced VAS pain scores at both buccal and palatal sites,
and VRS pain scores were also significantly reduced compared to the control sites [134].

On the other hand, using conductive MN arrays, Seeni et al. applied low-voltage
iontophoresis to target dental sensory nerves, creating micro-conduits that accelerate local
anesthetic drugs to block the sensory supply in a rabbit model [135].

5.6. Caries Prevention

Cariogenic oral bacteria produce acids from dietary carbohydrates, leading to enamel
and dentine demineralization, hence dental caries [136]. Calcium and phosphorus ions
in saliva can reduce or reverse this condition [137]. Fluoride is another mineral that can
prevent demineralization [138]. The presence of calcium, phosphorus, and fluoride in saliva
reduces the activity of these bacteria and facilitates the process of remineralization. These
minerals should be present continuously to promote remineralization. However, because
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of poor diet or hyposalivation, such minerals might not be present sufficiently and at the
proper pH to protect the host from dental caries [139].

MNs providing a slow release of fluoride or other remineralizing agents for caries
prevention were experimented upon. One approach is to target the leading cause of dental
caries, i.e., Streptococcus mutans. Many metal and metal oxide nanoparticles (e.g., nano-
silver, nano-hydrous zinc oxide, nano-gold) were shown to destroy this caries pathogen
even in the deeper layers of the biofilm [140]. MNs or nanosheets mediated metal and metal
oxide nanoparticles delivery could reduce the risk of dental caries. The current attempt
was to apply an anti-caries agent-loaded HFM patch inserted into oral mucosa juxtaposed
to its anticipated site of action. Previous studies have shown that perhaps even the slightly
increased fluoride content and remineralizing agents in gingival crevicular fluid and saliva
could enable reductions in tooth decay [141,142].

5.7. Oral Ulcer Management

An oral ulcer is a common locally acute and painful oral inflammatory disease. A
fraction of the world’s population suffers from recurrent or chronic oral mucosal lesions that
can negatively impact one’s oral health-related quality of life, and in rare cases, it can be the
precursor of oral cancer [143]. It has been proposed that soluble HA MN patches containing
betamethasone 21-phosphate sodium and betamethasone 17,21-dipropionate might be used.
HA loaded with the medication applied in a rat tongue mucosa ulcer model successfully
secured the release of the drugs into the ulcer base with facilitated wound healing on top
of anti-inflammation, making the approach a viable treatment option for humans [144].
Another HA-based microneedle patch loaded with multi-drugs, including dexamethasone
acetate, vitamin C, and tetracaine hydrochloride, has been developed to treat recurrent
oral ulcers. The patch exhibits enhanced anti-inflammatory and pro-proliferation effects
compared to individual components for recurrent ulcer treatment [145].

5.8. Periodontal Treatment

Periodontitis, a chronic oral inflammatory disease, is one significant oral health bur-
den worldwide. The development of this disease is due to dysbiotic subgingival biofilms,
which induce dysregulated immuno-inflammatory responses in a susceptible host [146]. A
modular MN patch of gelatin and PLGA-carrying tetracycline and IL-4 and TGF-3-loaded
silica nanoparticles was developed by Zhang and coworkers [147] to deliver immunomod-
ulation to gingival tissue to facilitate tissue regeneration [147]. Application of the MN
patch to rat or mouse periodontitis models inhibited inflammatory factors and encouraged
regeneration-promoting signals and tissue healing [147].

6. Advantages of Hydrogel-Forming Microneedles in Dentistry

As MN biomedicine research has advanced over the past decade, the advantages of
MN systems have become apparent: (1) drug delivery with minimal discomfort: HFMs
penetrate the oral mucosa without causing significant ache, making them ideal for pain-free
drug delivery in dentistry; (2) targeted drug delivery: the nature of local HFM application
means drugs directly delivered to the site(s)/vicinity perhaps at predetermined tissue
depths where they are needed, i.e., through oral mucosa to targeted maxillofacial locations
without the necessity of the drug first going through systemic circulation or liver first-
pass metabolism; (3) controlled drug release: HFMs may be designed to release drugs
at a controlled rate, resulting in locally high dose and prolonged drug delivery; and
(4) improved patient compliance: for home-administrated medications, the controlled local
HEM delivery usually extends the dosing intervals to be hopefully more convenient to
patients, hence enhancing compliance.

Compared with traditional metal- and silicon-based MNs, hydrogel-forming MNs
exhibit the following advantages: (1) fair drug carriage capacity with controlled drug
release; (2) the polymeric biomaterials needle body is biocompatible and avoids foreign
body reactions when MN tips fracture.
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The therapeutic approach of microneedles has gained widespread recognition among
clinicians of various organizations, as it is considered a clinical treatment or drug delivery
modality with high potential. The transdermal drug delivery method of microneedles is
generally believed to possess several advantages over traditional oral or injectable modes
of administration: (1) The drug delivery method of microneedles can bypass the acidic
environment of the gastrointestinal tract or the action of digestive enzymes, thereby poten-
tially increasing the drug’s bioavailability and enhancing its therapeutic efficacy to some
extent; (2) compared to the injection route, the drug delivery method of microneedles is a
painless and non-invasive approach. The use of nano- or micro-meter-scale microneedles
reduces patient discomfort during skin penetration. Additionally, this delivery method
minimizes tissue damage and improves treatment safety; (3) microneedle administration is
simple and convenient, eliminating patient discomfort associated with swallowing pills
or receiving injections, which in turn, can improve patient compliance; (4) the size and
shape of microneedles can be individually customized to accommodate different targeted
populations and applications, catering to personalized drug delivery modes in various
environments and processes; (5) microneedle arrays offer the possibility of controlled drug
release, allowing for reduced dosing frequency and aid maintenance of adequate and stable
medication therapeutic concentration/level in a patient’s bloodstream. Therefore, applying
microneedles as a drug delivery modality represents a promising approach.

7. Limitations of Hydrogel-Forming Microneedles in Dentistry

Only a few clinically marketed oral HFM applications are available, even though
preclinical studies have shown promise related to this novel interventional approach.
Additionally, a few shortcomings remain to be addressed: (1) MNs, as the name implied,
were of limited capacity, so they could only deliver a small load of drug(s) before changing
for a new HFM patch needed; (2) limited clinical evidence regarding HFMs' efficacies in
dental application: as described in this narrative review, HFMs rely upon trans-mucosal
drug delivery. Therefore, can HFM devices be engineered for direct caries prevention and
management? (3) The HFM-mediated therapeutic results would be affected by the mucosal
conditions of the ‘MNs bed’, and the nature of MN base material used; (4) commercialization
or scale-ups of MN patches production perhaps is yet to be realized; (5) HFMs may have
limited needle strength, which can lead to bending or deformation during insertion and
reduce their effectiveness in penetrating the keratinized or non-keratinized mucosa/skin
and delivering drugs to the desired depth; (6) HFMs may exhibit variable drug release
kinetics, leading to inconsistent drug delivery profiles. Achieving precise control over
drug release rates and durations can be difficult; (7) storage and stability concerns: HFMs
require proper storage conditions to maintain their integrity and stability. Factors such as
temperature, humidity, and exposure to light can affect their performance and shelf life.

Importantly, the extent and significance of these disadvantages may vary depending
on the specific design, formulation, and application of hydrogel-forming microneedles.
To address these challenges and improve the performance and practicality of HFMs for
a range of biomedical applications, continuous research and development efforts are
being undertaken.

8. Future Perspectives

The use of hydrogel-forming microneedles in medical research, especially concerning
targeted or local delivery of drugs, has shown great promise. Nevertheless, the use of
hydrogel MNs in dental applications remains relatively limited, and more research is
required to explore all potentials of the novel protocol. Compared with other types of MNs,
HFMs have received considerable attention and study due to their simple preparation
method and good biocompatibility, making them the most promising MNs for clinical
applications [148]. Exploring the use of new or modifications of existing materials can
improve the stability and performance of HFMs.
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8.1. Hydrogel-Forming Microneedle Biosensing

MN-based biosensors are anticipated to become an important part of future medical
services as research advances. The development of integrated diagnostic and therapeu-
tic MNs, which combine the transdermal drug delivery capability of MNs, will allow
patients with chronic diseases to undergo frequent testing and receive medication. The
data transmission module can be integrated into the system so that patient tests can be
uploaded, and doctors may treat and diagnose patients online based on the data recorded,
thereby reducing the dependence on medical personnel. Additionally, MN biosensors allow
patients to self-regulate based on their results. The devices could potentially be used as
diagnostic tools for studying oral fluids and for remote monitoring of oral health. It is also
possible to use HFMs for the targeted delivery of contrast agents in dentistry to enhance
imaging. Consequently, diagnostic accuracy and treatment planning may be improved.
Using 3D-printing technology to design MNs according to the needs of patients, future
research directions and development should focus on reflecting personalized characteristics,
thereby ensuring that dental treatment is more effective and safer.

8.2. Accelerate Dentoalveolar/Periodontal Wound Healing

In theory, microneedling is perhaps an adjunct to dentoalveolar/periodontal healing
because it could speed up wound healing. In dermatology, microneedling can cause
superficial bleeding and trigger a wound-healing cascade via the release of various growth
factors [149]. Hydrogel serves as a perfect tool to treat wounds [150]. As fibroblasts
migrate, proliferate, and lay down the intercellular matrix, neovascularization, and collagen
formation are promoted [151]. Conventional wound closure methods may result in tissue
damage and inflammation, especially in the oral cavity. A double-layered adhesive MN
patch made from mussel adhesive protein and SF was developed to promote better wound
healing. Patches can be inserted into tissue with a 7 x greater force than skin penetration,
swell to seal luminal leaks, and exhibit excellent wound healing in vivo [13]. There are
many practical applications for this bioinspired adhesive patch, including wound healing
and delivering regenerative or anti-inflammatory agents transdermally.

Green tea (GT) extract contains catechins that disrupt the cell membranes of bacteria,
inhibiting gram-positive bacteria [152]. GT extract and hyaluronic acid can be used as
antibacterial gingival microneedle patches to promote the healing of periodontal wounds,
which have good slow-release properties, are not toxic to normal cells, and inhibit bacterial
growth even at low concentrations. According to a recently published study, experiments
on oral wounds of diabetic rats showed that hydrogel adhesive could effectively protect
against mucosal wounds and shorten the inflammatory phase, thus promoting the wound-
healing process [153]. In rat models, microneedles have been found to accelerate wound
healing and inhibit bacterial growth [154]. In future research, HFM can be designed to
release growth factors, cytokines, and other molecules that promote periodontal tissue
regeneration and wound healing. By delivering these molecules directly to the site of the
dental injury or surgery, hydrogel MNss can accelerate healing and reduce recovery time.

8.3. Anti-Bacterial Effects

The application of novel MN patches, which are safe and self-administrable and
loaded with anti-bacterial agents, can maintain an optimal level of active compound in
the oral cavity for a more extended period of time, thus increasing their effectiveness [155].
Nano-silver has proven to display adjuvant immune properties and antimicrobial proper-
ties. Therefore, incorporating nano-silver into MN patches may provide dual benefits [156].
CMC micropatches with nano-silver enhance antimicrobial activity against gram-positive
and gram-negative microbes. Through the use of self-DMN that are infused with gelatin
nanoparticles (GNPs), antibiotics can be delivered to active sites within biofilms [157].
Chloramphenicol@GNPs are more effective against Vibrio vulnificus biofilms than direct
administration of CAM. Biofilm-contaminated sites can now be treated more effectively
with this new treatment strategy [158]. Another study investigated the use of HFM for trans-
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dermal drug delivery of antibiotics, demonstrating controlled release properties and potent
antimicrobial activity against Escherichia coli and Staphylococcus aureus. The microneedles
were fabricated using a custom design 3D-printed master template to improve resolution
and successful penetration of porcine skin grafts [159]. In the future, there is a potential
to develop hydrogel MNs that can target specific bacterial strains in the oral cavity, such
as S. mutans, which is a major contributor to dental caries. Additionally, hydrogel MNs
can provide a sustained release of antimicrobial agents, reducing the need for repeated
administration and improving patient compliance. Hydrogel MNs can also be designed
to release agents in response to specific stimuli, such as changes in pH or the presence of
bacterial enzymes, leading to targeted and efficient treatment of oral infections.

8.4. Future Research to Evaluate the Efficacy and Safety of HEMs in Dental Applications

Future research could further evaluate the efficacy and safety of hydrogel micronee-
dles in dental applications. This could involve conducting in vivo studies to assess their
performance in various dental treatments, such as periodontal disease management, local
anesthesia delivery, or targeted drug delivery to oral tissues. Additionally, investigating
the long-term biocompatibility and biodegradability of hydrogel microneedles in the oral
cavity is crucial. Furthermore, comparative studies comparing the effectiveness of hydrogel
microneedles with traditional treatment modalities will provide valuable insights. Finally,
exploring the potential of functionalized hydrogel microneedles for diagnostic purposes
and biosensing in dentistry should be considered. Overall, these future research directions
will contribute to expanding the knowledge and utilization of hydrogel microneedles in
dental applications.

9. Conclusions

The application of hydrogel-forming microneedles shows excellent potential for vari-
ous oral diagnosis and dental disease management applications. Hydrogel-forming mi-
croneedles can collect oral fluids, deliver drugs, promote tissue regeneration, and release
active substances over an extended period. Preclinical studies have indicated that hydrogel-
forming microneedles may revolutionize how dentists diagnose and treat dental diseases,
resulting in improved patient outcomes and reduced treatment time. However, further
research and clinical studies are needed to fully evaluate the efficacy and safety of hydrogel-
forming microneedles in dental applications.
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Abbreviations

ADSC: adipose-derived stem cell; bFGF: basic fibroblast growth factor; CAM: chloramphenicol;
CMC: Carboxymethyl cellulose; CS: chitosan; DMN: dissolving microneedle; DOX: doxorubicin;
DPSC: Dental Pulp Stem Cell; DTA: DEK-targeted aptamers; EBV: Epstein-Barr virus; GCF: Gin-
gival Crevicular Fluid; GeIMA: gelatin methacryloyl; GNPs: gelatin nanoparticles; GT: Green Tea;
HA: hyaluronic acid; HAMA: methacrylate-based hyaluronic acid; HFMs: Hydrogel-forming mi-
croneedles; ISF: Interstitial fluid; LDC: lidocaine hydrochloride; MA: methacrylic anhydride; MLLs:



Materials 2023, 16, 4805 25 of 31

mannose-polyethylene glycol-cholesterol/lipid A-liposomes; MIN: microneedles; MTX: methotrexate;
NBC: 4-nitrophenyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxol-2yl) benzyl carbonate; PAD: protrusion array
device; PDGF-D: platelet-derived growth factor D; PDMS: polydimethylsiloxane; PL: Pullulan; PLGA:
poly(lactic-co-glycolic acid); PNA/DNA: DNA cross-linked peptide nucleic acids; PVA: polyvinyl
alcohol; RA: rheumatoid arthritis; SA: sodium alginate; SF: Silk Fibroin; TGF-f3: Transforming Growth
Factor beta; Tra: trametinib; UV: Ultraviolet; VAS: visual analog scoring; VRS: verbal rating scale.

References

1.  Donnelly, R.F; Raj Singh, T.R.; Woolfson, A.D. Microneedle-based drug delivery systems: Microfabrication, drug delivery, and
safety. Drug Deliv. 2010, 17, 187-207. [CrossRef]

2. Yang, ], Liu, X,; Fu, Y;; Song, Y. Recent advances of microneedles for biomedical applications: Drug delivery and beyond. Acta
Pharm. Sin. B 2019, 9, 469—483. [CrossRef] [PubMed]

3.  Kim, Y.C,; Park, ].H.; Prausnitz, M.R. Microneedles for drug and vaccine delivery. Adv. Drug Deliv. Rev. 2012, 64, 1547-1568.
[CrossRef] [PubMed]

4. Peng, K Vora, L.K.; Dominguez-Robles, J.; Naser, Y.A.; Li, M.; Larrafieta, E.; Donnelly, R.F. Hydrogel-forming microneedles
for rapid and efficient skin deposition of controlled release tip-implants. Mater. Sci. Eng. C Mater. Biol. Appl. 2021, 127, 112226.
[CrossRef]

5. Donnelly, R.F; Morrow, D.I.; McCrudden, M.T.; Alkilani, A.Z.; Vicente-Pérez, E.M.; O'Mahony, C.; Gonzdlez-Vazquez, P;
McCarron, P.A.; Woolfson, A.D. Hydrogel-forming and dissolving microneedles for enhanced delivery of photosensitizers and
precursors. Photochem. Photobiol. 2014, 90, 641-647. [CrossRef] [PubMed]

6. Damiri, F; Kommineni, N.; Ebhodaghe, S.O.; Bulusu, R; Jyothi, V.G.S.S,; Sayed, A.A.; Awaji, A.A.; Germoush, M.O.; Al-malky,
H.S.; Nasrullah, M.Z; et al. Microneedle-based natural polysaccharide for drug delivery systems (DDS): Progress and challenges.
Pharmaceuticals 2022, 15, 190. [CrossRef]

7. Turner, J.G.; White, L.R.; Estrela, P.; Leese, H.S. Hydrogel-forming microneedles: Current advancements and future trends.
Macromol. Biosci. 2021, 21, €2000307. [CrossRef]

8. Nele, V.; Wojciechowski, J.P.; Armstrong, ].P.; Stevens, M.M. Tailoring gelation mechanisms for advanced hydrogel applications.
Adv. Funct. Mater. 2020, 30, 2002759. [CrossRef]

9.  Elisseeff, J. Structure starts to gel. Nat. Mate. 2008, 7, 271-273. [CrossRef]

10. Jamaledin, R.; Makvandi, P; Yiu, C.K.Y.; Agarwal, T.; Vecchione, R.; Sun, W.; Maiti, TK.; Tay, ER.; Netti, P.A. Engineered
microneedle patches for controlled release of active compounds: Recent advances in release rrofile tuning. Adv. Ther. 2020,
3,2000171. [CrossRef]

11.  Alkilani, A.Z.; McCrudden, M.T.; Donnelly, R.E. Transdermal drug delivery: Innovative pharmaceutical developments based on
disruption of the barrier properties of the stratum corneum. Pharmaceutics 2015, 7, 438-470. [CrossRef] [PubMed]

12. Caffarel-Salvador, E.; Brady, A.J.; Eltayib, E.; Meng, T.; Alonso-Vicente, A.; Gonzalez-Vazquez, P; Torrisi, B.M.; Vicente-Perez,
E.M.; Mooney, K.; Jones, D.S.; et al. Hydrogel-forming microneedle arrays allow detection of drugs and glucose in vivo: Potential
for use in diagnosis and therapeutic drug monitoring. PLoS ONE 2015, 10, e0145644. [CrossRef] [PubMed]

13. Jeon, E.Y; Lee, J.; Kim, B.J.; Joo, K.I.; Kim, KH.; Lim, G.; Cha, HJ. Bio-inspired swellable hydrogel-forming double-layered
adhesive microneedle protein patch for regenerative internal/external surgical closure. Biomaterials 2019, 222, 119439. [CrossRef]
[PubMed]

14. Farias, C.; Lyman, R.; Hemingway, C.; Chau, H.; Mahacek, A.; Bouzos, E.; Mobed-Miremadi, M. Three-dimensional (3D) printed
microneedles for microencapsulated cell extrusion. Bioengineering 2018, 5, 59. [CrossRef] [PubMed]

15. Homayun, B.; Lin, X.; Choi, H.-J. Challenges and recent progress in oral drug delivery systems for biopharmaceuticals. Pharma-
ceutics 2019, 11, 129. [CrossRef] [PubMed]

16. Caliari, S.R.; Burdick, J.A. A practical guide to hydrogels for cell culture. Nat. Methods 2016, 13, 405-414. [CrossRef] [PubMed]

17.  Kumar, A.C.; Erothu, H. Synthetic polymer hydrogels. In Biomedical Applications of Polymeric Materials and Composites; Francis, R.,
Kumar, D.S., Eds.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2016; Chapter 6; pp. 141-162. [CrossRef]

18. Bao, Z.; Xian, C.; Yuan, Q.; Liu, G.; Wu, J. Natural polymer-based hydrogels with enhanced mechanical performances: Preparation,
structure, and property. Adv. Healthc. Mater. 2019, 8, 1900670. [CrossRef]

19. Donnelly, R.F.; Morrow, D.L; Singh, T.R.; Migalska, K.; McCarron, P.A.; O’'Mahony, C.; Woolfson, A.D. Processing difficulties and
instability of carbohydrate microneedle arrays. Drug Dev. Ind. Pharm. 2009, 35, 1242-1254. [CrossRef]

20. Guo, R;; Chen, M;; Ding, Y,; Yang, P; Wang, M.; Zhang, H.; He, Y.; Ma, H. Polysaccharides as potential anti-tumor biomacro-
molecules -A review. Front. Nutr. 2022, 9, 838179. [CrossRef]

21. Bian, Y;; Zeng, H.; Tao, H.; Huang, L.; Du, Z.; Wang, J.; Ding, K. A pectin-like polysaccharide from Polygala tenuifolia inhibits
pancreatic cancer cell growth in vitro and in vivo by inducing apoptosis and suppressing autophagy. Int. J. Biol. Macromol. 2020,
162, 107-115. [CrossRef]

22. Zong, A.; Cao, H.; Wang, F. Anticancer polysaccharides from natural resources: A review of recent research. Carbohydr. Polym.

2012, 90, 1395-1410. [CrossRef]


https://doi.org/10.3109/10717541003667798
https://doi.org/10.1016/j.apsb.2019.03.007
https://www.ncbi.nlm.nih.gov/pubmed/31193810
https://doi.org/10.1016/j.addr.2012.04.005
https://www.ncbi.nlm.nih.gov/pubmed/22575858
https://doi.org/10.1016/j.msec.2021.112226
https://doi.org/10.1111/php.12209
https://www.ncbi.nlm.nih.gov/pubmed/24215482
https://doi.org/10.3390/ph15020190
https://doi.org/10.1002/mabi.202000307
https://doi.org/10.1002/adfm.202002759
https://doi.org/10.1038/nmat2147
https://doi.org/10.1002/adtp.202000171
https://doi.org/10.3390/pharmaceutics7040438
https://www.ncbi.nlm.nih.gov/pubmed/26506371
https://doi.org/10.1371/journal.pone.0145644
https://www.ncbi.nlm.nih.gov/pubmed/26717198
https://doi.org/10.1016/j.biomaterials.2019.119439
https://www.ncbi.nlm.nih.gov/pubmed/31465886
https://doi.org/10.3390/bioengineering5030059
https://www.ncbi.nlm.nih.gov/pubmed/30065227
https://doi.org/10.3390/pharmaceutics11030129
https://www.ncbi.nlm.nih.gov/pubmed/30893852
https://doi.org/10.1038/nmeth.3839
https://www.ncbi.nlm.nih.gov/pubmed/27123816
https://doi.org/10.1002/9783527690916.ch6
https://doi.org/10.1002/adhm.201900670
https://doi.org/10.1080/03639040902882280
https://doi.org/10.3389/fnut.2022.838179
https://doi.org/10.1016/j.ijbiomac.2020.06.054
https://doi.org/10.1016/j.carbpol.2012.07.026

Materials 2023, 16, 4805 26 of 31

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Xie, Y.; Xu, B.; Gao, Y. Controlled transdermal delivery of model drug compounds by MEMS microneedle array. Nanomedicine
2005, 1, 184-190. [CrossRef] [PubMed]

Creighton, R.L.; Woodrow, K.A. Microneedle-mediated vaccine delivery to the oral mucosa. Adv. Healthc. Mater. 2019, 8, e1801180.
[CrossRef] [PubMed]

Bobbala, S.; Hook, S. Is there an optimal formulation and delivery strategy for subunit vaccines? Pharm. Res. 2016, 33, 2078-2097.
[CrossRef]

Shen, Z.; Kuang, S.; Zhang, Y.; Yang, M.; Qin, W.; Shi, X,; Lin, Z. Chitosan hydrogel incorporated with dental pulp stem
cell-derived exosomes alleviates periodontitis in mice via a macrophage-dependent mechanism. Bioact. Mater. 2020, 5, 1113-1126.
[CrossRef]

McCrudden, M.T.; McAlister, E.; Courtenay, A.].; Gonzélez-Vazquez, P; Singh, T.R.; Donnelly, R.F. Microneedle applications in
improving skin appearance. Exp. Dermatol. 2015, 24, 561-566. [CrossRef] [PubMed]

Gill, H.S.; Prausnitz, M.R. Coating formulations for microneedles. Pharm. Res. 2007, 24, 1369-1380. [CrossRef]

Liu, S; Jin, M.-n.; Quan, Y.-s.; Kamiyama, F,; Katsumi, H.; Sakane, T.; Yamamoto, A. The development and characteristics of novel
microneedle arrays fabricated from hyaluronic acid, and their application in the transdermal delivery of insulin. J. Control. Release
2012, 161, 933-941. [CrossRef] [PubMed]

Zhu, T; Yu, X;; Yi, X; Guo, X,; Li, L.; Hao, Y.; Wang, W. Lidocaine-loaded hyaluronic acid adhesive microneedle patch for oral
mucosal topical anesthesia. Pharmaceutics 2022, 14, 686. [CrossRef]

Rubel, B.S. Impression materials: A comparative review of impression materials most commonly used in restorative dentistry.
Dent. Clin. N. Am. 2007, 51, 629-642. [CrossRef]

Demir, Y.K.; Akan, Z.; Kerimoglu, O. Characterization of polymeric microneedle arrays for transdermal drug delivery. PLoS ONE
2013, 8, €77289. [CrossRef]

Rossaint, R.; Bouillon, B.; Cerny, V.; Coats, T.J.; Duranteau, J.; Fernandez-Mondéjar, E.; Hunt, B.J.; Komadina, R.; Nardi, G,;
Neugebauer, E.; et al. Management of bleeding following major trauma: An updated European guideline. Crit. Care 2010, 14, R52.
[CrossRef]

Xie, Y.; Gao, P; He, F; Zhang, C. Application of alginate-based hydrogels in hemostasis. Gels 2022, 8, 109. [CrossRef] [PubMed]
Zhai, Z.; Xu, K.; Mei, L.; Wu, C.; Liu, J.; Liu, Z.; Wan, L.; Zhong, W. Co-assembled supramolecular hydrogels of cell adhesive
peptide and alginate for rapid hemostasis and efficacious wound healing. Soft Matter 2019, 15, 8603-8610. [CrossRef]

Xu, Y.; Wang, Z.; Wei, S.; Sun, P,; Bai, H. Hydrogel-coated needles prevent puncture site bleeding in arteriovenous fistula and
arteriovenous grafts in rats. Biomed. Pharmacother. 2021, 143, 112113. [CrossRef]

Zhang, X.; Huang, C.; Zhao, Y.; Jin, X. Preparation and characterization of nanoparticle reinforced alginate fibers with high
porosity for potential wound dressing application. RSC Adv. 2017, 7, 39349-39358. [CrossRef]

Ansari, S.; Diniz, LM.; Chen, C.; Sarrion, P; Tamayol, A.; Wu, B.M.; Moshaverinia, A. Human periodontal ligament- and
gingiva-derived mesenchymal stem cells promote nerve regeneration when encapsulated in alginate/hyaluronic acid 3D scaffold.
Adv. Healthc. Mater. 2017, 6, 1700670. [CrossRef] [PubMed]

Moshaverinia, A.; Chen, C.; Akiyama, K.; Xu, X.; Chee, W.W.; Schricker, S.R.; Shi, S. Encapsulated dental-derived mesenchymal
stem cells in an injectable and biodegradable scaffold for applications in bone tissue engineering. J. Biomed. Mater. Res. A 2013,
101, 3285-3294. [CrossRef] [PubMed]

Moshaverinia, A.; Chen, C.; Akiyama, K.; Ansari, S.; Xu, X.; Chee, W.W.; Schricker, S.R.; Shi, S. Alginate hydrogel as a promising
scaffold for dental-derived stem cells: An in vitro study. J. Mater. Sci. Mater. Med. 2012, 23, 3041-3051. [CrossRef] [PubMed]
Darge, H.F; Lee, C.-Y; Lai, ].-Y,; Lin, S.-Z.; Harn, H.-J.; Chen, Y.-S.; Tsai, H.-C. Separable double-layered microneedle-based
transdermal codelivery of DOX and LPS for synergistic immunochemotherapy of a subcutaneous glioma tumor. Chem. Eng. |.
2022, 433, 134062. [CrossRef]

Tian, Y.; Lee, J.; Bhide, Y.C.; van der Maaden, K.; Huckriede, A.L.; Jiskoot, W.; Frijlink, H.W.; Hinrichs, W.L.; Bouwstra, J.A.
Intradermal administration of influenza vaccine with trehalose and pullulan-based dissolving microneedle arrays. J. Pharm. Sci.
2022, 111, 1070-1080. [CrossRef]

Fonseca, D.ES.; Costa, P.C.; Almeida, LE,; Dias-Pereira, P.; Correia-S3, I.; Bastos, V.; Oliveira, H.; Duarte-Aratjo, M.; Morato, M.;
Vilela, C.; et al. Pullulan microneedle patches for the efficient transdermal administration of insulin envisioning diabetes treatment.
Carbohydr. Polym. 2020, 241, 116314. [CrossRef]

Vora, L.K.; Courtenay, A.J.; Tekko, I.A.; Larrafieta, E.; Donnelly, R.F. Pullulan-based dissolving microneedle arrays for enhanced
transdermal delivery of small and large biomolecules. Int. ]. Biol. Macromol. 2020, 146, 290-298. [CrossRef]

Chang, C.; Zhang, L. Cellulose-based hydrogels: Present status and application prospects. Carbohydr. polym. 2011, 84, 40-53.
[CrossRef]

Song, J.E.; Jun, S.H.; Park, S.G.; Kang, N.G. A semi-dissolving microneedle patch incorporating TEMPO-oxidized bacterial
cellulose nanofibers for enhanced transdermal delivery. Polymers 2020, 12, 1873. [CrossRef] [PubMed]

Kim, J.A,; Park, S.C.; Lee, S.-J.; Kim, J.-C. Cellulose nanofiber-reinforced dissolving microneedles for transdermal delivery of a
water-soluble compound. Cellulose 2022, 29, 9881-9897. [CrossRef]

Wei, H.; Liu, S.; Tong, Z.; Chen, T; Yang, M.; Guo, Y.; Sun, H.; Wu, Y,; Chu, Y.; Fan, L. Hydrogel-based microneedles of chitosan
derivatives for drug delivery. React. Funct. Polym. 2022, 172, 105200. [CrossRef]


https://doi.org/10.1016/j.nano.2005.03.001
https://www.ncbi.nlm.nih.gov/pubmed/17292077
https://doi.org/10.1002/adhm.201801180
https://www.ncbi.nlm.nih.gov/pubmed/30537400
https://doi.org/10.1007/s11095-016-1979-0
https://doi.org/10.1016/j.bioactmat.2020.07.002
https://doi.org/10.1111/exd.12723
https://www.ncbi.nlm.nih.gov/pubmed/25865925
https://doi.org/10.1007/s11095-007-9286-4
https://doi.org/10.1016/j.jconrel.2012.05.030
https://www.ncbi.nlm.nih.gov/pubmed/22634072
https://doi.org/10.3390/pharmaceutics14040686
https://doi.org/10.1016/j.cden.2007.03.006
https://doi.org/10.1371/journal.pone.0077289
https://doi.org/10.1186/cc8943
https://doi.org/10.3390/gels8020109
https://www.ncbi.nlm.nih.gov/pubmed/35200490
https://doi.org/10.1039/C9SM01296F
https://doi.org/10.1016/j.biopha.2021.112113
https://doi.org/10.1039/C7RA06103J
https://doi.org/10.1002/adhm.201700670
https://www.ncbi.nlm.nih.gov/pubmed/29076281
https://doi.org/10.1002/jbm.a.34546
https://www.ncbi.nlm.nih.gov/pubmed/23983201
https://doi.org/10.1007/s10856-012-4759-3
https://www.ncbi.nlm.nih.gov/pubmed/22945383
https://doi.org/10.1016/j.cej.2021.134062
https://doi.org/10.1016/j.xphs.2022.01.033
https://doi.org/10.1016/j.carbpol.2020.116314
https://doi.org/10.1016/j.ijbiomac.2019.12.184
https://doi.org/10.1016/j.carbpol.2010.12.023
https://doi.org/10.3390/polym12091873
https://www.ncbi.nlm.nih.gov/pubmed/32825232
https://doi.org/10.1007/s10570-022-04859-1
https://doi.org/10.1016/j.reactfunctpolym.2022.105200

Materials 2023, 16, 4805 27 of 31

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Younas, A.; Dong, Z.; Hou, Z.; Asad, M,; Li, M.; Zhang, N. A chitosan/fucoidan nanoparticle-loaded pullulan microneedle patch
for differential drug release to promote wound healing. Carbohydr. Polym. 2023, 306, 120593. [CrossRef]

Shabnoor, N.S.; Hema Bindu, A.; Patil, A.G.; Aishwarya, S.; More, S.S.; Khan, K.; Padyana, S.; Madhavi, J.; Yadav, A.N,;
Ravish, H.; et al. Peptide and protein-based hydrogels for the encapsulation of bioactive compounds and tissue engineering
applications. In Protein-Based Biopolymers. From Source to Biomedical Applications; Kalia, S., Sharma, S., Eds.; Woodhead Publishing:
Sawston, UK, 2023; Chapter 13; pp. 301-331. [CrossRef]

Mukherjee, S.; Krishnan, A.; Athira, R.K.; Kasoju, N.; Sah, M.K. Silk fibroin and silk sericin in skin tissue engineering and wound
healing: Retrospect and prospects. In Natural Polymers in Wound Healing and Repair; Sah, M.K., Kasoju, N., Mano, ].F,, Eds.;
Elsevier: Amsterdam, The Netherlands, 2022. [CrossRef]

Tsioris, K.; Raja, WK.; Pritchard, E.M.; Panilaitis, B.; Kaplan, D.L.; Omenetto, EG. Fabrication of silk microneedles for controlled-
release drug delivery. Adv. Funct. Mater. 2012, 22, 330-335. [CrossRef]

Tomeh, M.A.; Hadianamrei, R.; Zhao, X. Silk fibroin as a functional biomaterial for drug and gene delivery. Pharmaceutics 2019,
11, 494. [CrossRef]

Kundu, B.; Rajkhowa, R.; Kundu, S5.C.; Wang, X. Silk fibroin biomaterials for tissue regenerations. Adv. Drug Deliv. Rev. 2013,
65, 457-470. [CrossRef] [PubMed]

Osathanon, T.; Nowwarote, N.; Pavasant, P. Basic fibroblast growth factor inhibits mineralization but induces neuronal differen-
tiation by human dental pulp stem cells through a FGFR and PLCy signaling pathway. J. Cell. Biochem. 2011, 112, 1807-1816.
[CrossRef] [PubMed]

Yang, ].-W.; Zhang, Y.-F,; Sun, Z.-Y,; Song, G.-T.; Chen, Z. Dental pulp tissue engineering with bFGF-incorporated silk fibroin
scaffolds. J. Biomater. Appl. 2015, 30, 221-229. [CrossRef] [PubMed]

Ling, M.H.; Chen, M.C. Dissolving polymer microneedle patches for rapid and efficient transdermal delivery of insulin to diabetic
rats. Acta Biomater. 2013, 9, 8952-8961. [CrossRef] [PubMed]

Kim, A.Y;; Kim, Y.; Lee, S.H.; Yoon, Y.; Kim, W.H.; Kweon, O.K. Effect of gelatin on osteogenic cell sheet formation using canine
adipose-derived mesenchymal stem cells. Cell Transplant. 2017, 26, 115-123. [CrossRef]

Hayashi, K.; Kubo, T.; Doi, K.; Tabata, Y.; Akagawa, Y. Development of new drug delivery system for implant bone augmentation
using a basic fibroblast growth factor-gelatin hydrogel complex. Dent. Mater. J. 2007, 26, 170-177. [CrossRef]

Jana, B.A.; Osmani, R.A.; Jaiswal, S.; Banerjee, R.; Karri, V.V.S.R.; Wadhwani, A. Fabrication of carboxymethylcellulose-gelatin
dissolving microneedle patch for pain-free, efficient, and controlled transdermal delivery of insulin. J. Pharm. Innov. 2022; online
ahead of print. [CrossRef]

Van Den Bulcke, A.I; Bogdanov, B.; De Rooze, N.; Schacht, E.H.; Cornelissen, M.; Berghmans, H. Structural and rheological
properties of methacrylamide modified gelatin hydrogels. Biomacromolecules 2000, 1, 31-38. [CrossRef]

Sun, M,; Sun, X.; Wang, Z.; Guo, S.; Yu, G.; Yang, H. Synthesis and properties of gelatin methacryloyl (GelMA) hydrogels and
their recent applications in load-bearing tissue. Polymers 2018, 10, 1290. [CrossRef]

Piao, Y.; You, H.; Xu, T.; Bei, H.-P.; Piwko, I.Z.; Kwan, Y.Y.; Zhao, X. Biomedical applications of gelatin methacryloyl hydrogels.
Eng. Regen. 2021, 2, 47-56. [CrossRef]

Luo, Z,; Sun, W.; Fang, J.; Lee, K,; Li, S.; Gu, Z.; Dokmeci, M.R.; Khademhosseini, A. Biodegradable gelatin methacryloyl
microneedles for transdermal drug delivery. Adv. Healthc. Mater. 2019, 8, €1801054. [CrossRef]

Yuan, M.; Liu, K,; Jiang, T,; Li, S.; Chen, J.; Wu, Z,; Li, W,; Tan, R.; Wei, W.; Yang, X.; et al. GelMA/PEGDA microneedles
patch loaded with HUVECs-derived exosomes and tazarotene promote diabetic wound healing. J. Nanobiotechnol. 2022, 20, 147.
[CrossRef]

Chang, W.-C.; Tai, A.-Z.; Tsai, N.-Y; Li, Y.-C.E. An injectable hybrid gelatin methacryloyl (GeIMA)/phenyl isothiocyanate-
modified gelatin (gel-phe) bioadhesive for oral/dental hemostasis applications. Polymers 2021, 13, 2386. [CrossRef]

Bencherif, S.A.; Srinivasan, A.; Horkay, F; Hollinger, ].O.; Matyjaszewski, K.; Washburn, N.R. Influence of the degree of
methacrylation on hyaluronic acid hydrogels properties. Biomaterials 2008, 29, 1739-1749. [CrossRef]

Alaohali, A.; Salzlechner, C.; Zaugg, L.K.; Suzano, F; Martinez, A.; Gentleman, E.; Sharpe, P.T. GSK3 inhibitor-induced
dentinogenesis using a hydrogel. J. Dent. Res. 2021, 101, 46-53. [CrossRef] [PubMed]

Xu, Y.; Wu, X.; Zhang, X.; Zu, Y.; Tan, Q.; Zhao, Y. Living microneedle patch with adipose-derived stem cells embedding for
diabetic ulcer healing. Adv. Funct. Mater. 2023, 33, 2209986. [CrossRef]

Liu, Y,; Vrana, N.E.; Cahill, P.A.; McGuinness, G.B. Physically crosslinked composite hydrogels of PVA with natural macro-
molecules: Structure, mechanical properties, and endothelial cell compatibility. J. Biomed. Mater. Res. B Appl. Biomater. 2009,
90, 492-502. [CrossRef] [PubMed]

Park, K.R.; Nho, Y.C. Synthesis of PVA /PVP hydrogels having two-layer by radiation and their physical properties. Radiat. Phys.
Chem. 2003, 67, 361-365. [CrossRef]

Leachman, S.A.; Hickerson, R.P,; Schwartz, M.E.; Bullough, E.E.; Hutcherson, S.L.; Boucher, K.M.; Hansen, C.D.; Eliason, M.J.;
Srivatsa, G.S.; Kornbrust, D.J. First-in-human mutation-targeted siRNA phase Ib trial of an inherited skin disorder. Mol. Ther.
2010, 18, 442—-446. [CrossRef]

Gonzalez-Gonzalez, E.; Speaker, T.J.; Hickerson, R.P.; Spitler, R.; Flores, M.A.; Leake, D.; Contag, C.H.; Kaspar, R.L. Silencing of
reporter gene expression in skin using siRNAs and expression of plasmid DNA delivered by a soluble protrusion array device
(PAD). Mol. Ther. 2010, 18, 1667-1674. [CrossRef]


https://doi.org/10.1016/j.carbpol.2023.120593
https://doi.org/10.1016/B978-0-323-90545-9.00005-7
https://doi.org/10.1016/B978-0-323-90514-5.00005-5
https://doi.org/10.1002/adfm.201102012
https://doi.org/10.3390/pharmaceutics11100494
https://doi.org/10.1016/j.addr.2012.09.043
https://www.ncbi.nlm.nih.gov/pubmed/23137786
https://doi.org/10.1002/jcb.23097
https://www.ncbi.nlm.nih.gov/pubmed/21381082
https://doi.org/10.1177/0885328215577296
https://www.ncbi.nlm.nih.gov/pubmed/25791684
https://doi.org/10.1016/j.actbio.2013.06.029
https://www.ncbi.nlm.nih.gov/pubmed/23816646
https://doi.org/10.3727/096368916X693338
https://doi.org/10.4012/dmj.26.170
https://doi.org/10.1007/s12247-022-09670-w
https://doi.org/10.1021/bm990017d
https://doi.org/10.3390/polym10111290
https://doi.org/10.1016/j.engreg.2021.03.002
https://doi.org/10.1002/adhm.201801054
https://doi.org/10.1186/s12951-022-01354-4
https://doi.org/10.3390/polym13142386
https://doi.org/10.1016/j.biomaterials.2007.11.047
https://doi.org/10.1177/00220345211020652
https://www.ncbi.nlm.nih.gov/pubmed/34152872
https://doi.org/10.1002/adfm.202209986
https://doi.org/10.1002/jbm.b.31310
https://www.ncbi.nlm.nih.gov/pubmed/19145629
https://doi.org/10.1016/S0969-806X(03)00067-7
https://doi.org/10.1038/mt.2009.273
https://doi.org/10.1038/mt.2010.126

Materials 2023, 16, 4805 28 of 31

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Gongalves da Costa Sousa, M.; Conceigao de Almeida, G.; Martins Mota, D.C.; Andrade da Costa, R.; Dias, S.C.; Limberger, S.N.;
Ko, F; Lin, L.T.; Haney, E.E; Etayash, H.; et al. Antibiofilm and immunomodulatory resorbable nanofibrous filing for dental pulp
regenerative procedures. Bioact. Mater. 2022, 16, 173-186. [CrossRef]

Sugiaman, V.K,; Jeffrey; Naliani, S.; Pranata, N.; Djuanda, R.; Saputri, R.I. Polymeric scaffolds used in dental pulp regeneration by
tissue engineering approach. Polymers 2023, 15, 1082. [CrossRef]

Pan, X.; Li, Y;; Pang, W.; Xue, Y.; Wang, Z.; Jiang, C.; Shen, C.; Liu, Q.; Liu, L. Preparation, characterisation and comparison
of glabridin-loaded hydrogel-forming microneedles by chemical and physical cross-linking. Int. J. Pharm. 2022, 617, 121612.
[CrossRef]

Kolahdoozan, M.; Rahimi, T.; Taghizadeh, A.; Aghaei, H. Preparation of new hydrogels by visible light cross-linking of dextran
methacrylate and poly (ethylene glycol)-maleic acid copolymer. Int. J. Biol. Macromol. 2023, 227, 1221-1233. [CrossRef]
Dardano, P;; Calio, A.; Di Palma, V.; Bevilacqua, M.F,; Di Matteo, A.; De Stefano, L. A Photolithographic approach to polymeric
microneedles array fabrication. Materials 2015, 8, 8661-8673. [CrossRef]

Lynch, S; Liu, C.; Morgan, N.; Xiao, X.; Gomella, A.; Mazilu, D.; Bennett, E.; Assoufid, L.; De Carlo, F.; Wen, H. Fabrication of
200 nm period centimeter area hard x-ray absorption gratings by multilayer deposition. J. Micromech. Microeng. 2012, 22, 105007 .
[CrossRef]

Eivazzadeh-Keihan, R.; Noruzi, E.B.; Mehrban, S.E.; Aliabadi, H.A.M.; Karimi, M.; Mohammadi, A.; Maleki, A.; Mahdavi, M.;
Larijani, B.; Shalan, A.E. The latest advances in biomedical applications of chitosan hydrogel as a powerful natural structure with
eye-catching biological properties. J. Mater. Sci. 2022, 57, 3855-3891. [CrossRef]

Gholami, S.; Mohebi, M.-M.; Hajizadeh-Saffar, E.; Ghanian, M.-H.; Zarkesh, I.; Baharvand, H. Fabrication of microporous
inorganic microneedles by centrifugal casting method for transdermal extraction and delivery. Int. J. Pharm. 2019, 558, 299-310.
[CrossRef]

Krieger, K.J.; Bertollo, N.; Dangol, M.; Sheridan, J.T.; Lowery, M.M.; O’Cearbhaill, E.D. Simple and customizable method for
fabrication of high-aspect ratio microneedle molds using low-cost 3D printing. Microsyst. Nanoeng. 2019, 5, 42. [CrossRef]
[PubMed]

Qiang, N.; Liu, Z.; Lu, M,; Yang, Y;; Liao, E; Feng, Y; Liu, G.; Qiu, S. Preparation and properties of polyvinylpyrrolidone/Sodium
Carboxymethyl pellulose poluble microneedles. Materials 2023, 16, 3417. [CrossRef] [PubMed]

Yang, H.; Kim, S.; Huh, I.; Kim, S.; Lahiji, S.F.; Kim, M.; Jung, H. Rapid implantation of dissolving microneedles on an electrospun
pillar array. Biomaterials 2015, 64, 70-77. [CrossRef]

Li, WJ.; Laurencin, C.T.; Caterson, E.J.; Tuan, R.S.; Ko, EK. Electrospun nanofibrous structure: A novel scaffold for tissue
engineering. |. Biomed. Mater. Res. 2002, 60, 613-621. [CrossRef]

Zhang, Y.; Su, B.; Venugopal, J.; Ramakrishna, S.; Lim, C. Biomimetic and bioactive nanofibrous scaffolds from electrospun
composite nanofibers. Int. J. Nanomed. 2007, 2, 623-638. [CrossRef]

Barnum, L.; Quint, J.; Derakhshandeh, H.; Samandari, M.; Aghabaglou, F.; Farzin, A.; Abbasi, L.; Bencherif, S.; Memic, A;
Mostafalu, P; et al. 3D-printed hydrogel-filled microneedle arrays. Adv. Healthc. Mater. 2021, 10, 2001922. [CrossRef]

Kundu, A.; Arnett, P; Bagde, A.; Azim, N.; Kouagou, E.; Singh, M.; Rajaraman, S. DLP 3D printed “intelligent” microneedle
array (iuNA) for stimuli responsive release of drugs and its in vitro and ex vivo characterization. J. Microelectromech. Syst. 2020,
29, 685-691. [CrossRef]

Amarnani, R.; Shende, P. Microneedles in diagnostic, treatment and theranostics: An advancement in minimally-invasive delivery
system. Biomed. Microdevices 2021, 24, 4. [CrossRef] [PubMed]

Huang, S.; Liu, H.; Huang, S.; Fu, T.; Xue, W.; Guo, R. Dextran methacrylate hydrogel microneedles loaded with doxorubicin and
trametinib for continuous transdermal administration of melanoma. Carbohydr. Polym. 2020, 246, 116650. [CrossRef] [PubMed]
Chen, S.; Matsumoto, H.; Moro-oka, Y.; Tanaka, M.; Miyahara, Y.; Suganami, T.; Matsumoto, A. Smart microneedle fabricated
with silk fibroin combined semi-interpenetrating network hydrogel for glucose-responsive insulin delivery. ACS Biomater. Sci.
Eng. 2019, 5, 5781-5789. [CrossRef]

Cui, M.; Zheng, M.; Wiraja, C.; Chew, S.W.T.; Mishra, A.; Mayandji, V.; Lakshminarayanan, R.; Xu, C. Ocular delivery of predatory
bacteria with cryomicroneedles against eye infection. Adv. Sci. 2021, 8, 2102327. [CrossRef]

Friedel, M.; Thompson, I.A.P; Kasting, G.; Polsky, R.; Cunningham, D.; Soh, H.T.; Heikenfeld, J. Opportunities and challenges in
the diagnostic utility of dermal interstitial fluid. Nat. Biomed. Eng. 2023; online ahead of print. [CrossRef]

Samant, P.P; Prausnitz, M.R. Mechanisms of sampling interstitial fluid from skin using a microneedle patch. Proc. Natl. Acad. Sci.
USA 2018, 115, 4583-4588. [CrossRef]

Mandal, A.; Boopathy, A.V,; Lam, L.LK.W.; Moynihan, K.D.; Welch, M.E.; Bennett, N.R.; Turvey, M.E.; Thai, N.; Van, J.H,;
Love, J.C.; et al. Cell and fluid sampling microneedle patches for monitoring skin-resident immunity. Sci. Transl. Med. 2018,
10, eaar2227. [CrossRef]

Zheng, M.; Wang, Z.; Chang, H.; Wang, L.; Chew, SSW.T,; Lio, D.C.S.; Cui, M; Liu, L.; Tee, B.C.K,; Xu, C. Osmosis-powered
hydrogel microneedles for microliters of skin interstitial fluid extraction within minutes. Adv. Healthc. Mater. 2020, 9, 1901683.
[CrossRef] [PubMed]

Al Sulaiman, D.; Chang, ].Y.H.; Bennett, N.R.; Topouzi, H.; Higgins, C.A.; Irvine, D.]J.; Ladame, S. Hydrogel-coated microneedle
arrays for minimally invasive sampling and sensing of specific circulating nucleic acids from skin interstitial fluid. ACS Nano
2019, 13, 9620-9628. [CrossRef] [PubMed]


https://doi.org/10.1016/j.bioactmat.2022.01.027
https://doi.org/10.3390/polym15051082
https://doi.org/10.1016/j.ijpharm.2022.121612
https://doi.org/10.1016/j.ijbiomac.2022.11.309
https://doi.org/10.3390/ma8125484
https://doi.org/10.1088/0960-1317/22/10/105007
https://doi.org/10.1007/s10853-021-06757-6
https://doi.org/10.1016/j.ijpharm.2018.12.089
https://doi.org/10.1038/s41378-019-0088-8
https://www.ncbi.nlm.nih.gov/pubmed/31645996
https://doi.org/10.3390/ma16093417
https://www.ncbi.nlm.nih.gov/pubmed/37176298
https://doi.org/10.1016/j.biomaterials.2015.06.027
https://doi.org/10.1002/jbm.10167
https://doi.org/10.2147/IJN.S2.4.623
https://doi.org/10.1002/adhm.202001922
https://doi.org/10.1109/JMEMS.2020.3003628
https://doi.org/10.1007/s10544-021-00604-w
https://www.ncbi.nlm.nih.gov/pubmed/34878589
https://doi.org/10.1016/j.carbpol.2020.116650
https://www.ncbi.nlm.nih.gov/pubmed/32747282
https://doi.org/10.1021/acsbiomaterials.9b00532
https://doi.org/10.1002/advs.202102327
https://doi.org/10.1038/s41551-022-00998-9
https://doi.org/10.1073/pnas.1716772115
https://doi.org/10.1126/scitranslmed.aar2227
https://doi.org/10.1002/adhm.201901683
https://www.ncbi.nlm.nih.gov/pubmed/32351042
https://doi.org/10.1021/acsnano.9b04783
https://www.ncbi.nlm.nih.gov/pubmed/31411871

Materials 2023, 16, 4805 29 of 31

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.
112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.
124.

Rebrin, K.; Steil, G.M. Can interstitial glucose assessment replace blood glucose measurements? Diabetes Technol. Ther. 2000,
2,461-472. [CrossRef] [PubMed]

He, R.;; Niu, Y,; Li, Z; Li, A.; Yang, H.; Xu, E; Li, F. A hydrogel microneedle patch for point-of-care testing based on skin interstitial
fluid. Adv. Healthc. Mater. 2020, 9, 1901201. [CrossRef]

Zhao, L.; Wen, Z,; Jiang, E; Zheng, Z.; Lu, S. Silk/polyols/GOD microneedle based electrochemical biosensor for continuous
glucose monitoring. RSC Adv. 2020, 10, 6163-6171. [CrossRef]

Zheng, H.; Zuo, B. Functional silk fibroin hydrogels: Preparation, properties and applications. ]. Mater. Chem. B 2021, 9, 1238-1258.
[CrossRef]

Shah, R.; Patel, T.; Freedman, J.E. Circulating extracellular vesicles in human disease. N. Engl. J. Med. 2018, 379, 958-966.
[CrossRef]

Yang, B.; Fang, X.; Kong, J. In situ sampling and monitoring cell-free DNA of the Epstein—Barr virus from dermal interstitial fluid
using wearable microneedle patches. ACS Appl. Mater. Interfaces 2019, 11, 38448-38458. [CrossRef]

Wang, J.; Ye, Y;; Yu, J.; Kahkoska, A.R.; Zhang, X.; Wang, C.; Sun, W.; Corder, R.D.; Chen, Z.; Khan, S.A.; et al. Core-shell
microneedle gel for self-regulated insulin delivery. ACS Nano 2018, 12, 2466-2473. [CrossRef]

Chen, C.H.; Shyu, V.B.; Chen, C.T. Dissolving microneedle patches for transdermal insulin delivery in diabetic mice: Potential for
clinical applications. Materials 2018, 11, 1625. [CrossRef]

Du, H; Liu, P; Zhu, J.; Lan, J.; Li, Y.; Zhang, L.; Zhu, ].; Tao, J. Hyaluronic acid-based dissolving microneedle patch loaded with
methotrexate for improved treatment of psoriasis. ACS Appl. Mater. Interfaces 2019, 11, 43588—43598. [CrossRef] [PubMed]
Chen, Y.-H.; Lin, D.-C.; Chern, E.; Huang, Y.-Y. The use of micro-needle arrays to deliver cells for cellular therapies. Biomed.
Microdevices 2020, 22, 63. [CrossRef] [PubMed]

Alafnan, A.; Seetharam, A.A.; Hussain, T.; Gupta, M.S.; Rizvi, SM.D.; Moin, A.; Alamri, A.; Unnisa, A.; Awadelkareem, A.M,;
Elkhalifa, A.O.; et al. Development and characterization of PEGDA microneedles for localized drug delivery of gemcitabine to
treat inflammatory breast cancer. Materials 2022, 15, 7693. [CrossRef]

Gangrade, A.; Mandal, B.B. Drug delivery of anticancer drugs from injectable 3D porous silk scaffold for prevention of gastric
cancer growth and recurrence. ACS Biomater. Sci. Eng. 2020, 6, 6195-6206. [CrossRef]

Krukiewicz, K.; Zak, ] K. Biomaterial-based regional chemotherapy: Local anticancer drug delivery to enhance chemotherapy
and minimize its side-effects. Mater. Sci. Eng. C 2016, 62, 927-942. [CrossRef] [PubMed]

Cunningham, N.; Lapointe, R.; Lerouge, S. Biomaterials for enhanced immunotherapy. APL Bioeng. 2022, 6, 041502. [CrossRef]
Kim, J.; Choi, Y.; Kim, D.-H.; Yoon, H.Y.; Kim, K. Injectable Hydrogel-based combination cancer immunotherapy for overcoming
localized therapeutic efficacy. Pharmaceutics 2022, 14, 1908. [CrossRef] [PubMed]

Liu, W.; Wang, Y.; Wang, J.; Lanier, O.L.; Wechsler, M.E.; Peppas, N.A.; Gu, Z. Macroencapsulation devices for cell therapy.
Engineering 2022, 13, 53-70. [CrossRef]

Guo, Q.; Wang, Y.; Xu, D.; Nossent, J.; Pavlos, N.J.; Xu, ]. Rheumatoid arthritis: Pathological mechanisms and modern pharmaco-
logic therapies. Bone Res. 2018, 6, 15. [CrossRef]

Zhang, W.,; Zhang, W.; Li, C.; Zhang, J.; Qin, L.; Lai, Y. Recent advances of microneedles and their application in disease treatment.
Int. ]. Mol. Sci. 2022, 23, 2401. [CrossRef]

Cao, J.; Su, J.; An, M; Yang, Y.; Zhang, Y.; Zuo, ].; Zhang, N.; Zhao, Y. Novel DEK-targeting aptamer delivered by a hydrogel
microneedle attenuates collagen-induced arthritis. Mol. Pharma. 2021, 18, 305-316. [CrossRef]

Espinoza, L.; Zakraoui, L.; Espinoza, C.; Gutierrez, F; Jara, L.; Silveira, L.; Cuellar, M.; Martinez-Osuna, P. Psoriatic arthritis:
Clinical response and side effects to methotrexate therapy. J. Rheumatol. 1992, 19, 872-877.

Bi, D.; Qu, E; Xiao, W.; Wu, ].; Liu, P,; Du, H.; Xie, Y.; Liu, H.; Zhang, L.; Tao, J. Reactive oxygen species-responsive gel-based
microneedle patches for prolonged and intelligent psoriasis management. ACS Nano 2023, 17, 4346-4357. [CrossRef]

Bachy, V.; Hervouet, C.; Becker, PD.; Chorro, L.; Carlin, L.M.; Herath, S.; Papagatsias, T.; Barbaroux, J.-B.; Oh, S.-J.; Benlahrech, A.
Langerin negative dendritic cells promote potent CD8+ T-cell priming by skin delivery of live adenovirus vaccine microneedle
arrays. Proc. Natl. Acad. Sci. USA 2013, 110, 3041-3046. [CrossRef] [PubMed]

Gualeni, B.; Coulman, S.; Shah, D.; Eng, P.; Ashraf, H.; Vescovo, P; Blayney, G.; Piveteau, L.D.; Guy, O.; Birchall, J]. Minimally
invasive and targeted therapeutic cell delivery to the skin using microneedle devices. Br. ]. Dermatol. 2018, 178, 731-739.
[CrossRef] [PubMed]

Enggi, C.K,; Sulistiawati, S.; Stephanie, S.; Tangdilintin, F; Achmad, A.A.; Putri, R.A.,; Burhanuddin, H.; Arjuna, A,
Manggau, M.A.; Permana, A.D. Development of probiotic loaded multilayer microcapsules incorporated into dissolving
microneedles for potential improvement treatment of vulvovaginal candidiasis: A proof of concept study. J. Colloid Interface Sci.
2023, 648,203-219. [CrossRef]

Jin, L.J.; Soder, P.O.; Leung, W.K,; Corbet, E.F.; Samaranayake, L.P,; Soder, B.; Davies, W.I. Granulocyte elastase activity and PGE,
levels in gingival crevicular fluid in relation to the presence of subgingival periodontopathogens in subjects with untreated adult
periodontitis. J. Clin. Periodontol. 1999, 26, 531-540. [CrossRef] [PubMed]

Loe, H. Absence and presence of fluid from normal and inflamed gingivae. Periodontics 1965, 3, 171-177.

Liang, K.-H.; Lin, Y.-Y; Chiang, S.-H.; Tsai, E.-T.; Lo, W.-L.; Wang, C.-L.; Wang, T.-Y.; Sun, Y.-C.; Kao, S.-Y.; Wu, C.-H.; et al. Recent
progress of biomarkers in oral cancers. J. Chin. Med. Assoc. 2021, 84, 987-992. [CrossRef]


https://doi.org/10.1089/15209150050194332
https://www.ncbi.nlm.nih.gov/pubmed/11467349
https://doi.org/10.1002/adhm.201901201
https://doi.org/10.1039/C9RA10374K
https://doi.org/10.1039/D0TB02099K
https://doi.org/10.1056/NEJMra1704286
https://doi.org/10.1021/acsami.9b12244
https://doi.org/10.1021/acsnano.7b08152
https://doi.org/10.3390/ma11091625
https://doi.org/10.1021/acsami.9b15668
https://www.ncbi.nlm.nih.gov/pubmed/31651148
https://doi.org/10.1007/s10544-020-00518-z
https://www.ncbi.nlm.nih.gov/pubmed/32889555
https://doi.org/10.3390/ma15217693
https://doi.org/10.1021/acsbiomaterials.0c01043
https://doi.org/10.1016/j.msec.2016.01.063
https://www.ncbi.nlm.nih.gov/pubmed/26952500
https://doi.org/10.1063/5.0125692
https://doi.org/10.3390/pharmaceutics14091908
https://www.ncbi.nlm.nih.gov/pubmed/36145656
https://doi.org/10.1016/j.eng.2021.10.021
https://doi.org/10.1038/s41413-018-0016-9
https://doi.org/10.3390/ijms23052401
https://doi.org/10.1021/acs.molpharmaceut.0c00954
https://doi.org/10.1021/acsnano.2c08979
https://doi.org/10.1073/pnas.1214449110
https://www.ncbi.nlm.nih.gov/pubmed/23386724
https://doi.org/10.1111/bjd.15923
https://www.ncbi.nlm.nih.gov/pubmed/28865105
https://doi.org/10.1016/j.jcis.2023.05.165
https://doi.org/10.1034/j.1600-051X.1999.260807.x
https://www.ncbi.nlm.nih.gov/pubmed/10450814
https://doi.org/10.1097/JCMA.0000000000000616

Materials 2023, 16, 4805 30 of 31

125.

126.

127.

128.

129.

130.
131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Ma, Y.; Boese, S.E.; Luo, Z.; Nitin, N.; Gill, H.S. Drug coated microneedles for minimally-invasive treatment of oral carcinomas:
Development and in vitro evaluation. Biomed. Microdevices 2015, 17, 44. [CrossRef]

Matta, A.; Janardhanam, L.S.L.; Venuganti, V.V.K. Dissolvable layered microneedle patch containing 5-fluorouracil for localized
treatment of oral carcinoma. J. Chem. Sci. 2023, 135, 23. [CrossRef]

Manimaran, R.; Patel, K.D.; Lobo, V.M.; Kumbhar, S.S.; Venuganti, V.V.K. Buccal mucosal application of dissolvable microneedle
patch containing photosensitizer provides effective localized delivery and phototherapy against oral carcinoma. Int. J. Pharm.
2023, 640, 122991. [CrossRef] [PubMed]

Shakya, A K.; Chowdhury, M.Y.E.; Tao, W.; Gill, H.S. Mucosal vaccine delivery: Current state and a pediatric perspective. J.
Control Release 2016, 240, 394-413. [CrossRef] [PubMed]

Macpherson, A.J.; Geuking, M.B.; McCoy, K.D. Immunoglobulin A: A bridge between innate and adaptive immunity. Curr. Opin.
Gastroenterol. 2011, 27, 529-533. [CrossRef]

Squier, C.A. The permeability of oral mucosa. Crit. Rev. Oral Biol. Med. 1991, 2, 13-32. [CrossRef] [PubMed]

Ma, Y.; Tao, W.; Krebs, S.J.; Sutton, W.E,; Haigwood, N.L.; Gill, H.S. Vaccine delivery to the oral cavity using coated microneedles
induces systemic and mucosal immunity. Pharm. Res. 2014, 31, 2393-2403. [CrossRef]

Zhen, Y.; Wang, N.; Gao, Z.; Ma, X.; Wei, B.; Deng, Y.; Wang, T. Multifunctional liposomes constituting microneedles induced robust
systemic and mucosal immunoresponses against the loaded antigens via oral mucosal vaccination. Vaccine 2015, 33, 4330-4340.
[CrossRef]

Armfield, ].M. The extent and nature of dental fear and phobia in Australia. Aust. Dent. J. 2010, 55, 368-377. [CrossRef]

Daly, S.; Claydon, N.C.A.; Newcombe, R.G.; Seong, J.; Addy, M.; West, N.X. Randomised controlled trial of a microneedle patch
with a topical anaesthetic for relieving the pain of dental injections. J. Dent. 2021, 107, 103617. [CrossRef]

Seeni, R.Z.; Zheng, M,; Lio, D.C.S.; Wiraja, C.; Mohd Yusoff, M.EB.; Koh, W.T.Y,; Liu, Y.; Goh, B.T.; Xu, C. Targeted delivery of
anesthetic agents to bone tissues using conductive microneedles enhanced iontophoresis for painless dental anesthesia. Adv.
Funct. Mater. 2021, 31, 2105686. [CrossRef]

Loesche, W.]. Microbiology of dental decay and periodontal disease. In Medical Microbiology; Baron, S., Ed.; University of Texas
Medical Branch at Galveston: Galveston, TX, USA, 1996; Chapter 99. Available online: https://www.ncbi.nlm.nih.gov/books/
NBK8259/ (accessed on 3 April 2023).

Fiyaz, M.; Ramesh, A.; Ramalingam, K.; Thomas, B.; Shetty, S.; Prakash, P. Association of salivary calcium, phosphate, pH and
flow rate on oral health: A study on 90 subjects. . Indian Soc. Periodontol. 2013, 17, 454—460. [CrossRef] [PubMed]

Matsuda, Y.; Altankhishig, B.; Okuyama, K.; Yamamoto, H.; Naito, K.; Hayashi, M.; Sano, H.; Sidhu, S.K.; Saito, T. Inhibition
of demineralization of dentin by fluoride-containing hydrogel desensitizers: An in vitro study. J. Funct. Biomater. 2022, 13, 246.
[CrossRef] [PubMed]

Buzalaf, M.A.; Hannas, A.R.; Kato, M.T. Saliva and dental erosion. J. Appl. Oral Sci. 2012, 20, 493-502. [CrossRef] [PubMed]
Nizami, M.Z.I; Xu, VW,; Yin, LX,; Yu, O.Y.; Chu, C.H. Metal and metal oxide nanoparticles in caries prevention: A review.
Nanomaterials 2021, 11, 3446. [CrossRef]

Yee, R.; Holmgren, C.; Mulder, J.; Lama, D.; Walker, D.; van Palenstein Helderman, W. Efficacy of silver diamine fluoride for
arresting caries treatment. J. Dent. Res. 2009, 88, 644-647. [CrossRef]

Goodson, J.M. Dental applications. In Medical Applications of Controlled Release; CRC Press: Boca Raton, FL, USA, 2019; Chapter 6;
pp. 115-138. Available online: https://www.taylorfrancis.com/chapters/edit/10.1201/9780429276620-6/dental-applications-
max-goodson?context=ubx&refld=9fcd4731-f1d9-42ad-99c2-cfce7132{576 (accessed on 3 April 2023).

Scully, C.; Shotts, R. ABC of oral health. Mouth ulcers and other causes of orofacial soreness and pain. Br. Med. ]. 2000,
321, 162-165. [CrossRef]

Guo, X.; Zhu, T,; Yu, X.; Yi, X,; Li, L.; Qu, X.; Zhang, Z.; Hao, Y.; Wang, W. Betamethasone-loaded dissolvable microneedle patch
for oral ulcer treatment. Colloids Surf. B Biointerfaces 2023, 222, 113100. [CrossRef]

Wang, Y.; Sheng, A,; Jiang, X.; Yang, S.; Lin, L.; Yang, M.; Zhu, E; Hu, Y,; Li, J.; Chang, L. Multidrug dissolvable microneedle patch
for the treatment of recurrent oral ulcer. Bio-Des. Manuf. 2023, 6, 255-267. [CrossRef]

Lasserre, ].E,; Brecx, M.C.; Toma, S. Oral microbes, biofilms and their role in periodontal and peri-implant diseases. Materials 2018,
11,1802. [CrossRef]

Zhang, X.; Hasani-Sadrabadi, M.M.; Zarubova, J.; Dashtimighadam, E.; Haghniaz, R.; Khademhosseini, A.; Butte, M.] ;
Moshaverinia, A.; Aghaloo, T.; Li, S. Inmunomodulatory microneedle patch for periodontal tissue regeneration. Matter
2022, 5, 666—682. [CrossRef]

Patil, S.B.; Inamdar, S.Z.; Reddy, K.R.; Raghu, A.V.; Akamanchi, K.G.; Inamadar, A.C.; Das, K.K.; Kulkarni, R.V. Functionally
tailored electro-sensitive poly(acrylamide)-g-pectin copolymer hydrogel for transdermal drug delivery application: Synthesis,
characterization, in-vitro and ex-vivo evaluation. Drug Deliv. Lett. 2020, 10, 185-196. [CrossRef]

Liebl, H.; Kloth, L.C. Skin cell proliferation stimulated by microneedles. J. Am. Coll. Clin. Wound Spec. 2012, 4, 2-6. [CrossRef]
[PubMed]

Divyashri, G.; Badhe, R.V.; Sadanandan, B.; Vijayalakshmi, V.; Kumari, M.; Ashrit, P,; Bijukumar, D.; Mathew, M.T,; Shetty, K,;
Raghu, A.V. Applications of hydrogel-based delivery systems in wound care and treatment: An up-to-date review. Polym. Adv.
Technol. 2022, 33, 2025-2043. [CrossRef]

Singh, S.; Young, A.; McNaught, C.-E. The physiology of wound healing. Surgery 2017, 35, 473—-477. [CrossRef]


https://doi.org/10.1007/s10544-015-9944-y
https://doi.org/10.1007/s12039-023-02149-2
https://doi.org/10.1016/j.ijpharm.2023.122991
https://www.ncbi.nlm.nih.gov/pubmed/37120122
https://doi.org/10.1016/j.jconrel.2016.02.014
https://www.ncbi.nlm.nih.gov/pubmed/26860287
https://doi.org/10.1097/MOG.0b013e32834bb805
https://doi.org/10.1177/10454411910020010301
https://www.ncbi.nlm.nih.gov/pubmed/1912142
https://doi.org/10.1007/s11095-014-1335-1
https://doi.org/10.1016/j.vaccine.2015.03.081
https://doi.org/10.1111/j.1834-7819.2010.01256.x
https://doi.org/10.1016/j.jdent.2021.103617
https://doi.org/10.1002/adfm.202105686
https://www.ncbi.nlm.nih.gov/books/NBK8259/
https://www.ncbi.nlm.nih.gov/books/NBK8259/
https://doi.org/10.4103/0972-124X.118316
https://www.ncbi.nlm.nih.gov/pubmed/24174724
https://doi.org/10.3390/jfb13040246
https://www.ncbi.nlm.nih.gov/pubmed/36412887
https://doi.org/10.1590/S1678-77572012000500001
https://www.ncbi.nlm.nih.gov/pubmed/23138733
https://doi.org/10.3390/nano11123446
https://doi.org/10.1177/0022034509338671
https://www.taylorfrancis.com/chapters/edit/10.1201/9780429276620-6/dental-applications-max-goodson?context=ubx&refId=9fcd4731-f1d9-42ad-99c2-cfce7132f576
https://www.taylorfrancis.com/chapters/edit/10.1201/9780429276620-6/dental-applications-max-goodson?context=ubx&refId=9fcd4731-f1d9-42ad-99c2-cfce7132f576
https://doi.org/10.1136/bmj.321.7254.162
https://doi.org/10.1016/j.colsurfb.2022.113100
https://doi.org/10.1007/s42242-022-00221-3
https://doi.org/10.3390/ma11101802
https://doi.org/10.1016/j.matt.2021.11.017
https://doi.org/10.2174/2210303110666200206114632
https://doi.org/10.1016/j.jccw.2012.11.001
https://www.ncbi.nlm.nih.gov/pubmed/24527373
https://doi.org/10.1002/pat.5661
https://doi.org/10.1016/j.mpsur.2017.06.004

Materials 2023, 16, 4805 31 of 31

152.

153.

154.

155.

156.

157.

158.

159.

Hattarki, S.; Bogar, C.; Bhat, K. Green tea catechins showed antibacterial activity on Streptococcus mutans—An in vitro study.
Indian J. Dent. Res. 2021, 32, 226-229. [CrossRef] [PubMed]

Sun, J.; Chen, T.; Zhao, B.; Fan, W.; Shen, Y.; Wei, H.; Zhang, M.; Zheng, W.; Peng, J.; Wang, J.; et al. Acceleration of oral wound
healing under diabetes mellitus conditions using bioadhesive hydrogel. ACS Appl. Mater. Interfaces 2023, 15, 416-431. [CrossRef]
[PubMed]

Park, S.Y.; Lee, HU,; Lee, Y.C.; Kim, G.H.; Park, E.C.; Han, S.H,; Lee, ].G.; Choi, S.; Heo, N.S.; Kim, D.L.; et al. Wound healing
potential of antibacterial microneedles loaded with green tea extracts. Mater. Sci. Eng. C Mater. Biol. Appl. 2014, 42, 757-762.
[CrossRef]

Batra, P.; Dawar, A.; Miglani, S. Microneedles and nanopatches-based delivery devices in dentistry. Discoveries 2020, 8, el16.
[CrossRef]

Ullah Khan, S.; Saleh, T.A.; Wahab, A.; Khan, M.H.U.; Khan, D.; Ullah Khan, W.; Rahim, A.; Kamal, S.; Ullah Khan, F.; Fahad, S.
Nanosilver: New ageless and versatile biomedical therapeutic scaffold. Int. |. Nanomed. 2018, 13, 733-762. [CrossRef]

Gonzalez Garcia, L.E.; MacGregor, M.N.; Visalakshan, R.M.; Ninan, N.; Cavallaro, A.A.; Trinidad, A.D.; Zhao, Y.; Hayball, A.].D.;
Vasilev, K. Self-sterilizing antibacterial silver-loaded microneedles. Chem. Commun. 2019, 55, 171-174. [CrossRef]

Xu, J.; Danehy, R.; Cai, H.; Ao, Z.; Pu, M.; Nusawardhana, A.; Rowe-Magnus, D.; Guo, F. Microneedle patch-mediated treatment
of bacterial biofilms. ACS Appl. Mater. Interfaces 2019, 11, 14640-14646. [CrossRef] [PubMed]

Turner, ].G.; Laabei, M.; Li, S.; Estrela, P; Leese, H.S. Antimicrobial releasing hydrogel forming microneedles. Biomater. Adv. 2023,
151, 213467. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.4103/ijdr.ijdr_512_21
https://www.ncbi.nlm.nih.gov/pubmed/34810394
https://doi.org/10.1021/acsami.2c17424
https://www.ncbi.nlm.nih.gov/pubmed/36562739
https://doi.org/10.1016/j.msec.2014.06.021
https://doi.org/10.15190/d.2020.13
https://doi.org/10.2147/IJN.S153167
https://doi.org/10.1039/C8CC06035E
https://doi.org/10.1021/acsami.9b02578
https://www.ncbi.nlm.nih.gov/pubmed/30933463
https://doi.org/10.1016/j.bioadv.2023.213467
https://www.ncbi.nlm.nih.gov/pubmed/37236117

	Introduction 
	Materials Used for Hydrogel-Forming Microneedles: Fabrication and Characteristics 
	Natural Polymer Fabricated Hydrogel-Forming Microneedles 
	Carbohydrate-Based Microneedles 
	Protein-Based Microneedles 
	Mixed Carbohydrate-Protein Microneedles 

	Synthetic Polymer Fabricated Hydrogel-Forming Microneedles 
	Gelatin Methacryloyl 
	Methacrylate-Based Hyaluronic Acid 
	Polyvinyl Alcohol 

	Combined Natural and Synthetic Polymer-Fabricated Hydrogel-Forming Microneedles 

	Fabrication of Hydrogel-Forming Microneedles 
	Micro-Molding Method 
	Casting 
	Electrospinning 
	Three-Dimensional-Printed Hydrogel-Filled Microneedle Array 

	Application of Hydrogel-Forming Microneedles in the Diagnosis and Treatment of Diseases 
	Diagnosis 
	Interstitial Fluid Extraction by Hydrogel-Forming Microneedles 
	In Vivo Interstitial Fluid Real-Time Analysis 
	Epstein-Barr Virus Detection 

	Diseases Management 
	Cancer 
	Diabetes 
	Rheumatoid Arthritis 
	Psoriasis 
	Eye Infection 
	Microencapsulation Cell Delivery 


	Applications of Hydrogel-Forming Microneedles in Dental Therapy 
	Collecting Oral Fluid for Diagnosis 
	Early Detection of Oral Cancer 
	Oral Cancer Treatment 
	Oral Vaccination 
	Local Anesthesia 
	Caries Prevention 
	Oral Ulcer Management 
	Periodontal Treatment 

	Advantages of Hydrogel-Forming Microneedles in Dentistry 
	Limitations of Hydrogel-Forming Microneedles in Dentistry 
	Future Perspectives 
	Hydrogel-Forming Microneedle Biosensing 
	Accelerate Dentoalveolar/Periodontal Wound Healing 
	Anti-Bacterial Effects 
	Future Research to Evaluate the Efficacy and Safety of HFMs in Dental Applications 

	Conclusions 
	References

