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Abstract: Advances in nanotechnology have paved the way for more effective drug delivery using
particulate and non-particulate nano-based formulations across a range of applications. In the oral
cavity, local delivery using mucoadhesive formulations has advantages over conventional formula-
tions for increasing local efficacy whilst reducing unwanted adverse effects. Nano-formulations pro-
vide the opportunity for new formulations with enhanced intraoral stability, local action, and im-
proved patient acceptability.
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Introduction

Driven by developments in polymers and materials science, nanotechnology now plays a central
role in many drug delivery systems. Nanotechnology ultimately helps to increase therapeutic efficacy
through improved solubility, stability, penetration, drug permeation and, in the case of oral cavity
diseases, drug concentrations in the saliva [1,2]. Buccal drug delivery describes drug delivery to the
oral mucosa, and it is important not only in chronic conditions and where the parenteral approach is
unsuitable, but also in emergent situations, such as administration of nitrates as anti-anginal rescue
medications [3]. To ensure retention of the drug in the oral cavity, mucoadhesive polymers have been
developed for a variety of agents and indications [4,5]. However, there remains room for further op-
timization of buccal drug delivery based on the underlying theory and by exploiting some of the
advantageous properties of nanomaterials. Areas for development in the field of mucoadhesive for-
mulations for buccal drug delivery include permeability enhancers, new formulations and mucoad-
hesive, and the use of nanotechnology. Since there are plenty of reviews of the application of nano-
technology to systemic drug delivery, this review focuses on the impact of nanotechnology in treating
intraoral pathology through mucoadhesive preparations.

Theoretical perspective

Buccal drug delivery aims to deliver drugs into the oral cavity for local or systemic effects. How-
ever, the mucosa and saliva — which is particularly abundant compared with other cavities such as
the nose and vagina - have narrow absorption windows [6]. Nevertheless, when drugs are success-
fully delivered to the oral mucosa, they are released into the cavity to exert both local and systemic
effects [7]. However, for some applications, it is desirable to deliver and release the drug locally and
not systemically to maintain high local concentrations and reduce unwanted systemic side-effects [8],
mandating not only mucoadhesive properties (to keep the drug attached to the mucosa) but also a
formulation that stays within the oral cavity and/or is secreted into the saliva. Although various strat-
egies including mucoadhesive buccal tablets, films, gels, wafers, and in situ delivery have been at-
tempted, there have been relatively few attempts to apply nanotechnology to improve the physico-
chemical characters of local oral cavity drug delivery [9-13].

Nanotechnology refers to drug delivery in nanoparticles form for improved clinical outcome. In
the oral cavity, the half-lives of drugs dissolved in saliva tend to be quite short due to the rinsing
action of saliva in the mouth, so nano-based mucoadhesive delivery could improve retention,
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permeation, and ultimately therapeutic outcomes. Nanotechnology has proven revolutionary due to
its ability to enhance delivery, overcoming some drug-related side-effects and allowing improved
uptake into mucosal epithelial cells via both transcellular and paracellular pathways. The term nano-
materials describes materials with dimensions of ~100 nm in appearance and, by virtue of their small
size, they have unique physicochemical and electrostatic properties [14]. These surface-based prop-
erties allow them to interact with charged organic polymeric substances in the buccal microenviron-
ment. Nanoparticles (NPs) typically interact with the viscoelastic mucosal layer, facilitating engulf-
ment of nanostructured carriers due to particle-mucin and steric interactions. Mucin is a naturally
protective substance covering the buccal mucosa, exerting an anti-adhesive effect on pathogens and
protecting the oral mucosa [15]. However, mucin interacts with the NPs via hydrogen bonding, pol-
ymeric chain entanglement, electrostatic interactions, and Van der Waals and hydrophobic interac-
tions. However, if the particle surface is modified in such a way that it resembles viral or biological
surfaces, it may penetrate the protective layer [16]. This property is useful for NPs that must penetrate
the mucosa, thereby releasing drugs or other cargoes of interest, such as gene therapies [17,18], for
instance; this approach may be useful for treating tumor cells. Overall, the NP approach allows spe-
cific binding to the buccal mucosal surface, where they interact with mucin to help engulfment/pen-
etration into the deeper layers.

Anatomy and physiology

The oral cavity constitutes the lips, cheeks, tongue, hard palate, soft palate, and floor of the
mouth (Figure 1). The oral cavity is lined by the buccal, sublingual, gingival, palatal, and labial mu-
cosa, which account for ~60% of the surface area of the oral mucosa [19]. The buccal region describes
that part of the mouth bounded interiorly and laterally by the lips and the cheeks; posteriorly and
medially by the teeth and gums; and superiorly and inferiorly by the mucosal reflections from the
lips and cheeks to the gums. There are two different types of glands (mucous and serous) present in
the cheek submucosa, and the buccal glands lie between the mucous membrane and blood supplied
by the maxillary artery, which provides a rich blood supply to the sublingual area (compared with
the gingival and palatal areas). Drug diffusion is passive, and the high surface area of the bumpy,
500-800 pm-thick buccal mucosa is ideally suited for sustained drug delivery systems. The buccal
mucosa has a multi-layered structure, uppermost being the non-keratinized stratified squamous ep-
ithelium (thickness ~500-600 pm and surface area 50.2 cm?), which is shed every 5-6 days [20] and
acts as a protective layer [21]. Underlying this is the basement membrane, capillary-rick lamina pro-
pria, and submucosa.
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Figure 1. Frontal view of the buccal cavity.
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Diseases of the oral cavity

Oral cancer

Oral cancers can arise from the cells of the mucosa or underlying tissues. Cancer lesions are often
visible on physical examination, sometimes as discrete masses or as white, precancerous lesions (leu-
koplakia) [22]. These lesions can cause inflammatory symptoms through lymphatic blockage. Over
90% of reported cancers of the upper region of neck, head, and buccal cavity are squamous cell car-
cinomas [23,24]. While radiotherapy and surgery are the main treatments for these cancers [25], de-
livery of anticancer drugs, especially to the buccal region (Figure 2), is considered a reasonable and
clinically effective therapeutic option [25,26]. Anticancer drug delivery to the near mucosal region is
also useful since it minimizes side-effects, the dose required, and augments therapeutic efficacy com-
pared with conventional systemic delivery. For instance, doxorubicin loaded into liposomal struc-
tures are further controlled by embedding into alginate gels were fabricated to treat squamous cell
cancers. The polymer mediated adhesion to the mucosa, while the liposomal particles shielded the
drug from degradation and enhanced absorption of the liposomal carriers into tumor cells. The for-
mulated liposomes were 122-137 nm, with experimental stability up to 26 h. This liposomal-based
alginate paste effectlvely killed human cancer cells (CWEL 27) in vitro [27]

poe

Figure 2. Diagram depicting the presence of squamous cell carcinoma, where ‘A’ represents a low
magnification view of the buccal epithelium, while ‘B” represents aggregates of cells undergoing mi-
tosis when viewed at high magnification. Image taken with permission from [28].

Microbial infections

The oral cavity has a dynamic and abundant microbiome, primarily aerobic and anaerobic bac-
teria from ~500 different identified species. Saliva contains a large concentration of about 10”7 and 108
bacteria per ml, and the bacteria can be harmless (or even protective) commensals or pathogens [29].
Mouth health depends on the integrity of the mucosa, which in turn relies on intact host immune
responses acting through oral secretions (i.e., the saliva and mucus) [30]. The constant flow and se-
cretion of saliva maintains the pH of the oral cavity and helps prevent demineralization of enamel by
forming a protective, antibacterial protein coat over the teeth [31]. Saliva contains proteins, glycopro-
teins, amylase, mucin, lysozyme, immunoglobulins, lactoferrin, and sialoperoxidase, which may in-
terfere with the normal flora [32]. Microbes tend to be unevenly distributed in the oral cavity, with
specific organisms attaching to and growing on tooth surfaces to form colonies that produce biofilms
[33], yellowish-white deposits that become firmly attached to the tooth. Dental plaque is formed by
the colonization of several bacteria [34]. Microorganism aggregation on the tooth surface is promoted
by sugar, low pH, and reduced salivary flow [35]. Dental plaque is the main etiological factor con-
tributing to the formation of caries and periodontal infections. The concentrations of Gram-negative
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and anaerobic bacteria increase in dental biofilm with time, and Gram-negative organisms in partic-
ular attach in high numbers to epithelial cells. Bacterial oral infections mainly occur when the oral
flora become opportunistic and works against host immune responses rather than from external in-
fections [36]. The causative microbial agents in periodontitis are shown in Table 1.

Table 1. Causative anaerobic bacteria in periodontal diseases.

Anaerobic Gram-negative bacteria Anaerobic Gram-positive bacteria
Actinobacillus actinomycetemcomitans Actinomyces viscosus
Porphyromonas gingivalis Peptostreptococcus micros

Prevotella intermedia

Tannerella forsythensis

Gingivitis

The gingivae (gums) form part of the soft tissue lining of the oral cavity covering the teeth and
providing a seal around them. The gingivae cover the alveolar processes of the jaws and the cervical
portions of the teeth, and they are divided into free, attached, and interdental papillae [37]. Gingivitis
(Figure 3) describes inflammation of the gingival tissues due to aggregation of plaque on the tooth
surfaces and it is characterized by edema and bleeding on probing [38]. On its own, gingivitis does
not describe alveolar bone loss and it is reversible. Normal gingivae are light pink to red due to high
vascularity and the thin epithelium [39], but when inflamed the red color increases due to the inflam-
mation and even when not painful bleeding can occur after probing [40].

Gingivitis represents a disease of poor oral hygiene and lack of control of biofilm, where poor
oral hygiene creates a favorable environment for oral microbes to gain access to the marginal gingiva
to trigger inflammatory responses. Acute lesions contain neutrophil infiltrates which, after 2-5 days,
change due to aggregation of macrophages and lymphocytes, vascular changes, and perivascular
inflammatory infiltrates. Gingivitis follows a delayed hypersensitivity-type pattern of inflammatory
response, similar to macrophage lesions, while periodontitis is characterized by B cell and plasma
cell infiltrates [41].

Figure 3. (A) Gingival periodontitis in a young male patient, (B) X-rays showing significant calcium
loss from the teeth (taken with permission from [42]).

Epidemiological studies have provided evidence that bacterial biofilm on the tooth surfaces and
gingival margin are responsible for gingivitis and periodontitis [43]. Gram-positive bacteria initially
form colonies over the enamel surface of teeth, followed by colonization with Gram-negative anaer-
obic cocci, filaments, and spirochetes in the marginal gingiva to develop complex plaque [44]. Un-
controlled gingivitis progresses towards periodontitis, which is classified by the American Academy
of Periodontology as shown in Table 2.

Table 2. Classification of periodontal infections according to the AAP (adapted from [45]).

Gingivitis Periodontitis
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Dental plaque-induced gingival disease Chronic periodontitis (CP)
Acute necrotizing ulcerative gingivitis (ANUG) Aggressive periodontitis (AP)

) . L. Periodontitis as a manifestation
Steroid hormone-induced gingival enlargement o
of systemic diseases

) L. Necrotizing periodontal dis-
Drug-induced gingival enlargement
eases

Gingivitis associated with blood disorders, nutri-
tional deficits, tumors, genetic factors, viral infec- Periodontal abscesses

tion

. o Periodontitis with endodontic
Desquamative gingivitis .
lesions

L. . . . Developmental and acquired
Gingivitis associated with malnutrition ) L
deformation and conditions

Non-plaque induced gingival disease

Gingival disease of bacterial, viral, fungal origin
Gingival lesions of genetic origin

Gingival manifestation of systemic conditions

Traumatic lesions

Pain and inflammation control

Inflammation due to injury or cell death in the oral mucosa is characterized by proliferation of
inflammatory mediators causing swelling that is followed by repair of the wound. During inflamma-
tion, localized cytokine production (IL-2, IL-6, LTPB-1, and IL-10) and cellular infiltrates both con-
tribute to the pathology. The first few hours after injury are important because of infiltration of im-
mune cells (neutrophils and T cells), which help to resolve local pro-inflammatory cytokine produc-
tion, like interleukins. Macrophage infiltration into the injured oral cavity is reported to be lower than
that seen in dermal wound healing, possible due to saliva-associated provision of growth factors.
Indeed, the rate of re-epithelization is higher (100%) in oral epithelial defects compared with dermal
defects (40%) 24 h after injury [46-49], and there is evidence that some inflammatory regulators are
expressed at comparatively low levels in adult buccal epithelial cells compared with the skin (e.g. IL-
6) [46]. Nevertheless, cytokines and interleukin inhibitors are frequently employed in the buccal re-
gion in mucoadhesive drug delivery systems [50], and adequate inflammation resolution necessitates
high local concentrations of therapeutic drugs like non-steroidal anti-inflammatory drugs (NSAIDs),
corticosteroids, or opioids.

Pain is a feature of most oral cavity diseases including microbial infections, tumors, and trauma.
All the common analgesics and anti-inflammatory agents have been used intraorally to control pain
and inflammation including NSAIDs, opioids, and corticosteroids [51-53]. Since opioids can act lo-
cally on nerves, it is thought that the drugs first diffuse through the buccal paracellular pathway to
reach the nerves locally. For severe pain, drug combinations have been used [54].
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Local anesthetics

Local anesthetic agents are widely used for local pain control. Anesthetic agents block pain by
inhibiting the nerve impulses and therefore pain perception. As a result, pain is reduced and patients
achieve symptomatic control [55]. Local anesthetics have been combined with other locally acting
agents [52]. Recently, mebeverine, an antispasmodic, was investigated for its anesthetic potential in
the buccal cavity [56]. Lignocaine is the most commonly used topical anesthetic agent delivered
through the mucoadhesive buccal route [57-59], followed by benzocaine [60,61] and articaine [62].
Lignocaine and benzocaine have been tested in healthy volunteers for the treatment of local oral cav-
ity pain [63].

Steroidal anti-inflammatory agents

There have been efforts to develop mucoadhesive delivery of dexamethasone [64], hydrocorti-
sone [65], prednisolone [66], clobetasol [67], and betamethasone [68] for the treatment of oral ulcers
through the restoration of damaged mucosal and submucosal tissues. Hydrocortisone has a reason-
able safety profile compared with other steroidal agents [69].

Other drug classes

Other drugs have been formulated for the mucoadhesive route for local action including the
delivery of local antiseptic agents like benzydamine, tibezonium iodide, chlorhexidine, and other
agents [4,70]. These substances can be delivered alone [68] but are usually combined with local agents
for the clinical improvement of symptoms. Likewise, calcium fluoride has been successfully delivered
through nanoparticulate delivery to improve dental conditions [71]. Secretagogues, which increase
salivary secretions, have been successfully delivered via the mucoadhesive buccal route [72]. Table
3 summarizes commonly encountered pathologies of the oral cavity and suitable therapeutic strate-
gies.

Table 3. An overview of some common buccal disorders and available therapeutics.

Refer-

Disease Local therapy (©)
ence(s

Antimicrobial, antifungal, antiseptic, adjunct ther-
Oral sores B [73,74]
apy, anti-inflammatory drugs

Non-steroidal and steroidal anti-inflammatory

Swelling drugs [64,75]
Microbial infection Antimicrobial, antifungal, antiseptic [68,74,76]
Pain Local anesthetic agent [52]
Tumor Anti-cancer drugs [77]
Dietary calcium supplement Calcium supplements [78]
Xerostomia Secretagogues [72,79]

Table 4 details some of the drugs commonly used for local pathologies of the oral cavities.

Table 4. List of some commonly delivered drugs for treating local pathologies.

Monotherapy Dual therapy

Diclofenac [80] Metronidazole and lignocaine [88]
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Lignocaine [78] Ciprofloxacin and metronidazole [89]
Minocycline [81] Flurbiprofen and lignocaine [52]
Dexamethasone [73] Tibezonium iodide and lignocaine [63]
Benzocaine [82] Tibezonium iodide and benzocaine [90]
Chlorhexidine [62] Ketoprofen and lignocaine hydrochloride [54]
Articaine [62]

Fluconazole [83]
Ketoconazole [84]
Metronidazole [85]
Triamcinolone acetonide [86]
Prednisolone [87]

Calcium supplement [78]

Nanotechnological formulations

Nanoparticles (NPs)

Nanoparticles (NPs) represent a versatile form of drug delivery vehicle that can easily be dis-
persed in different formulations to treat local pathologies. NPs can have complex appearances or
double compartments to sequester the drug. Similarly, the polymeric layers of NPs can serve as a
platform for drug delivery [91]. Polymeric nanoparticles can be formulated with biodegradable sub-
stances such as polyethylene glycol (PEG), polylactic acid, polylactide coglycolide, polycyanoacry-
late, chitosan, gelatin, and sodium alginate [92-96]. Formulations using these substances have tunable
properties that allow controlled drug release. Various methods are frequently used to prepare these
nanoparticles including ionic gelation, nanoprecipitation, spray drying, cross-linking, solvent evap-
oration, and in situ polymerization, with technologies like supercritical fluid technology and the re-
verse micellar technique less commonly used. The therapeutic substance is normally loaded into the
nano-sized formulation through entrapping, drug-polymer complexing, the solubility phenomenon,
or by dispersing the active substance throughout the medium. This, in turn, acts as a reservoir for the
release of the drug over a longer period. This is only possible when the dosage form is in the retentive
state with the buccal mucosa or, alternatively, the particles penetrate the deeper tissue layers. This is
beneficial for, for example, delivering anticancer drugs to buccal carcinomas [97]. In one study, buccal
carcinoma was targeted through PEGylated poly-lactide co-glycolide (PLGA) nanoparticles grafted
with RGD-peptidomimetic substance, which was designed to facilitate attachment to the tumor en-
dothelium. Paclitaxel was chosen as the anticancer drug due to its well-established cytotoxicity. In
mice, nano-delivery increased tumor control when decorated with RGD-peptide compared with non-
labeled delivery. Furthermore, tumor uptake of radiolabeled peptidomimetic-based nanoparticles
was greater than nanoparticles delivered alone (Figure 4), confirming that nanoparticle uptake and
consequent drug delivery can be improved by surface modification [98].

Table 5. Nanotechnological formulations for localized action.

Dosage/ De- Method of prepara- Oral pathol-
Drug Polymer(s) Reference
livery tion ogy

Chitosan (coating)
Nanoparticles ~ Curcumin Nanoprecipitation Oral cancer [2]
polycaprolactone
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Lignocaine hy-

Catechol, chitosan, gen- Conjugation, Local  anes-
Nanogels drochloride [99]
ipin polymerization thetic
monohydrate
Polyethylene oxide, pol-
Electrospun fi-  Clobetasol-17- Anti-inflam-
yvinyl pyrollidone, eu- Electrospinning [67]
ber in patch propionate matory
dragit, polycaprolactone
poly (ethylene glycol)-
Solvent  evapora-
Nanoparticles ~ Doxorubicin block-poly (4-vinylben- Anti-cancer [92]
tion
zylphosphonate
Anti-cancer
Emulsion diffusion
Nanoparticles  Genistein (D,L) Lactic acid and phytoes- [94]
method
trogen
poly(DLlactide-co-gly- Drug and
Nanoparticles ~ Gene delivery Probe sonication [95]
colide) gene delivery
Calcium fluo- Co-precipitation
Nanoparticles
ride and ligno- Thiolated chitosan and polymer syn- Dental caries [71]
in film
caine thesis
Peptide graft- Polylactide co-glycolide, Polymer synthesis
ing nanoparti- Paclitaxel RGD-peptide, polyeth- and peptide graft- Oral cancer [98]
cle ylene glycol ing
e
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Figure 4. Improved uptake of peptidomimetic RGD nanoparticles (RGD-NP) compared with undec-
orated nanoparticles (NP) (image taken with permission from [98]).

One study demonstrated a significant reduction in human oral squamous cell carcinoma growth
through treatment with curcumin in chitosan-coated polycaprolactone-based NPs. There was no sig-
nificant loss of cell viability even at 24 h when curcumin was not loaded on the nanoparticles, and
cytotoxicity of free curcumin was significantly higher (p<0.05) at the ICs0 dose of the drug than coated
NPs [2]. NPs were formed by nanoprecipitation using evaporation of the organic phase (acetone)
containing the lipophilic polymers. The aqueous phase was composed of acidified water with 1%
acetic acid. Chitosan was added to the buccal dosage form as an adhesive agent for prolonged buccal
attachment, since mucin is negatively charged through sulfate and carboxyl groups in the constituent
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oligosaccharides [100]. With respect to human cell viability studies, there was no apoptosis with con-
trol treatments, whereas curcumin-loaded chitosan-coated NPs (Cur-NP CSL) induced apoptosis
(Figure 5). The coated NPs exhibited electrostatic interactions with mucin, i.e., the mucoadhesive
property. Since chitosan possesses antimicrobial properties, chitosan-based NPs delivery is a prom-
ising drug delivery approach for localized delivery of natural anticancer drugs.

Acridine orange _ Ethidium bromide

NP CSL Free Curcumin Control

Cur-NP CSL

Figure 5. Apoptosis of human SCC9 cells detected using acridine orange and ethidium bromide and
treated with controls or chitosan-coated curcumin nanoparticles. Figure reproduced with permission
from [2].

Nanogels

Mucoadhesive gels represent a formulation in which the drug is loaded and entrapped in the
polymeric network of the gel [63]. The rate of drug release depends on both the viscosity of the gel
and the nature and quality of the polymers [90]. The dose can be adjusted in gels and, moreover, the
dose can be administered over a unit area for better contact, swelling, and effective drug release
[101,102]. A scaffold or cross-linked gel structure increases the drug loading capacity. For example,
genipin was cross-linked with catechol chitosan to provide a platform to load lignocaine for local
delivery. Mucoadhesion was improved when catechol was covalently bound, while gels with chi-
tosan (catechol not attached) had lower mucoadhesive contact time. Furthermore, the formulated gels
did not induce inflammation in sacrificed rabbit tissue (Figure 6) [99]. Recently, a study evaluated
salivary drug concentrations of the antiseptic and anesthetic agents tibezonium iodide and benzo-
caine, respectively, achieved through application of scaffold gels. The initial formulation (Figure 7)
was prepared through homogenization of ingredients in aqueous solution and stored at room tem-
perature [102]. Furthermore, in a study of the mucoadhesive role of agarose gel and Carbopol 934P,
the concentration of agarose was responsible for sustained drug release. The dosage form was stable
for up to six months. In healthy volunteers, salivary drug concentrations (Figure 8) correlated with
mucosal numbness (Table 6). This study concluded that the formulation provided a suitable vehicle
to sustain the release and effective salivary drug concentrations to treat sore throats [90].
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Figure 6. H&E-stained sections of untreated rabbit buccal mucosa (A and B) or treated with genipin-
chitosan cross-linked nanogels (C and D) (figure reproduced with permission from [99]).
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Figure 7. Synthesis of agarose-based gels (image taken with permission from [102]).
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Figure 8. Salivary concentrations of tibezonium iodide (TIB) and benzocaine (BZN) over time for the
treatment of sore throat (diagram taken with permission from [90]).
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Another triple-blind, randomized controlled study evaluated the efficacy of the steroidal drug
triamcinolone in volunteers with oral lichen planus. Almost 40 volunteers were allocated to treatment
with either a nanogel formulation or conventional delivery. The nanogel formulation healed ulcers
significantly faster than conventional therapy (Table 6) [103].

Table 6. Clinical and preclinical outcomes of different formulations.

Dosage . . . Refer-
Drug Subjects Settings Clinical outcomes
form ences
Triple
Triamcino- Diseased . Nano delivery acceler-
Nanogels blind, ran- ) [103]
lone volunteers . ated healing
domized
Healthy Single cen- Better adherence and
Clobetasol Patch . o [67]
subjects ter less irritation
Agarose-carbopol
showed superior muco-
Tibezonium Healthy Single cen- adhesion
o Gels [90]
iodide volunteers  ter Dosage form adaptable

to volunteers

Stable for up to 6 months

Buccal film-loaded nanotechnology

Buccal films are flattened strips typically fabricated with controlled evaporation of solvent to
produce uniform film appearance and thickness. These films are resistant to folding and are more
easy applied in the cavity or near to the pathological sites [104].

Since many buccal cavity disorders involve swelling and inflammation caused by infection, ef-
forts have been made to introduce probiotics to competitively inhibit the growth of pathogens caus-
ing periodontitis [105,106]. For example, Lactobacillus brevis CD2 produces arginine deaminase [107],
which competes with eukaryotic nitric oxide synthase to convert arginine into ammonia rather than
nitric oxide [108], the latter a pro-inflammatory agent. When probiotics were delivered through a
mucoadhesive buccal film, the conversion of arginine to nitric oxide was inhibited to exert an anti-
inflammatory effect [109]. These mucoadhesive buccal films were composed of hydroxypropyl
methylcellulose and polypropylene glycol through a solvent casting method. The dosage form was
formulated and stored at two different conditions, 2-8°C and 23-25°C, the former better preserving
microbe viability [110]. The dosage form was considered an effective intervention to reduce the pro-
gression of periodontal disease. The surface morphology of the films may also be modified using
techniques like electrospinning, which has been especially useful for pathologies such as wound heal-
ing [111]. Rarely, the drug may be distributed to two different compartments, such as where the
ethylcellulose base-containing film layer of the buccal mucoadhesive delivery system contains the
anti-inflammatory drug through fused deposition. The surface, in this scenario, was modified by
adding a layer of local anesthetic through 3D printing, where drug release was also controlled by the
ink viscosity. Permeation studies in porcine buccal mucosa demonstrated a steady-state concentra-
tion of ketoprofen of 2.0 pug/cm?/min over a period of 6 h and 0.9 pg/cm?/min for lignocaine hydro-
chloride. There was no cytotoxicity using the formulated film in vitro (tetrazolium bromide MTT as-
say). The buccal films prepared using this combination technology had a few advantages, such as
surface modifiability, which is sometimes difficult to achieve without cross-linking. Likewise, two
separate compartments were produced, which were useful for loading two independent drugs or
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sometimes physically incompatible drugs when delivered in a single medium. Moreover, this ap-
proach can also be used for differential release of a single pharmaceutical substance if different re-
pellant materials are added to different compartments of the inkjet-layered films. Another notable
advantage of this form of drug delivery is the delivery of a relatively heat stable substance in the
inkjet layer covering the film dosage form, since the films are produced by a technique that typically
involves heat. So, any component to be omitted from heating can be loaded on the inkjet. In one
study, the films were printed with 3D printing technology that produced a uniform consistency of
the film and backing layer. This is shown in Figure 9, where stereoscopic images of the films demon-
strated a consistent smooth appearance and even thickness with a standard deviation of 0.03. The
films were translucent but rough on scanning electron microscopy (SEM). However, the consistency
and absence of surface cracks (Figure 9d-f) had more favorable characteristics [54]. Such combina-
tions of pharmaceutical technologies have been successfully explored to fabricate buccal films for
treating xerostomia by simultaneous use of adipic acid and xylitol [79].

Figure 9. Stereoscopic images of a. HPMC-based film; b. backing layer containing ethylcellulose; c.
HPMC with backing layer; d. SEM image of HPMC layer; e. the drug-loaded HPMC layer; and e.
HPMC-loaded drug layer plus Men (courtesy of [54]).

Patches

In patches, the drug matrix is supported by a support layer, and they are applied to the buccal
mucosa to subsequently release the drug. Patches, like films, are thin layers [112]. Adhesion can be
achieved through the addition of any mucoadhesive agent. One study demonstrated delivery of the
steroidal anti-inflammatory drug clobetasol propionate for the treatment of aphthous ulcers and sto-
matitis, reasoning that persistent contact of steroid with a mucoadhesive patch would accelerate heal-
ing. The backing layer was designed to prevent spread of the drug into in buccal cavity, as shown for
mucoadhesive buccal gels [113]. The polymeric patches were formulated using different concentra-
tions of polyvinylpyrrolidone, Eudragit RS10, and polyethylene oxide with polycaprolactone as the
backing layer using an electrospinning technique [67]. The formulation did not exert any cytotoxicity
in tissue-engineered buccal mucosa washed with formalin before evaluation. When applied to
healthy volunteers, the patch showed good to excellent adherence at the point of application (Figures
10 and 11), although a few volunteers reported moderate mucosal irritation after patch application
of patch (Figure 11).
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Figure 10. Application of formulated clobetasol patches to volunteers (from [67]).
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Figure 11. Responses to patches applied to the oral cavities of volunteers (from [67]).
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Figure 12. Frequency of irritation to volunteers (image obtained with permission from [67]).

The backing layer of the patch is often layered as an impermeable layer so that the flux of the
active substance does not move in the transcellular and paracellular route for systemic absorption.
Otherwise, a significant amount of the locally acting drug may be lost while delivering the medica-
tion.

Nanofibers

Nanofibers are nano-sized mats, porous flattened discs, or surface-modified structures that are
eventually delivered or loaded onto another buccal dosage form to achieve local delivery [114]. Nan-
ofibers have been extensively used in medical devices and drug delivery [115,116]. The nanofibers
are usually fabricated by dispersing drug in the solution of polymer or vice versa, and the solution is
slightly modified with a suitable plasticizer to impart properties to the fiber [117]. Nanofibers have
been evaluated for the systemic delivery of drugs through the buccal route. Nevertheless, they may
also be used to treat local pathologies. These fibers are usually fabricated using electrospinning and
3D printing or a combination of both techniques. Then, the dense nanosized fibers are either delivered
in their native form or further processed to form films [54]. Nanofibers have also been used in would
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healing. For example, in an attempt to develop and fabricate a platform for wound healing, Palo and
colleagues formulated bilayered fabricated fibers using sodium alginate and polyvinyl alcohol. They
used a solvent casting technique aided by either 3D printing or electrospinning to alter the surface
properties of the carriers. They found that electrospun fibers displayed improved physical durability
and the nanofibers, when immersed in phosphate buffer in a stability test for 7 days, had preserved
integrity with a swollen but soft structure (Figure 13) [111].

Figure 13. SEM images of A. the fabricated nanofibers and B. appearance of the fibers after 7 days
dipped in phosphate buffer at 37°C. Reprinted with permission from [111].

Preclinical and clinical findings

The effort to provide improved local drug concentrations has led researchers to study the effect
of drug and the dosage form in both animals [118] and human subjects [119], both healthy and with
disease. In animal studies, the nanotechnology formulation is usually compared against conventional
or simpler techniques. For example, in a rat model, periodontitis was treated with the gold standard
antibiotic (metronidazole) loaded into quaternary ammonium-derived chitosan nanoparticles placed
in the intra-peritoneal pocket in the affected tooth of the experimental animal. Then, clinical param-
eters, food consumption, blood biochemistry, body weight, tooth mobility, and gingival index were
measured by comparing treatment with control groups. The results showed that periodontal symp-
toms were relieved in the group receiving antibiotic-loaded nanoparticles with improvements in al-
veolar bone loss. Antibiotic nanoparticles dosed at 1.8 and 3.6 mg/mL inhibited P. gingivalis. These
findings significantly support the validity of localized nano-delivery of antibiotics. It also reduced
the oral dose required to achieve the inhibitory concentration of metronidazole and associated side
effects [118]. The efficacy of fabricated triamcinolone acetonide nanogels (vs. conventional triamcin-
olone gel) was also evaluated in volunteers in a triple-blind, randomized study, with outcomes of
pain score and the size of the nodule. The study found that there was a greater reduction in pain
severity with steroidal nanogel compared with conventional gel (pain score of 1.5 and 1.8, respec-
tively), while there was a two-fold reduction in the nodule size [103].

Conclusions

Localized drug delivery, especially when coupled with nanotechnology-based formulations, of-
fers advantages in terms of improved efficacy and reduced drug-associated hazards. The mucoad-
hesive buccal platform can be modified with a variety of formulations that can be used as a vehicle
for different drugs. Natural and semisynthetic polymers are safer in terms of cytotoxicity and are
easily adaptable to patients. The local action of mucoadhesive delivery can be refined through nano-
particulate drug delivery or modification of the surface in contact with the buccal mucosa to effec-
tively release drug into the cavity.
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