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Abstract: Oral leukoplakia, which presents as white lesions in the oral cavity, including on the 
tongue, is precancerous in nature. Conservative treatment is preferable, since surgical removal can 
markedly reduce the patient’s quality of life. In the present study, we focused on the flavonoid apig-
enin as a potential compound for preventing carcinogenesis, and an apigenin-loaded mucoadhesive 
oral film was prepared using a three-dimensional (3D) bioprinter (semi-solid extrusion-type 3D 
printer). Apigenin-loaded printer inks are composed of pharmaceutical excipients (HPMC, CAR-
BOPOL, and Poloxamer), water, and ethanol to dissolve apigenin, and the appropriate viscosity of 
printer ink after adjusting the ratios allowed for the successful 3D printing of the film. After drying 
the 3D-printed object, the resulting film was characterized. The chemopreventive effect of the apig-
enin-loaded film was evaluated using an experimental rat model that had been exposed to 4-nitro-
quinoline 1-oxide (4NQO) to induce oral carcinogenesis. Treatment with the apigenin-loaded film 
showed a remarkable chemopreventive effect based on an analysis of the specimen by immunohis-
tostaining. These results suggest that the apigenin-loaded mucoadhesive film may help prevent 
carcinogenesis. This successful preparation of apigenin-loaded films by a 3D printer provides useful 
information for automatically fabricating other tailored films (with individual doses and shapes) 
for patients with oral leukoplakia in a future clinical setting. 

Keywords: 3D printing; tailored medicine; oral film; apigenin; semi-solid extrusion; oral potentially 
malignant disorders (OPMDs); oral leukoplakia 
 

1. Introduction 
Three-dimensional (3D) printing technology has been implemented in many indus-

tries, and its application is expanding in various fields, including the medical field [1–3]. 
The process of 3D printing is used for manufacturing explicitly designed objects by suc-
cessively laminating multiple layers of material. A number of materials, such as plastic, 
ceramics, metals, and resins, are available for 3D printing and have been utilized for var-
ious purposes. The type of 3D printer used depends on the materials involved, which can 
be in a liquid, semi-solid, or solid state. 

One of the advantages of 3D printing is that the object can be designed in advance 
using a 3D computer-aided design (CAD), which allows for the on-demand manufacture 
of objects tailored to a specific individual [4]. In pharmaceutics, 3D printing can produce 
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medicine not only of different dosages to meet the clinical needs of each patient but also 
different complex shapes and structures in order to control the drug release rate and tim-
ing, which is not feasible with the conventional mass-manufacturing processes. Such cus-
tomization has shown potential benefits in patient compliance. Recent reports have de-
scribed various dosage forms delivered via the oral or parenteral route [5], including tai-
lored polypill tablets [6], floating tablets [7], capsules [8], soft dosage forms [9], orally dis-
integrating tablets & film [10,11], mucoadhesive film [12,13], suppository formulations 
[14,15], vaginal rings [16], and ophthalmologic patches [17]. 

The application of 3D-printing technology holds promise for individualized dental 
therapy in the oral cavity, which may meet unmet medical needs [18]. Since lesions de-
rived from inflammation and cancer in the oral cavity are diverse among patients, the 
preparation of 3D-printed objects for surgery, implantation or prostheses is an effective 
therapeutic approach. Many researchers have proposed new and exciting treatment ap-
proaches involving the manufacture of dental restorations in oral and maxillofacial sur-
gery, such as dental implants, temporomandibular joint prostheses, facial epitheses, and 
crown coping [19–24]. Versions of these objects which are 3D-printed can be accurately 
prepared using a 3D design mediated by imaging techniques, such as magnetic resonance 
imaging or computed tomography. However, the development of drug formulations in 
the oral cavity, including the tongue, is still in its infancy, as tinidazole-loaded dental filler 
[25] and mucoadhesive oral film [13] are reported previously. We believe that the 3D 
printing of medicine with different dosages and shapes will prove useful for treating in-
dividual patients via tailored medicine, as this field has room for growth. 

Oral potentially malignant disorders (OPMDs) are the most widely recognized oral 
lesions with a precancerous nature [26]. The World Health Organization lists 12 lesions as 
OPMDs [27], and patients with OPMDs have a relatively high risk of malignancy (esti-
mated 5–100 times greater than in the general population [28]). Oral leukoplakia, which 
presents as white lesions of the oral mucosa in the oral cavity, including the tongue, is a 
well-recognized OPMD. Long-term outcome of non-surgical treatment in patients with 
oral leukoplakia is reported [29], and the cumulative 5-year cancer rate with oral leu-
koplakia is 1.2–14.5%, and the 10-year rate is 2.4–29.0% [30]. While the first choice for the 
radical cure of this lesion is surgery, the complication of oral carcinoma resection from the 
oral cavity including the tongue has often resulted in difficulty with eating, the treatment 
of which involves gastrostomy, thus resulting in a marked reduction in the quality of life. 
Since no uniform management modality for preventing and treating oral leukoplakia has 
yet been established [31,32], evidence concerning drug treatment is limited at present, so 
new compounds to not only treat oral leukoplakia but also prevent oral carcinoma are 
being explored. 

In the current study, we focused on the food-derived flavonoid apigenin (chemical 
structure, Figure 1), which may be able to prevent oral carcinoma. Flavonoids have mul-
tiple pharmacological effects, such as antioxidant activity, anti-inflammation effects, and 
anticancer effect to tongue squamous cell carcinoma [33]. In our previous study, after 
screening 21 compounds with a flavone skeleton, we found that apigenin and another 
compound, luteolin, were able to modulate messenger RNA (mRNA) splicing at the ge-
nome-wide level and reduce the viability of several cancer cell lines [34]. mRNA pro-
cessing (5′ capping, splicing, and 3′ end processing) is an essential step in sustaining var-
ious cell functions, such as proliferation, survival, and differentiation [35–37], and causing 
various pathological conditions, such as the onset and progression of carcinoma [38,39]. 
The potency of apigenin itself may not be strong, but we expected that it would be able to 
prevent carcinogenesis by acting for an extended period of time. 
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Figure 1. Chemical structure of apigenin (molecular weight: 270.24). 

For these reasons, the apigenin-loaded film was fabricated using a semi-solid mate-
rial extrusion-type 3D printer, which can extrude viscous materials, including hydrogel 
and paste. We characterized the 3D-printed oral film containing apigenin and evaluated 
the chemoprevention potential of the apigenin-loaded film using an experimental precan-
cerous rat model with tongue oral carcinoma induced by 4-nitroquinoline 1-oxide 
(4NQO). 

2. Materials and Methods 
2.1. Materials 

Apigenin (95% ≤) and ethanol (99.5%) were purchased from FUJIFILM Wako Pure 
Chemical Co. (Osaka, Japan). Hydroxypropyl methylcellulose (HPMC; METOLOSE®, vis-
cosity of 2% (wt) aqueous solution at 20 °C; 100,000 mPa·s) was supplied by Shin-Etsu 
Chemical Co. (Tokyo, Japan). Carboxyvinyl polymer (CARBOPOL® 974P) was procured 
from Lubrizol Co. (Wickliffe, OH, USA). Triblock copolymer consisting of a central hy-
drophobic block of polypropylene glycol flanked by two hydrophilic blocks of polyeth-
ylene glycol (Poloxamer® 407) was provided by BASF Co. (Land Rheinland-Pfalz, Ger-
many). 4NQO was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). 

2.2. Preparation of Inks for Apigenin-Loaded Film 
Printer inks were prepared via an approach modified from our previous report [13]. 

Five types of inks were prepared with different ratios of water to ethanol (Table 1). Firstly, 
ethanol and a stirring bar were added to a screw-top glass vial and placed in a water bath 
at 65 °C. Appropriate amounts of apigenin powder (2.5 mg) were then added to the vial 
while stirring. After dissolution, water, CARBOPOL® (200 mg), Poloxamer® (200 mg), and 
HPMC (200 mg) were added to the vial in turn while stirring. The vial was held at room 
temperature overnight. 

Table 1. Drug formulations as printer inks. 

Composition 
Apigenin 

(mg) 
Ethanol 

(mL) 
Water 
(mL) 

CARBOPOL 
(mg) 

Poloxamer 
(mg) 

HPMC 
(mg) 

Formulation A 2.5 0 9.4 200 200 200 
Formulation B 2.5 2.35 7.05 200 200 200 
Formulation C 2.5 4.7 4.7 200 200 200 
Formulation D 2.5 7.05 2.35 200 200 200 
Formulation E 2.5 9.4 0 200 200 200 

2.3. Viscous Property of Printer Ink 
The viscosity and sheer stress of each sample was measured by a cone-plate viscom-

eter (Brookfield viscometer, DV2T; Brookfield, MA, USA) using a CPE-40 spindle at 25 °C. 
The rotation speed was set to gradually increase every 30 s (0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50, 
100, and 200 rpm). 
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2.4. 3D Design and Fabrication of Apigenin-Loaded Film 
The 3D design of the film was designed using 123D Design, a 3D CAD software pro-

gram (Autodesk Inc., San Rafael, CA, USA). The size was set to 20 mm (length) × 15 mm 
(width) × 1 mm (height). The 3D-printing conditions were set using the Slic3r slicer soft-
ware program (GNU General Public License). The printer ink, prepared as described in 
the previous section, was carefully loaded into a syringe with a 27G nozzle and then set 
in the 3D bioprinter (INKREDIBLE; CELLINK, Gothenburg, Sweden). A clear polypro-
pylene sheet was fixed on the 3D bioprinter stage to support the 3D printing, which was 
achieved by the extrusion of printer ink from the nozzle. The extrusion of the ink was 
controlled using air pressure through a pump. The pressure was set to 90 kPa. The printed 
hydrogel was air-dried at room temperature overnight. 

2.5. Measurement of Film Weights and Thickness 
The weights of film samples were measured on an electric balance (n = 5). The thick-

ness of film samples was measured to the nearest 0.001 mm using an MDC-25MX (Mi-
tutoyo Co., Kanagawa, Japan). We conducted the measurements at three randomly se-
lected points (n = 5). 

2.6. Differential Scanning Calorimetry (DSC) 
The DSC peaks of the film, apigenin, and excipient were measured by a DSC-60 dif-

ferential scanning calorimeter (SHIMADZU Co., Kyoto, Japan). About 2 mg of samples 
were placed in the bottom of the sample pan, and, then, the temperature was ramped up 
from 30 to 400 °C at a rate of 10 °C/min. In all DSC experiments, nitrogen gas was used as 
the purge gas at a flow rate of 20 mL/min. 

2.7. Powder X-ray Diffraction (XRD) 
Powder XRD patterns of film and powder samples were analyzed. They were ob-

tained using a MiniFlex 600 (Rigaku Co., Tokyo, Japan) by irradiating with Cu-Kα X-rays. 
The tube voltage and amperage were 40 kV and 15 mA, respectively. Samples were 
scanned from a 2θ of 3° to 40°. 

2.8. Dissolution Test 
Artificial saliva (8 mL) was added into the screw-top glass vial, and the temperature 

of the solution was maintained at 37 °C using a water bath incubator shaker (SN-60SD; 
Nissinrika, Tokyo, Japan). Artificial saliva was prepared using the same contents as in the 
commercially available artificial saliva, Salivate® Aerosol (TEIJIN PHARMA, Tokyo, Ja-
pan). The apigenin-loaded film was added, and the screwed vial was shaken horizontally 
with the speed scale set to 6 (corresponding to 150 rpm). At appropriate points of time, 
500 µL of sample solution was collected, and the same volume of artificial saliva was re-
plenished. Ethanol was added to the collected aliquots to bring the solution to 50% ethanol 
before the measurement. The concentration of apigenin solution was determined by meas-
uring the absorbance of each aliquot at 266 nm using a UV–visible spectrometer (UV-1800; 
SHIMADZU Co., Kyoto, Japan). A series of apigenin standard solutions dissolved in 50% 
ethanol (1, 3, 5, 10, 20, 30, and 50 ppm) were prepared and measured using a UV-1800 
spectrophotometer (SHIMADZU Co.). 

2.9. In Vivo Chemoprevention Potential of the Apigenin-Loaded Film 
2.9.1. Animal Experimental Protocol 

6-week-old Sprague Dawley (SD) rats, were obtained from Japan SLC, Inc. (Shizuoka, 
Japan). This series of animal experiments was approved by the Nagoya City University 
Graduate School of Medicine Animal Ethics Committee. 

As in previous reports [40–42], we induced the formation of oral lesions on the 
tongues of rats after the administration of 4NQO solution (20 ppm) every day for 8 weeks. 
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The animals were separated into 2 groups as follows: Group 1 (CTRL) rats received 4NQO 
solution for 8 weeks and no treatment (n = 6); Group 2 (Film) rats received 4NQO treat-
ment for 8 weeks and then had the apigenin-loaded film applied to the tongue twice per 
week (n = 6). The film was further divided into four sections and applied to the rats’ tongue 
after anesthesia with an anesthetic mixture of medetomidine, midazolam, and butor-
phanol. An hour later, we relieved the anesthesia by injecting antisedan. All rats were 
sacrificed at 22 weeks after the apigenin-loaded film application. The rats that died during 
the process were evaluated immediately using the tongue specimen extracted at death. 

2.9.2. Histopathological Examination 
After the rats were sacrificed, their tongues were fixed in 10% buffered formalin. All 

tongue specimens were embedded in paraffin blocks and stained with hematoxylin and 
eosin (H&E) by the Tokai Cytopathology Institute (Gifu, Japan). Histopathological evalu-
ations in this study were performed by light microscopy. The tongue sections were graded 
as normal, hyperplasia, dysplasia, and carcinoma per animal according to El-Rouby et al. 
and Ribeiro et al. [43,44]. 

2.9.3. Immunohistochemistry (IHC) 
IHC assessments were performed in the present study to determine the effect of apig-

enin on the expression of tumor and inflammation markers—Ki-67(MIB-1), nuclear factor 
kappa B (NF-κB), and 8-hydroxy-2-deoxyguanosine (8-OHdG)—in the tongue tissue sec-
tions of the SD rats. As with H&E staining, IHC was also performed by the Tokai Cyto-
pathology Institute. IHC expression analyses were performed to assess the localization 
and to compare the percentages of positively stained areas between Group 1 (CTRL) and 
Group 2 (Film). 

The immunostained sections were digitalized using a Nanozoomer S60 (Hamamatsu 
Photonics, Shizuoka, Japan). Five fields at ×400 magnification, including hot spots, were 
selected from each sample. The color density and white balance were standardized. The 
results were assessed using the Image J software program (National Institutes of Health, 
Bethesda, MD, USA) with an IHC toolbox plugin, based on the report by Al-Afifi et al. 
[41]. In brief, the semi-automatic color selection and automatic statistical color detection 
model functions prebuilt into Image J’s IHC Toolbox allow for the evaluation of the per-
centage of positive (brown) staining. A threshold was set, at which staining could be quan-
tified with positive staining. This was duplicated in all images for a comparison, and all 
data were analyzed by the SPSS software program, version 26 (SPSS Inc., Chicago, IL, 
USA). p < 0.05 was considered to be significant. 

3. Results and Discussion 
The technology of 3D printing has been expected to be useful for generating person-

alized medications due to its unique manufacturing ability and high flexibility. Since a 
semi-solid extrusion-type 3D printer utilizes hydrogel and paste, a 3D bioprinter that uses 
cell-based hydrogel has been used for the production of tissue containing various cells in 
the field of regeneration therapy, and some 3D printers have been targeted for use in clin-
ical trials [45,46]. As 3D printers can prepare the desired object automatically, we feel that 
the application of 3D-printing technology for the preparation of small batches of certain 
dosage forms, including our film formulation, may be feasible in the future. 

In the present study, we attempted to fabricate a mucoadhesive film containing apig-
enin, a dosage form that can be applied to sites with precancerous tissue on the tongue, 
such as leukoplakia. The film formulation comprised several pharmaceutical excipients 
(HPMC, Carbopol, and Poloxamer) as shown in Table 1. HPMC was selected as the typical 
thickener to mainly generate viscosity. Indeed, an HPMC-based hydrogel was used to 
prepare a 3D-printed film formulation previously [13]. The viscosity was clearly depend-
ent on the HPMC concentration, and the shear-thinning property was deemed suitable for 
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extrusion from the nozzle of a 3D printer. Based on a previous report, we considered the 
possibility of utilizing 3D printing for actual intraoral lesions. Carbopol was then further 
incorporated into the printer ink in this study. Carbopol offers a better mucoadhesive 
force than other polymers [47], and we anticipated that this excipient would play an es-
sential role in increasing the mucoadhesive properties and promoting retention on the 
tongue during animal experiments. Poloxamer, a relatively safe hydrophilic surfactant, 
has been widely used to promote the solubilization of poorly water-soluble drugs. We 
anticipated the solubilization of apigenin during the process of drug dissolution. While 
these combinations of pharmaceutical excipients have been used previously to produce 
mucoadhesive tablets and oral films, their properties with regard to 3D printing have been 
investigated by few groups [48,49]. For this reason, we started off with investigating the 
properties of the printer ink, as described below. 

3.1. Rheological Property of Printer Ink 
Five formulations with different ratios of water and ethanol were prepared and com-

pared as shown in Table 1. Apigenin is a poorly water-soluble compound, so the incorpo-
ration of ethanol into printer ink was expected to be effective in dissolving it. Furthermore, 
the incorporation of ethanol has other advantages as well, as the formulation can acceler-
ate the drying process after 3D printing. The appearance and viscosity of the resulting 
inks are shown in Figures 2 and 3. The viscosity decreased in the following order: Formu-
lation C > Formulation D > Formulation A and B > Formulation E. Other reports men-
tioned an HPMC-based hydro-alcoholic gel for a semi-solid extrusion-type 3D printer. Li 
et al. prepared an HPMC-based hydro-alcoholic gel (27% water/73% ethanol [v/v]) to dis-
solve dipyridamole, which they further mixed with a powder sample to produce a paste 
sample for tablets [7]. Zheng et al. also prepared tablets using an HPMC-based hydro-
alcoholic gel [50], mentioning that the viscosity was decreased by increasing the propor-
tion of ethanol. In contrast, Formulation C exhibited the highest viscosity in our study 
(Figure 3). We guessed that excess ethanol may have limited the dissolution of HPMC into 
water, and the formation of an HPMC-based hydrogel was not adequate. Formulation E, 
which contained ethanol only, showed phase separation. Since HPMC and other pharma-
ceutical excipients eventually precipitate and the property of HPMC as a thickener is lost, 
Formulation E showed the lowest viscosity. Notably, Formulations A and B were cloudier 
than Formulations C and D (Figure 2). This is due to the presence of suspension of apig-
enin. Thereafter, we found some bubbles in the printer ink. Bubbles in the printer ink can 
affect the accuracy of measuring the viscosity and may also be associated with problems 
in the 3D printing. In this case, we carefully collected the printer ink manually so that the 
syringe did not include any large bubbles. Gently centrifuging the syringe (e.g., 500 g, 5 
min) is an alternative method for efficiently removing any bubbles [17]. 

     
(a) (b) (c) (d) (e) 

Figure 2. Photos of printer inks: (a) Formulation A, (b) Formulation B, (c) Formulation C, (d) For-
mulation D, (e) Formulation E. 
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Figure 3. The viscosity of printer ink with different water/ethanol ratios. The composition is de-
scribed in Table 1. The data are shown as the means ± SD (n = 3). 

Based on the above findings concerning viscosity, Formulation C was deemed to 
have the most appropriate viscosity and shear-thinning property and, thus, was used for 
3D printing. The printer ink flowed well with the pressure during extrusion while avoid-
ing collapsing once laid down in its intended shape. Additionally, as the ink with a high 
ethanol content (Formulation D and E) may cause nozzle-tip-drying issues (ink clogging), 
we decided to use Formulation C. 

3.2. Characterization of Apigenin-Loaded Film 
3.2.1. General Characteristics of Apigenin-Loaded Film 

As shown in Figure 4, the apigenin-loaded clear film was obtained successfully. The 
film had a slightly yellowish color due to the innate color of apigenin. The deviation in 
the weight and thickness was less than 10% (Table 2), indicating that the ink formulation 
seemed suitable for 3D printing, and the inclusion of ethanol in the printer ink helped 
accelerate the drying process. The film had an elastic property, and when it was bent, it 
returned to its original shape easily. 

 
Figure 4. Photo of the apigenin-loaded film. The preparation method was described in detail in the 
Section 2. 
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Table 2. The mean weight, thickness, and estimated drug content of the three-dimensionally printed 
film. The drug content in the film was calculated from the weight and film composition. The data 
are shown as the mean ± SD (n = 5). 

Weight (mg) Thickness (μm) Drug (μg) 
159.7 ± 11.5 39.3 ± 2.7 163.0 ± 11.4 

We speculate that this elastic film may be suitable for application to OPMDs, which 
occur in various locations in the oral cavity, such as the buccal mucosa, the tongue, the 
lip, and the floor of the mouth [51]. Mechanical irritation is a risk factor in the develop-
ment of leukoplakia and malignancy [29]. The oral cavity moves unconsciously at various 
times, such as during salivary swallowing which dysfunction is a key concern of oral 
health in old adult [52]. Although future studies regarding the assessment of mechanical 
properties are necessary, the film was stretchable to some extent and could tolerate such 
movements. However, the apigenin-loaded film is considered to have an adhesive prop-
erty and softening property due to HPMC and Carbopol, respectively [47], when it ab-
sorbed moisture such as saliva. These properties made it difficult to be removed by slight 
movements, so the effect of the medicinal agent was expected to last for a relatively long 
period with minimum mechanical strength. We consider that the influence of the slightly 
rough surface of this film on mechanical irritation is minimal compared to typical me-
chanical strength such as physical contact of the tongue with an ill-fitting denture and/or 
teeth with sharp edges. These properties of the film contributed to the reduction in me-
chanical stress overall. 

3.2.2. DSC 
To determine the potential changes in the crystalline state of apigenin, excipients, 

and the apigenin-loaded film, we examined the DSC curves. The results are shown in Fig-
ure 5. Apigenin bulk powder had a single sharp endothermic peak at 365.01 °C corre-
sponding to the melting point of apigenin and indicating its crystalline nature. HPMC and 
Carbopol had an endothermic peak around 350 °C. Poloxamer also showed a single sharp 
peak at 59.0 °C as its melting point. These findings were similar to values in previous 
reports [53–56]. According to the DSC findings of the apigenin-loaded film, no major ther-
mal events were observed. These results suggested that the optimized film formulation 
might be in an amorphous state [57]. It is likely that the drug is present in the amorphous 
phase, which facilitates dissolution, and may be homogeneously dispersed in the film, 
although the amount of apigenin is less than its detection limit. 

 
Figure 5. DSC curves of apigenin, pharmaceutical excipients, and the apigenin-loaded film. (A), 
Apigenin; (B), HPMC; (C), Carbopol; (D), Poloxamer; (E), apigenin-loaded film. 
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3.2.3. XRD 
The XRD diffractograms of apigenin, HPMC, Carbopol, Poloxamer, and the apig-

enin-loaded film are shown in Figure 6. XRD confirmed the results of the DSC analysis. 
Distinct peaks of apigenin in the diffractograms were indicated at diffraction 2θ values as 
follows: 7.16°, 10.12°, 11.24°, 14.28°, 15.08°, 15.96°, 18.12°, 23.88°, 26.36°, 27.40°, and 28.68°, 
indicating that apigenin was present in a crystalline form. Poloxamer displayed sharp 
peaks at 2θ values of 19.40° and 23.48°. These results were similar to those of previous 
reports [53–56]. HPMC and Carbopol did not have any sharp peaks, and the XRD pattern 
of the apigenin-loaded film did not show any characteristic peaks either, suggesting that 
the structure of the apigenin-loaded film was amorphous. 

 
Figure 6. XRD patterns of apigenin, pharmaceutical excipients, and the apigenin-loaded film. (A), 
Apigenin; (B), HPMC; (C), Carbopol; (D), Poloxamer; (E), apigenin-loaded film. 

3.2.4. Dissolution Test 
An in vitro drug dissolution test was conducted as shown in Figure 7. We used the 

same components as those in artificial saliva for the drug dissolution test, and the glass 
vials containing samples were shaken at 37 °C to partially imitate the environment of the 
oral cavity with movement. The apigenin-loaded film started to gradually release the 
drug, and nearly 80% had been released from the film within 300 min, eventually eluting 
82.9% ± 8.1% of the total apigenin. The HPMC-based film became swollen by absorbing 
saliva from the oral cavity and released the drug locally in a controlled manner. Although 
further studies will be necessary, the amount of HPMC can be altered to control the drug 
release, since the drug release rate was dependent on the amount of HPMC in the film 
[13]. 
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Figure 7. Drug dissolution profiles. The data show the means ± SD (n = 3). 

The drug dissolution profile, unexpectedly, had high deviation. One of the possible 
reasons for this may be due to the heterogeneity of apigenin in the film, which resulted in 
a drug release profile with a high deviation. The second possible reason is the experi-
mental conditions associated with shaking the glass vial. We used a relatively small vol-
ume of artificial saliva (8 mL) to partially imitate the oral cavity and, then, the film was 
folded during the subsequent vigorous shaking which may have affected the drug release. 

As the apigenin-loaded film can exert a biological effect slowly over a long period of 
time by topical application to the oral cavity, it may be suitable for application before 
bedtime. Indeed, the adhesive property of the apigenin-loaded film will likely be able to 
avoid being shifted around by jaw clenching or sleep-talking in patients. In addition, since 
the film is a food compound, it is expected to be harmless, even if patients were to acci-
dentally swallow the film. 

3.3. Chemoprevention for the Rat Tongue Carcinoma Induced by 4NQO 
Animal models are useful for determining prophylactic efficacy before embarking on 

a clinical trial. In the present study, a 4NQO-induced rat oral carcinogenesis model was 
adopted for the assessment of the chemopreventive effect of apigenin. 4NQO is a water-
soluble quinolone derivative found in cigarette smoke [40,58]. Rat oral lesions induced by 
4NQO are comparable to those seen in humans, as 4NQO induces sequential stages of 
carcinogenesis (hyperplasia, dysplasia, and endophytic or exophytic tongue tumors) 
[59,58]. 

3.3.1. General Observation 
CTRL (untreated) and the apigenin-loaded films were compared in this study. The 

typical appearance of each group after the treatment is shown in Figure 8. The CTRL 
group showed large tumors in the dorsal region of the posterior tongue. Previous reports 
have described similar tumors occurring in the dorsal region of the posterior tongue 
[40,41,59]. The group treated with the apigenin-loaded film, conversely, did not develop 
large tumors. 
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Figure 8. Excised tongue specimens from each group: (a) CTRL group; (b) Film group; (c) Film 
group (tumor at the left lateral border of the tongue). 

The influence of treatment on the food intake and body weight was also investigated. 
Mean weekly food intakes after the apigenin-loaded film initiation (139.4 ± 12.0 g/rat in 
the CTRL group, 150.2 ± 10.9 g/rat in the Film group) were not significantly different be-
tween groups. The survival rate and final body weight are shown in Table 3. Weight loss 
may be a useful indicator of the clinical progression of carcinoma [60]. The 4NQO-induced 
rat oral carcinogenesis model may show substantial body weight loss due to the develop-
ment of oral carcinoma, a lack of appetite, an inability to eat, and an increase in the meta-
bolic rate [61]. In the present experiment, a similar decrease in body weight was observed 
in the CTRL group, especially around the end of the experiment (data not shown), and 
the final body weight of the CTRL group was lower than that of the group treated with 
the apigenin-loaded film. Due to the progression of carcinoma, one rat in the CTRL group 
was found dead prior to the termination of the study, whereas all rats in the group treated 
with the apigenin-loaded film survived to the endpoint. 

Table 3. The survival rate and final body weight of rats after treatment. a Data are given as the mean 
± SD (n = 6). 

Group Survival Rate Final Body Weight (g) a 
CTRL 5/6 (83.3%) 484.4 ± 94.2 

Apigenin-loaded film 6/6 (100%) 576.6 ± 73.1 

3.3.2. Histopathological Assessment 
The carcinoma incidence in the rats’ tongues at 22 weeks is reported to be extremely 

reproducible (85.7%) for the rats administered 4NQO solution for 8 weeks at 20 ppm [59]. 
A significant reduction in the tumor incidence on the dorsal tongue was observed in the 
apigenin-loaded-film-treated group (50% tumor incidence vs. 100% in the CTRL group) 
(Table 4, Figure 9). In the film-treated group, small tumors developed at the root and lat-
eral border of the tongue due to insufficient coverage of the film (Figure 8c). We, therefore, 
believe that the apigenin-loaded film has an inhibitory effect on tumor development, and 
this effect may be enhanced if the frequency of treatment could be improved (e.g., in-
creased to daily) compared to the current experimental condition (twice per week). Under 
the current conditions of this animal experiment, the effect was limited, as rats might have 
eaten or removed the film once awakened. The actual application of this treatment to hu-
man patients may result in better therapeutic efficacy due to the retention of the film for 
a longer period of time. 
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Table 4. In vivo histopathological assessments of rat tongues. * p < 0.05 vs. CTRL (chi-square test). 

Group Normal Hyperplasia Dysplasia Carcinoma 
CTRL 0 (0%) 0 (0%) 0 (0%) 6 (100%) 

Apigenin-loaded film 0 (0%) 0 (0%) 3 (50%) 3 * (50%) 
 

  
(a) (b) 

  
(c) (d) 

Figure 9. Histopathological assessments of tongues following H&E staining: (a) CTRL group (Mic. 
Mag.; ×100); (b) CTRL group (Mic. Mag.; ×200); (c) Film group (Mic. Mag.; ×100); (d) Film group 
(Mic. Mag.; ×200). 

3.3.3. IHC Assessment 
IHC of the selected stains was performed to evaluate and compare the percentage of 

positively stained areas for Ki-67, NF-κB, and 8-OHdG between the CTRL group and Film 
group (Figure 10 and Table 5). Apigenin is expected to prevent the development of oral 
carcinoma by regulating the cellular-function processes and homeostasis, such as via 
mRNA splicing [34]; in addition, the compound can arrest the cell cycle of oral squamous-
cell carcinoma [62]. Ki-67 is widely used as a reliable marker for clarifying the cell prolif-
eration in neoplastic tissues [63,64]. In the present study, the percentage area of Ki-67 im-
munoexpression in the film-treated group was significantly lower than that in the CTRL 
group (Figure 10a,b, Table 5). The decrease in Ki-67 is presumably due to the carcinogenic 
inhibition effect by the apigenin-loaded film. It has been suggested that Ki-67 has im-
proved our understanding of the biological behavior and prognosis of carcinoma, and it 
reportedly correlates directly with carcinoma with malignant transformation [65]. Ki-67 
immunoexpression was detected in the basal layer of tongue cells in the normal tongue. 
Then the expression of Ki-67 was higher in human tissue section of poorly differentiated 
oral squamous cell carcinoma[66]. These previous findings support our current results. 

  
(a) (b) 
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(c) (d) 

  
(e) (f) 

Figure 10. Photomicrographs of IHC reactions (Mic. Mag.; ×200): (a) Ki-67, CTRL group; (b) Ki-67, 
Film group; (c) NF-κB, CTRL group; (d) NF-κB, Film group; (e) 8-OHdG, CTRL group; (f) 8-OHdG, 
Film group. 

Table 5. The comparison of the percentage of positively stained areas. Data are given as the mean ± 
SD (n = 6). * p < 0.05 vs. CTRL (t-test). 

IHC Maker Group Mean ± SD (%) p Value 

Ki-67 
CTRL 4.42 ± 2.40 

<0.0001 * Apigenin-loaded film 2.54 ± 1.08 

NF-κB 
CTRL 13.77 ± 3.83 

0.643 Apigenin-loaded film 12.30 ± 4.39 

8-OHdG 
CTRL 12.20 ± 1.96 

0.014 * 
Apigenin-loaded film 8.34 ± 4.05 

The transcription factor NF-κB is an early response gene that promotes the expres-
sion of inflammatory cytokines and other factors [67]. It plays an important role in carcin-
ogenesis, and aberrant regulation of NF-κB has been observed in many cancers [68]. There 
was no significant difference in the NF-κB levels between the CTRL group and the Film 
group (Figure 10c,d, Table 5), although the Film group tended to have a lower expression. 
The current experiment using 4NQO was conducted for a relatively long period of time, 
allowing for ample inflammation of the tongue tissue to occur in both groups, thereby 
resulting in the expression of NF-κB. 

An oxidative product of DNA damage, 8-OHdG, is induced by reactive oxygen spe-
cies and often used to evaluate oxidative stress, which can lead to cell damage, induced 
by an imbalance between the antioxidant and prooxidant systems [69]. Various diseases, 
including OPMDs—such as lichen planus, leukoplakia, pemphigus vulgaris, periodonti-
tis, and oral cancer—have been linked to cellular damage associated with increased oxi-
dative stress [70–73]. In the present study, the percentages of areas positive for 8-OHdG 
following treatment with the apigenin-loaded film were significantly lower than in the 
CTRL group, indicating that apigenin has the ability to reduce reactive oxygen, as a fla-
vonoid. These results suggest that the apigenin molecules were dissolved from the 3D-
printed film and prevented the oxidization of tongue tissue induced by 4NQO, thereby 
exerting a chemopreventive effect. 
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4. Conclusions 
In conclusion, the 3D printing of oral films containing apigenin was conducted suc-

cessfully using optimized printer ink with good viscosity with a semi-solid-type 3D 
printer. This apigenin-loaded mucoadhesive film was effective in a 4NQO-induced oral 
carcinogenesis rat model, resulting in the prevention of carcinogenesis. The use of an oral 
film with elastic and mucoadhesive properties is likely ideal for the treatment of OPMDs, 
including oral leukoplakia. Although further experiments will be necessary, the applica-
tion of 3D-printing technology to tailored film formulations may hold promise in the treat-
ment of diseases in the oral cavity. In addition, it may be possible to adjust the shape and 
drug dosage based on the imaging data of leukoplakia in the clinical setting. 

Author Contributions: H.T.: Conceptualization, Formal analysis, Investigation, Data curation, Writ-
ing—original draft preparation, Visualization. T.T.: Conceptualization, Methodology, Resource, 
Writing—review and editing, Supervision. S.K.: Supervision, Funding acquisition. H.P.: Methodol-
ogy, T.O.: Resource, Supervision. Y.S.: Conceptualization, Resource, Supervision, Project admin-
istration. All authors have read and agreed to the published version of the manuscript. 

Funding: This research was partially funded by Grants-in-Aid for Scientific Research from the Japan 
Society for the Promotion of Science (21K10076). 

Institutional Review Board Statement: The animal study protocol was conducted in accordance 
with The “Act on Welfare and Management of Animals” (Act No.105 of 1973), The ”Basic Guidelines 
for the Conduct of Animal Experiments, etc. at Research Institutes, etc. ” (Ministry of Education, 
Culture, Sports, Science and Technology Notification No.71 2006), The “Standards for the Care and 
Keeping of Laboratory Animals and the Alleviation of Pain and Suffering” and approved by the 
Nagoya City University Graduate School of Medicine Animal Ethics Committee (Protocol Code: 
Med-animal 20-021 and date of approval: 04/2020). 

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

References 
1. Jamróz, W.; Szafraniec, J.; Kurek, M.; Jachowicz, R. 3D Printing in Pharmaceutical and Medical Applications—Recent Achieve-

ments and Challenges. Pharm. Res. 2018, 35, 176. 
2. Aguilar-de-Layva, Á.; Linares, V.; Casas, M.; Caraballo, I. 3D Printed Drug Delivery Systems Based on Natural Products. Phar-

maceutics 2020, 12, 620. 
3. Trenfield, S.J.; Awad, A.; Madla, C.M.; Hatton, G.B.; Firth, J.; Goyanes, A.; Gaisford, S.; Basit, A.W. Shaping the Future: Recent 

Advances of 3D Printing in Drug Delivery and Healthcare. Expert Opin. Drug Deliv. 2019, 16, 1081–1094. 
4. Norman, J.; Madurawe, R.D.; Moore, C.M.V.; Khan, M.A.; Khairuzzaman, A. A New Chapter in Pharmaceutical Manufacturing: 

3D-printed Drug Products. Adv. Drug Deliv Rev. 2017, 108, 39–50. 
5. Elkasabgy, N.A.; Mahmoud, A.A.; Maged, A. 3D Printing: An Appealing Route for Customized Drug Delivery Systems. Int. J. 

Pharm. 2020, 588, 119732. 
6. Khaled, S.A.; Burley, J.C.; Alexander, M.R.; Yang, J.; Roberts, C.J. 3D Printing of Five-in-one Dose Combination Polypill with 

Defined Immediate and Sustained Release Profiles. J. Control. Release 2015, 217, 308–314. 
7. Li, Q.; Guan, X.; Cui, M.; Zhu, Z.; Chen, K.; Wen, H.; Jia, D.; Hou, J.; Xu, W.; Yang, X.; et al. Preparation and Investigation of 

Novel Gastro-floating Tablets with 3D Extrusion-based Printing. Int. J. Pharm. 2018, 535, 325–332. 
8. Okwuosa, T.C.; Soares, C.; Gollwitzer, V.; Habashy, R.; Timmins, P.; Alhnan, M.A. On Demand Manufacturing of Patient-spe-

cific Liquid Capsules via Coordinated 3D Printing and Liquid Dispensing. Eur. J. Pharm. Sci. 2018, 118, 134–143. 
9. Goyanes, A.; Madla, C.M.; Umerji, A.; Piñeiro, G.D.; Montero, J.M.G.; Diaz, M.J.L.; Barcia, M.G.; Taherali, F.; Sánchez-Pintos, P.; 

Couce, M.-L.; et al. Automated Therapy Preparation of Isoleucine Formulations Using 3D Printing for the Treatment of MSUD: 
First Single-centre, Prospective, Crossover Study in Patients. Int. J. Pharm. 2019, 567, 118497. 

10. Allahham, N.; Fina, F.; Marcuta, C.; Kraschew, L.; Mohr, W.; Gaisford, S.; Basit, A.W.; Goyanes, A. Selective Laser Sintering 3D 
Printing of Orally Disintegrating Printlets Containing Ondansetron. Pharmaceutics 2020, 12, 110. 

11. Panraksa, P.; Qi, S.; Udomsom, S.; Tipduangta, P.; Rachtanapun, P.; Jantanasakulwong, K.; Jantrawut, P. Characterization of 
Hydrophilic Polymers as a Syringe Extrusion 3D Printing Material for Orodispersible Film. Polymers 2021, 13, 3454. 

12. Eleftheriadis, G.K.; Ritzoulis, C.; Bouropoulos, N.; Tzetzis, D.; Andreadis, D.A.; Boetker, J.; Rantanen, J.; Fatouros, D.G. Unidi-
rectional Drug Release from 3D Printed Mucoadhesive Buccal Films Using FDM Technology: In Vitro and Ex Vivo Evaluation. 
Eur. J. Pharm. Biopharm. 2019, 144, 180–192. 

13. Tagami, T.; Yoshimura, N.; Goto, E.; Noda, T.; Ozeki, T. Fabrication of Muco-Adhesive Oral films by the 3D Printing of Hy-
droxypropyl Methylcellulose-Based Catechin-Loaded Formulation. Biol. Pharm. Bull. 2019, 42, 1898–1905. 



Pharmaceutics 2022, 14, 1575 15 of 17 
 

 

14. Seoane-Viaño, I.; Ong, J.J.; Luzardo-Álvarez, A.; González-Barcia, M.; Basit, A.W.; Otero-Espinar, F.J.; Goyanes, A. 3D Printed 
Tacrolimus Suppositories for the Treatment of Ulcerative Colitis. Asian J. Pharm. Sci. 2021, 16, 110–119. 

15. Tagami, T.; Hayashi, N.; Sakai, N.; Ozeki, T. 3D Printing of Unique Water-soluble Polymer-based Suppository Shell for Con-
trolled Drug Release. Int. J. Pharm. 2019, 568, 118494. 

16. Fu, J.; Yu, X.; Jin, Y. 3D Printing of Vaginal Rings with Personalized Shapes for Controlled Release of Progesterone. Int. J. Pharm. 
2018, 539, 75–82. 

17. Tagami, T.; Goto, E.; Kida, R.; Hirose, K.; Noda, T.; Ozeki, T. Lyophilized Ophthalmologic Patches as Novel Corneal Drug 
Formulations Using a Semi-solid Extrusion 3D Printer. Int. J. Pharm. 2022, 617, 121448. 

18. Dawood, A.; Marti, B.M.; Sauret-Jackson, V.; Darwood, A. 3D Printing in Dentistry. Br. Dent. J. 2015, 219, 521–529. 
19. Alifui-Segbaya, F.; Williams, R.J.; George, R. Additive Manufacturing: A Novel Method for Fabricating Cobalt—Chromium 

Removable Partial Denture Frameworks. Eur. J. Prosthodont. Restor. Dent. 2017, 25, 73–78. 
20. Tunchel, S.; Blay, A.; Kolerman, R.; Mijiritsky, E.; Shibli, J.A. 3D Printing/Additive Manufacturing Single Titanium Dental Im-

plants: A Prospective Multicenter Study with 3 Years of Follow-Up. Int. J. Dent. 2016, 2016, 8590971. 
21. Oliveira, T.T.; Reis, A.C. Fabrication of Dental Implants by the Additive Manufacturing Method: A Systematic Review. J. Pros-

thet. Dent. 2019, 122, 270–274. 
22. Whitley, D. III; Eidson, R.S.; Rudek, I.; Bencharit, S. In-office Fabrication of Dental Implant Surgical Guides Using Desktop 

Stereolithographic Printing and Implant Treatment Planning Software: A Clinical Report. J. Prosthet. Dent. 2017, 118, 256–263. 
23. Chen, X.; Mao, Y.; Zheng, J.; Yang, C.; Chen, K.; Zhang, S. Clinical and Radiological Outcomes of Chinese Customized Three-

Dimensionally Printed Total Temporomandibular Joint Prostheses: A Prospective Case Series Study. J. Plast. Reconstr. Aesthet. 
Surg. 2021, 74, 1582–1593. 

24. Bachelet, J.T.; Jouan, R.; Prade, V.; Francisco, C.; Jaby, P.; Gleizal, A. Place of 3D printing in Facial Epithesis. J. Stomatol. Oral 
Maxillofac. Surg. 2017, 118, 224–227. 

25. Yang, Y.; Li, H.; Xu, Y.; Dong, Y.; Shan, W.; Shen, J. Fabrication and Evaluation of Dental Fillers Using Customized Molds via 
3D Printing Technology. Int. J. Pharm. 2019, 562, 66–75. 

26. Müller, S. Update from the 4th Edition of the World Health Organization of Head and Neck Tumours: Tumours of the Oral 
Cavity and Mobile Tongue. Head Neck Pathol. 2017, 11, 33–40. 

27. Reibel, J.; Gale, N.; Hille, J. Oral Potentially Malignant Disorders and Oral Epithelial Dysplasia. Who Classification of Head and 
Neck Tumours, 4th ed.; El-Naggar, A.K., Chan, J.K.C., Grandis, J.R., Takata, T., Slootweg, P.J., Eds.; IARC Press: Lyon, France, 
2017; pp.112–115. 

28. Warnakulasuriya, S. Oral Potentially Malignant Disorders: A Comprehensive Review on Clinical Aspects and Management. 
Oral Oncol. 2020, 102, 104550. 

29. Kuribayashi, Y.; Tsushima, F.; Morita, K.; Matsumoto, K.; Sakurai, J.; Uesugi, A.; Sato, K.; Oda, S.; Sakamoto, K.; Harada, H. 
Long-term Outcome of Non-surgical Treatment in Patients with Oral Leukoplakia. Oral Oncol. 2015, 51, 1020–1025. 

30. Amagasa, T.; Yamashiro, M.; Ishikawa, H. Oral Leukoplakia Related to Malignant Transformation. Oral Sci. Int. 2006, 3, 45–55. 
31. Holmstrup, P.; Dabelsteen, E. Oral Leukoplakia—to Treat or Not to Treat. Oral Dis. 2016, 22, 494–497. 
32. Lodi, G.; Franchini, R.; Warnakulasuriya, S.; Varoni, E.M.; Sardella, A.; Kerr, A.R.; Carrassi, A.; McDonald, L.C.I.; Worthington, 

H.V. Interventions for Treating Oral Leukoplakia to Prevent Oral Cancer. Cochrane Datebase Syst. Rev. 2016, 7, CD001829. 
33. Gutiérrez-Venegas, G.; Sánchez-Carballido, M.A.; Suárez, C.D.; Gómez-Mora, J.A.; Bonneau, N. Effects of Flavonoids on Tongue 

Squamous Cell Carcinoma. Cell Biol. Int. 2020, 44, 686–720. 
34. Kurata, M.; Fujiwara, N.; Takahashi, N.; Shibuya, Y.; Masuda, S. Food-Derived Compound Apigenin and Luteolin Modulate 

mRNA Splicing of Introns with Weak Splice Sites. iScience 2019, 22, 336–352. 
35. Maniatis, T.; Reed, R. An Extensive Network of Coupling among Gene Expression Machines. Nature 2002, 416, 499–506. 
36. Millevoi, S.; Vagner, S. Molecular Mechanisms of Eukaryotic Pre-mRNA 3′ End Processing Regulation. Nucleic Acids Res. 2009, 

38, 2757–2774. 
37. Orphanides, G.; Reinberg, D. A Unified Theory of Gene Expression. Cell 2002, 108, 439–451. 
38. Scotti, M.M.; Swanson, M.S. RNA Mis-splicing in Disease. Nat. Rev. Genet. 2016, 17, 19–32. 
39. Yoshida, K.; Sanada, M.; Shiraishi, Y.; Nowak, D.; Nagata, Y.; Yamamoto, R.; Sato, Y.; Sato-Otsubo, A.; Kon, A.; Nagasaki, M.; 

et al. Frequent Pathway Mutations of Splicing Machinery in Myelodysplasia. Nature 2011, 478, 64–69. 
40. Yoshida, K.; Tanaka, T.; Hirose, Y.; Yamaguchi, F.; Kohno, H.; Toida, M.; Hara, A.; Sugie, S.; Shibata, T.; Mori, H. Dietary Gar-

cinol Inhibits 4-nitroquinoline 1-oxide-induced Tongue Carcinogenesis in Rats. Cancer Lett. 2005, 221, 29–39. 
41. Al-Afifi, N.; Alabsi, A.; Kaid, F.; Bakri, M.; Ramanathan, A. Prevention of Oral Carcinogenesis in Rats by Dracaena Cinnabari 

Resin Extracts. Clin. Oral Investig. 2019, 23, 2287–2301. 
42. Ribeiro, F.A.P.; Moura, C.F.G.; Gollucke, A.P.B.; Ferreira, M.S.; Catharino, R.R.; Aguiar, O., Jr.; Spadari, R.C.; Barbisan, L.F.; 

Ribeiro, D.A. Chemopreventive Activity of Apple Extract Following Medium-Term Oral Carcinogenesis Assay Induced by 4-
nitroquinoline-1-oxide. Arch. Oral Biol. 2014, 59, 815–821. 

43. El-Rouby, D.H. Histological and Immunohistochemical Evaluation of the Chemopreventive Role of Lycopene in Tongue Car-
cinogenesis Induced by 4-nitroquinoline-1-oxide. Arch. Oral Biol. 2011, 56, 664–671. 

44. Ribeiro, D.A.; Kitakawa, D.; Domingues, M.A.C.; Cabral, L.A.G.; Marques, M.E.A.; Salvadori, D.M.F.; Survivin and Inducible 
Nitric Oxide Synthase Production During 4NQO-induced Rat Tongue Carcinogenesis: A Possible Relationship. Exp. Mol. Pathol. 
2007, 83, 131–137. 



Pharmaceutics 2022, 14, 1575 16 of 17 
 

 

45. Elemoso, A.; Shalunov, G.; Balakhovsky, Y.M.; Ostrovskiy, A.Y.; Khesuani, Y.D. 3D Bioprinting: The Roller Coaster Ride to 
Commercialization. Int. J. Bioprint. 2020, 6, 301. 

46. Seoane-Viaño, I.; Trenfield, S.J.; Basit, A.W.; Goyanes, A. Translating 3D printed Pharmaceuticals: From Hype to Real-world 
Clinical Applications. Adv. Drug Deliv. Rev. 2021, 174, 553–575. 

47. Kumar, K.; Dhawan, N.; Sharma, H.; Vaidya, S.; Vaidya, B. Bioadhesive Polymers: Novel Tool for Drug Delivery. Artif. Cells 
Nanomed. Biotechnol. 2014, 42, 274–283. 

48. Jovanović, M.; Petrović, M.; Cvijić, S.; Tomić, N.; Stojanović, D.; Ibrić, S.; Uskoković, P. 3D Printed Buccal Films for Prolonged-
Release of Propranolol Hydrochloride: Development, Characterization and Bioavailability Prediction. Pharmaceutics 2021, 13, 
2143. 

49. Speer, I.; Preis, M.; Breitkreutz, J. Novel Dissolution Method for Oral Film Preparations with Modified Release Properties. AAPS 
PharmSciTech. 2018, 20, 7. 

50. Zheng, Z.; Lv, J.; Yang, W.; Pi, X.; Lin, W.; Lin, Z.; Zhang, W.; Pang, J.; Zeng, Y.; Lv, Z.; et al. Preparation and Application of 
Subdivided Tablets Using 3D Printing for Precise Hospital Dispensing. Eur. J. Pharm. Sci. 2020, 149, 105293. 

51. Warnakulasuriya, S.; Kovacevic, T.; Madden, P.; Coupland, V.H.; Sperandio, M.; Odell, E.; Møller, H. Factors Predicting Malig-
nant Transformation in Oral Potentially Malignant Disorders among Patients Accrued over a 10-year Period in South East Eng-
land. J. Oral Pathol. Med. 2011, 40, 677–683. 

52. Chen, H.-H.; Lin, P.-Y.; Lin, C.-K.; Chi, L-Y. Effects of Oral Exercise on Tongue Pressure in Taiwanese Older Adults in Commu-
nity Day Care Centers. J. Dent. Sci. 2022, 17, 338–344. 

53. Zhang, J.; Huang, Y.; Liu, D.; Gao, Y.; Qian, S. Preparation of Apigenin Nanocrystals Using Supercritical Antisolvent Process 
for Dissolution and Bioavailability Enhancement. Eur. J. Pharm. Sci. 2013, 48, 740–747. 

54. Hurley, D.; Davis, M.; Walker, G.M.; Lyons, J.G.; Higginbotham, C.L. The Effect of Cooling on the Degree of Crystallinity, Solid-
State Properties, and Dissolution Rate of Multi-Component Hot-Melt Extruded Solid Dispersions. Pharmaceutics 2020, 12, 212. 

55. Aldawsari, M.F.; Ahmed, M.M.; Fatima, F.; Anwer, M.K.; Katakam, P.; Khan, A. Development and Characterization of Calcium-
Alginate Beads of Apigenin: In Vitro Antitumor, Antibacterial, and Antioxidant Activities. Mar. Drugs. 2021, 19, 467. 

56. El-Badry, M.; Hassan, M.A.; Ibrahim, M.A.; Elsaghir, H. Performance of Poloxamer 407 as Hydrophilic Carrier on the Binary 
Mixtures with Nimesulide. FARMACIA 2013, 61, 1137–1149. 

57. Jangdey, M.S.; Gupta, A.; Saraf, S.; Saraf, S. Development and Optimization of Apigenin-loaded Transfersomal System for Skin 
Cancer Delivery: In Vitro Evaluation. Artif. Cells Nanomed. Biotechnol. 2017, 45, 1452–1462. 

58. Tanaka, T.; Ishigamori, R. Understanding Carcinogenesis for Fighting Oral Cancer. J. Oncol. 2011, 2011, 603740. 
59. Al-koshab, M.; Alabsi, A.M.; Bakri, M.M.; Naicker, M.S.; Seyedan, A. Chemopreventive Activity of Tualang Honey Against Oral 

Squamous Cell Carcinoma—in Vivo. Oral Surg Oral Med. Oral Pathol. Oral Radiol. 2020, 129, 484–492. 
60. McCormick, D.L.; Horn, T.L.; Johnson, W.D.; Peng, X.; Lubet, R.A.; Steele, V.E. Suppression of Rat Oral Carcinogenesis by 

Agonists of Peroxisome Proliferator Activated Receptor γ. PLoS ONE 2015, 10, e0141849. 
61. Thandavamoorthy, P.; Balan, R.; Subramaniyan, J.; Arumugam, M.; Johmn, B.; Krishnan, G.; Ramasamy, E.; Mani, G.K.; Rajen-

dran, R.; Thiruvengadam, D. Alleviative Role of Rutin Against 4-Nitroquinoline-1-Oxide (4-NQO) Provoked Oral Squamous 
Cell Carcinoma in Experimental Animal Model. J. Pharm. Res. 2014, 8, 899–906. 

62. Maggioni, D.; Garavello, W.; Rigolio, R.; Pignataro, L.; Gaini, R.; Nicolini, G. Apigenin Impairs Oral Squamous Cell Carcinoma 
Growth in Vitro Inducing Cell Cycle Arrest and Apoptosis. Int. J. Oncol. 2013, 43, 1675–1682. 

63. Sun, X.; Kaufman, P.D. Ki-67: More than a Proliferation Marker. Chromosoma 2018, 127, 175–186. 
64. Vincente, J.C.; Herrero-Zapatero, A.; Fresno, M.F.; López-Arranz, J.S.; Expression of Cyclin D1 and Ki-67 in Squamous Cell 

Carcinoma of the Oral Cavity: Clinicopathological and Prognostic Significance. Oral Oncol. 2002, 38, 301–308. 
65. Katori, H.; Nozawa, A.; Tsukuda, M. Increased Expression of Cyclooxygenase-2 and Ki-67 are Associated with Malignant Trans-

formation of Pleomorphic Adenoma. Auris Nasus Larynx 2007, 34, 79–84. 
66. Bôas, D.S.; Takiya, C.M.; Coelho-Sampaio, T.L.; Monção-Ribeiro, L.C.; Ramos, E.A.G.; Cabral, M.G.; dos Santos, J.N. Immuno-

histochemical Detection of Ki-67 is not Associated with Tumor-infiltrating Macrophages and Cyclooxygenase-2 in Oral Squa-
mous Cell Carcinoma. J. Oral Pathol. Med. 2010, 39, 565–570. 

67. Lingappan, K. NF-κB in Oxidative Stress. Curr. Opin. Toxicol. 2018, 7, 81–86. 
68. Colotta, F.; Allavena, P.; Sica, A.; Garlanda, C.; Mantovani, A. Cancer-related Inflammation, the Seventh Hallmark of Cancer: 

Links to Genetic Instability. Carcinogenesis 2009, 30, 1073–1081. 
69. Topal, A.; Alak, G.; Altun, S.; Erol, H.S.; Atamanalp, M. Evaluation of 8-hydroxy-2-deoxyguanosine and NFkB Activation, Ox-

idative Stress Response, Acetylcholinesterase Activity, and Histopathological Changes in Rainbow Trout Brain Exposed to 
Linuron. Environ. Toxicol. Pharmacol. 2017, 49, 14–20. 

70. Tvarijonaviciute, A.; Aznar-Cayuela, C.; Rubio, C.P.; Ceron, J.J.; López-Jornet, P. Evaluation of Salivary Nitric Oxide Levels and 
C-reactive Protein in Patients with Oral Lichen Planus and Burning Mouth Syndrome. J. Oral Pathol. Med. 2017, 46, 387–392. 

71. Sardaro, N.; Vella, F.D.; Incalza, M.A.; Stasio, D.D.; Lucchese, A.; Contaldo, C.; Laudadio, C.; Petruzzi, M. Oxidative Stress and 
Oral Mucosal Diseases: An Overview. In Vivo 2019, 33, 289–296. 

  



Pharmaceutics 2022, 14, 1575 17 of 17 
 

 

72. Chen, M.; Cai, W.; Zhao, S.; Shi, L.; Chen, Y.; Li, X.; Sun, X.; Mao, Y.; He, B.; Hou, Y.; et al. Oxidative Stress-related Biomarkers 
in Saliva and Gingival Crevicular Fluid Associated with Chronic Periodontitis: A Systematic Review and Meta-analysis. J. Clin. 
Periodontol. 2019, 46, 608–622. 

73. Upadhyay, R.B.; Cernelio, S.; Shenoy, R.P.; Gyawali, P.; Mukherjee, M. Oxidative Stress and Antioxidant Defense in Oral Lichen 
Planus and Oral Lichenoid Reaction. Scand J. Clin. Lab. Investig. 2010, 70, 225–228. 

 


	1. Introduction
	2. Materials and Methods
	2.1. Materials
	2.2. Preparation of Inks for Apigenin-Loaded Film
	2.3. Viscous Property of Printer Ink
	2.4. 3D Design and Fabrication of Apigenin-Loaded Film
	2.5. Measurement of Film Weights and Thickness
	2.6. Differential Scanning Calorimetry (DSC)
	2.7. Powder X-ray Diffraction (XRD)
	2.8. Dissolution Test
	2.9. In Vivo Chemoprevention Potential of the Apigenin-Loaded Film
	2.9.1. Animal Experimental Protocol
	2.9.2. Histopathological Examination
	2.9.3. Immunohistochemistry (IHC)


	3. Results and Discussion
	3.1. Rheological Property of Printer Ink
	3.2. Characterization of Apigenin-Loaded Film
	3.2.1. General Characteristics of Apigenin-Loaded Film
	3.2.2. DSC
	3.2.3. XRD
	3.2.4. Dissolution Test

	3.3. Chemoprevention for the Rat Tongue Carcinoma Induced by 4NQO
	3.3.1. General Observation
	3.3.2. Histopathological Assessment
	3.3.3. IHC Assessment


	4. Conclusions
	References

