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Purpose: Medical therapies, such as the use of anti-inflammatory agents, are commonly used for the treatment of oral mucositis 
(OM). However, these treatments have limited efficacy in treating severe cases of OM. In this study, we aimed to develop a carbopol 
gel incorporating troxipide (TRO) nanoparticles and methylcellulose (TRO-NP gel) and demonstrate its efficacy in accelerating wound 
healing in a hamster model of OM (OM model) induced by acetic acid injection.
Methods: TRO nanoparticles were prepared using bead milling. The crystalline form was determined by powder X-ray diffraction, 
and the particle size was measured using a NanoSight LM10 instrument. The drug release was determined using a Franz diffusion cell, 
and the hamsters injected with acetic acid were selected to evaluate the therapeutic effect of OM.
Results: After preparing TRO nanoparticles, we observed a mixture of crystals and amorphous TRO, and the particle size of TRO in 
the TRO-NP gel ranged from 50 to 280 nm. The TRO-NP gel exhibited a more uniform TRO distribution and viscosity compared to 
the Carbopol gel containing TRO microparticles (TRO-MP gel). However, the solubility of TRO was comparable in both TRO-MP 
and TRO-NP gels. The TRO-NP gel released a higher amount of TRO than that from the TRO-MP gel, with detectable release of TRO 
nanoparticles. TRO levels in the cheek pouches of hamsters treated with TRO-NP gel were higher than those treated with TRO-MP 
gel. The increased TRO levels in the cheek pouches of hamsters treated with TRO-NP gel were attenuated by treatment with 40 μM 
dynasore, an inhibitor of clathrin-dependent endocytosis (CME). Moreover, the therapeutic effect of the TRO-NP gel was superior to 
that of the TRO-MP gel in the hamster model of OM.
Conclusion: We have designed a TRO-NP gel, and this gel showed excellent TRO delivery into the cheek pouch tissue through the 
CME pathway. Moreover, the TRO-NP gel treatment enhanced wound healing after acetic acid injection.
Keywords: troxipide, nanoparticle, oral mucositis, hydrogel, endocytosis

Introduction
Oral mucositis (OM) results from direct cell injury caused by radiotherapy or chemotherapy, notably impacting patients’ 
quality of life. Treatment approaches such as oral cryotherapy, brushing, topical granulocyte-macrophage colony- 
stimulating factor, disinfectant mouthwash, steroidal anti-inflammatory drugs, and mucosal coating agents are commonly 
employed.1,2 A pilot randomized controlled trial evidenced that rebamipide mouthwash attenuated severe OM induced by 
chemoradiotherapy or radiotherapy.3 However, since the efficacy of these treatments remains limited,3,4 the development 
of alternative medical therapies for OM is necessary.

Troxipide (TRO), also known as 3,4,5-trimethoxy-N-3-piperidinyl, inhibits oxidative stress and neutrophil-mediated 
inflammation,5–9 along with enhancing cytoprotective prostaglandins secretion.10 Due to these properties, TRO is used to 
treat gastroesophageal reflux disease, and its mechanism may enhance the treatment of severe OM. However, TRO is 
primarily absorbed in the stomach,11 and its uptake is hindered in OM due to the alkaline nature of this molecule 
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(pKa=10.08, pKb=3.92). Therefore, new technology is required to improve the absorption of TRO when locally applied 
to OM sites.

Nanotechnology has been increasingly used for transdermal and dermal drug delivery, and nanocrystals, liposomes, 
polymeric micelles, dendrimers, quantum dots, biodegradable nanoparticles, lipid nanocarriers, silica nanoparticles, 
nanoemulsions, and polymer-drug conjugates have been explored as drug delivery systems.12–15 Nanoparticles have 
a large surface area compared to their small volume, with surface atoms dominating their physics and chemistry.16–21 

Their high surface energy enables the adsorption, binding, or transportation of other compounds, such as drugs, 
chemicals, or proteins, often exhibiting unusual catalytic properties.22,23 In contrast, the transportation of particles 
>500 nm is almost completely blocked by excess sputum released under the condition of cystic fibrosis and gastro
intestinal mucus.24–26 Additionally, the increased surface area of nanoparticles enhances mucoadhesion.27 Therefore, 
a formulation containing nanoparticles with an average particle diameter of <100 nm would be an appropriate carrier for 
TRO to treat OM effectively. Furthermore, it is crucial to select a suitable carrier base for TRO to facilitate local 
application. Gels are commonly employed as carriers for numerous drugs due to their local effects, lubrication properties, 
and percutaneous absorption. Carbopol® 934, also known as Carbopol or carboxypolymethylene, is a water-soluble 
hydrogel that facilitates drug release from transdermal formulations containing nanoparticles.28–30 Thus, here, we aimed 
to develop a new Carbopol gel containing TRO nanoparticles (diameter: <100 nm) for direct application to the oral 
mucosa. Moreover, we investigated the wound-healing and preventive effects of this gel in hamsters injected with acetic 
acid (OM model) and validated its clinical relevance as an experimental system.

Materials and Methods
Animals
Sixty-eight male 7-week-old golden hamsters (Mesocricetus auratus) (Shimizu Laboratory Supplies Co., Ltd. Kyoto, 
Japan) were divided into two groups: one group (n=5×9=45) to determine changes in TRO content following gel 
treatment and another group (n=8+5×3=23) for assessing changes in wound area in the hamster OM model. The hamsters 
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were housed at 25 °C and provided with water and a standard CE-2 diet (Clea Japan Inc., Tokyo, Japan). The mean 
weight of the hamsters was 101±0.9 g. All animal experiments were conducted in compliance with the guideline of 
Kindai University, the Japanese Pharmacological Society, the Guide for the Care and Use of Laboratory Animals 
provided by the National Institutes of Health, the Animal Research: Reporting of In Vivo Experiments (ARRIVE) 
guidelines and the American Veterinary Medical Association (AVMA) euthanasia guidelines from 2020. The Animal 
Experimental Committee of the Kindai University approved the experimental protocol on April 1, 2019 (approval 
number: KAPS-31-016). Euthanasia was performed by injecting pentobarbital (200 mg/kg, i.p.) according to the 
AVMA guidelines 2020.31

Chemicals
Cytochalasin D, methyl p-hydroxybenzoate, 10% ammonia solution, and TRO (purity >98.0%) were purchased from 
Wako Pure Chemical Industries Ltd. (Osaka, Japan), while methylcellulose (MC) was obtained from Shin-Etsu Chemical 
Co. Ltd. (Tokyo, Japan). Additionally, we utilized Carbopol® 934 (Serva, Heidelberg, Germany), a Bio-Rad Protein 
Assay Kit (Bio-Rad, Hercules, CA, USA), pentobarbital (Tokyo Chemical Industry Co. Ltd., Tokyo, Japan), rottlerin and 
dynasore (Nacalai Tesque, Kyoto, Japan), and nystatin (Sigma-Aldrich, St. Louis, MO, USA). All chemicals used were 
of the highest grade of purity.

Gel Formulations Containing TRO Micro- and Nanoparticles
Gel formulations containing TRO nanoparticles (TRO-NPs) were prepared as described in previous reports.28–30 TRO 
powder and MC were mixed using an agate mortar for approximately 30 min. The mixture was suspended in purified 
water to prepare a 2% TRO suspension (TRO-sus). The suspension was placed in a 2.0-mL tube containing 2.0 g zirconia 
beads (0.1 mm in diameter) and crushed at 1500 rpm for 3 h at 4 °C (milled TRO) using a Shake Master NEO (Bio- 
Medical Science Co. Ltd., Tokyo, Japan). Subsequently, TRO-sus and milled TRO were gelled by adding 3% Carbopol® 

934, and gels containing micro- (TRO-MP) and nanoparticles loaded with 1.5% TRO were prepared, respectively. The 
pH of the gels was adjusted to 7.5 by 5% ammonia solution. The composition of the TRO-MP and TRO-NP gels was as 
follows: 1.5% TRO, 0.5% MC, and 3% Carbopol in distilled water (w/w%). Our previous study showed that 3% 
Carbopol® 934 was suitable to use as the gel base for the drug nanoparticles, since the gel showed a high release of drug 
nanoparticles, and it provided appropriate viscosity.28 We determined the concentration of Carbopol® 934 by following 
methods from previous reports.

High-Performance Liquid Chromatography
The concentration of TRO was determined using a high-performance liquid chromatography (HPLC) LC-20AT system 
(Shimadzu Corp. Kyoto, Japan). The mobile phase comprised a 50 mM phosphate buffer/acetonitrile (90/10, v/v) at 
a flow rate of 0.25 mL/min. Samples from the gels were prepared by diluting in methanol. Moreover, the samples coming 
from biological samples (cheek pouches) were homogenized in methanol and were then centrifuged at 20.4×103 g and at 
4 °C for 20 min. The blood was also centrifuged at 20.4×103 g and at 4 °C for 20 min. These supernatants were used to 
measure the TRO content in both the cheek pouches and blood samples. One hundred microliters of each sample were 
added to a sample cup. Subsequently, 50 µL methyl p-hydroxybenzoate (internal standard) in methanol was added. 
Thereafter, 10 µL sample was injected using a SIL-20AC auto-injector, and TRO was separated at 35 °C using an 
Inertsil® ODS-3 column in a CTO-20AC chromatography chamber (GL Science Co., Inc., Tokyo, Japan) and determined 
at 254 nm. The TRO peak eluted between 5 and 6 min, whereas that of the internal standard eluted at 14.5 min; the 
detection sensitivity was 25 ng/mL.

Particle Size
The dispersions and gels containing TRO nanoparticles were diluted 1000-fold with purified water, and the particle size 
and number of TRO nanoparticles were measured using a NanoSight LM10 (Quantum Design Japan, Tokyo, Japan). The 
time, viscosity, and wavelength for measurement were set at 60s, 1.45 mPas, and 405 nm, respectively. Atomic force 
microscopy (AFM) images of TRO in dispersions and gels containing TRO nanoparticles were obtained using a scanning 
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probe microscope SPM-9700 (Shimadzu Corp., Kyoto, Japan). The AFM images were obtained by combining the height 
and phase images of TRO.

Evaluation of the Crystalline Form
Changes in the crystalline form were determined using powder X-ray diffraction (XRD) and differential thermal analysis 
(DTA). The dispersions were lyophilized and used as samples for the XRD and DTA analyses. The freeze-drying was 
performed by using the FREEZE DRYER FD-1000 (TOKYO RIKAKIKAI CO., LTD., Tokyo, Japan), and the condi
tions of the lyophilization (freeze-drying) were as follows: temperature −20°C, pressure 20 Pa, and time 48 h. A Mini 
Flex II system (Rigaku Co., Tokyo, Japan) was used for XRD measurements. Based on the XRD results, the diffraction 
angles were varied from 5 to 90° and measured at a scanning rate of 10°/min. DTA was measured under a nitrogen 
atmosphere at 50–210 °C. Briefly, five milligrams of the powder was prepared using a simultaneous DTA apparatus 
DTG-60H (Shimadzu Corp.), and the DTA patterns (melting point) were detected under a nitrogen atmosphere. The 
temperature was maintained at 5 °C /min.

Dispersibility
Three milliliters of dispersion containing TRO nanoparticles was added to a 5-mL test tube and incubated in the dark at 
22 °C for 28 days. Subsequently, images of the dispersions were captured using a digital camera, and 30 µL sample was 
collected from the upper 90% of the test tube. TRO concentration was determined using HPLC.

Uniformity of the Gels
We divided the TRO gel (0.3 g) into 10 parts (0.03 g) and dissolved it in methanol. Subsequently, the resultant solution 
was filtered through a 450-nm filter, and the TRO content in the collected samples was measured using HPLC. To 
evaluate gel uniformity, the standard deviation (S.D.) of TRO content was calculated in 10 gel divisions and expressed as 
the non-uniformity of TRO in the gel.

Solubility
The gels containing TRO micro- and nanoparticles were diluted 10-fold with purified water at 22 °C, and TRO was 
separated into soluble and non-solubilized forms by centrifugation at 1×105 g using a Beckman OptimaTM MAX-XP 
Ultracentrifuge (Beckman Coulter, Osaka, Japan). The concentration of soluble TRO was determined using HPLC.

Viscosity
The TRO gel (0.3 g) was set on an SV-1A viscometer (A & D Company, Limited, Tokyo, Japan), and the viscosity was 
measured at 60 rpm and 22 °C for 3.5 min.

Zeta Potential
The gels containing TRO micro- and nanoparticles were diluted 10-fold with purified water, and then they were set on 
a model 502 zeta potential analyzer (Nihon Rufuto Co., Ltd., Tokyo, Japan). The zeta potential was analyzed at 49 V and 
22 °C for 5 s.

Drug Release from the Gels
A Franz diffusion cell set up with an MF-Millipore™ Membrane Filter 450 µm pore size (Merck Millipore, Tokyo, 
Japan) was used to determine TRO release from the gels as previously reported.28–30 Subsequently, 10 mM phosphate 
buffer (12.2 mL) was added to the reservoir chamber of the cell and 1.5% TRO gel (0.3 g) was placed on the donor side 
and incubated for 24 h. Thereafter, 50 µL buffer containing TRO was collected from the reservoir chamber at 30 min, 1 
h, 2 h, 3 h, 6 h, and 24 h and replaced with the same volume of fresh 10 mM phosphate buffer. The sample concentration 
was determined using HPLC. Moreover, the 800 µL of samples 24 h after the experiment were injected into NanoSight 
LM10, and the size and number of TRO nanoparticles in the collected samples were measured after 24 h.
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Content of TRO in Gel-Treated Hamsters
We carefully applied 0.1 g of TRO-MP and TRO-NP gels to the hamsters’ cheek pouches and kept them there for 3 h and 
8 h (n=5×4=20). Subsequently, the hamsters were euthanized under isoflurane anesthesia by injecting pentobarbital 
(200 mg/kg), and the cheek pouches were carefully removed. In this study, the isoflurane dose was controlled using the 
Anesthesia Device BS-400TI (Brain Science Idea. Co. Ltd., Osaka, Japan), and the doses used for the induction and 
maintenance of anesthesia were 4% and 3%, respectively. Blood samples were collected simultaneously. The collected 
cheek pouches were homogenized in methanol, and both the homogenate and blood were centrifuged at 20.4×103 g and 4 
°C for 20 min. The supernatants were used as samples, and the TRO content in both the cheek pouches and blood 
samples was measured using HPLC. Endocytosis was inhibited as previously described.29 The hamsters were divided 
into five groups (n=5×5=25) and their cheek pouches were treated with TRO gels containing endocytosis inhibitors for 8 
h. Cytochalasin D (phagocytosis inhibitor),32 2 μM rottlerin (micropinocytosis inhibitor),33 40 μM dynasore [clathrin- 
dependent endocytosis (CME) inhibitor],34 and 54 μM nystatin [caveolae-dependent endocytosis (CavME) inhibitor]32 

were dissolved in 0.1% dimethyl sulfoxide (DMSO) and mixed with TRO gels, for later use.

Wound Area in the Hamster Model of OM
The golden hamsters were divided into four groups: a non-treated group (n=8), vehicle-treated, TRO-MP gel-treated, and 
TRO-NP gel-treated groups (n=5×3=15). Each hamster received an injection of 25 µL of 10% acetic acid into the cheek 
pouches under isoflurane anesthesia. In this study, the isoflurane dose was controlled using the Anesthesia Device BS- 
400TI, and the doses for induction and maintenance of anesthesia were 4% and 3%, respectively. The hamsters were 
housed for two days and then they were subsequently used in the experiments. For three days (at 10:00 AM), 0.1 
g vehicle and TRO gels were administered to the cheek pouches once daily. The wound area appeared to be more swollen 
or looked more concave in appearance than under normal conditions. To analyze the wound area, a specific area was 
selected from each image. While quantifying the wound area, it was difficult to accurately determine the point at which 
the wound healed completely. Therefore, we have shown results for up to 3 days later when the wound could be 
determined with certainty. The wound changes were monitored at 9:00 AM on days 0, 1, 2, and 3 using a digital camera. 
The value (%) of the wound area was calculated as the ratio of the initial wound area. The initial wound areas (at 0 days) 
for non-treated, vehicle-treated, TRO-MP gel-treated, and TRO-NP gel-treated hamsters were 10.2±0.71, 10.3±3.0, 10.9 
±2.9, and 10.1±2.1 mm2, respectively [values are represented as mean ± standard error of mean (SEM)].

Statistical Analysis
Data are presented as the mean SEM. Statistical differences were analyzed using the JMP software ver. 5.1 (SAS 
Institute). One-way repeated-measures analysis of variance (ANOVA) followed by the Tukey–Kramer test was used for 
the statistical analysis of multiple group comparisons. Statistical differences between the two groups were analyzed using 
the unpaired Student’s t-test. A P-value < 0.05 was considered statistically significant.

Results
Characteristics of Gel Formulations Containing TRO Nanoparticles
First, we prepared TRO nanoparticles by bead milling. Particle distributions are illustrated in Figure 1A and B. Bead 
milling decreased the particle size of TRO from 16.6 µm to 116.8 nm. Moreover, milled TRO exhibited improved 
dispersibility compared to TRO-sus, and no precipitation occurred within one month of preparation (Figure 1C and D). 
Furthermore, we evaluated whether bead milling affected the crystal form of TRO (Figure 2). The melting point of TRO 
was similar between TRO powder (181.05 °C) and TRO-sus (181.12 °C). However, the melting point of TRO in milled 
TRO decreased to 138.68 °C. Additionally, the XRD pattern of milled TRO was different from that of TRO-sus. Bead 
milling reduced the number of XRD peaks, resulting in a pattern resembling that of amorphous TRO. Subsequently, gel 
formulations containing TRO nanoparticles were prepared using the milled TRO (Figure 3). The TRO-NP gel exhibited 
a more uniform drug content compared to the TRO-NP gel (Figure 4A). Despite the similar solubility and zeta potential 
of both gels after bead milling (Figure 4B and D), the viscosity of the TRO-NP gel was higher than that of the TRO-MP 
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Figure 1 Characteristics of nano-dispersions containing TRO. (A) Particle distribution and (B) SPM image of dispersions containing milled-TRO. (C) Photographs and (D) 
stability of dispersions containing TRO exposed (milled-TRO) or not exposed (TRO-sus) to bead milling. n=8. *P<0.05 vs TRO-sus for each category (Student’s t-test). The 
particle size of milled-TRO was in the range of 50–220 nm, and the stability of dispersions was enhanced by bead milling.

Figure 2 Changes in the XRD pattern and DTA of TRO exposed (milled-TRO) or not exposed (TRO-sus) to bead milling. (A) XRD pattern of TRO powder. (B) XRD 
pattern of additives; dispersions contained TRO exposed (milled-TRO) or not exposed (TRO-sus) to bead milling. (C) DTA pattern of TRO powder; dispersions contained 
TRO exposed (milled-TRO) or not exposed (TRO-sus) to bead milling. XRD and DTA patterns of TRO were altered by the bead milling.
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Figure 3 Condition of TRO in gels. (A) Photographs of TRO-MP and TRO-NP gels. (B) Particle size distribution and (C) SPM images of TRO-MP and TRO-NP gels. The 
particle size of TRO in the TRO-NP gel is in the range of 50–280 nm.

Figure 4 Characteristics of TRO-MP and TRO-NP gels. (A) Non-uniformity in TRO particles of TRO-MP and TRO-NP gels. (B) Drug solubility, (C) viscosity, and (D) zeta 
potential of TRO-MP and TRO-NP gels. n=10. *P<0.05 vs TRO-MP gel for each category (Student’s t-test). #P<0.05 vs vehicle for each category (Tukey–Kramer test). 
#P<0.05 vs TRO-MP gel for each category. †P<0.05 vs TRO-MP gel for each category (Tukey–Kramer test). The uniformity of TRO particles and viscosity of the TRO-NP gel 
were higher than those of the TRO-MP gel. Conversely, the solubility and zeta potential of TRO was similar in TRO-MP and TRO-NP gels.
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gel (Figure 4C). In this study, we measured the viscosity using a tuning fork vibro-viscometer (SV-1A). The principle of 
these measurements is to resonate an oscillator in the sample, and then we will be able to determine the viscosity from 
the excitation force required to move the oscillator at a certain amplitude, which shows a correlation with the viscosity.35 

Nanoparticles are widely dispersed, and the required excitation force is considered to be higher than that of 
microparticles.35 As a result, the viscosity of the TRO-NP gel may be higher than that of other gels.

Mechanism of TRO Absorption in Cheek Pouch Tissue Treated with TRO-NP Gel
Figure 5 illustrates the release profiles of TRO from TRO-MP and TRO-NP gels. The release of TRO from the TRO-NP 
gel was higher and included solid TRO nanoparticles and a TRO solution (dissolved TRO). We examined TRO levels in 
the blood and cheek pouch tissues of hamsters treated with TRO-MP and TRO-NP gels at 3 h and 8 h after treatment. 
TRO levels in the blood of hamsters treated with TRO-MP and TRO-NP gels were undetectable using HPLC (n=5). 
Conversely, TRO was detected in the cheek pouch, and 8 h after the treatment, TRO levels in the cheek pouches of 
hamsters treated with TRO-NP gel were 32.7-fold higher than those treated with TRO-MP gel (Figure 6A). Figure 6B 
illustrates the relationship between endocytosis and enhanced TRO absorption in the cheek pouch tissue of hamsters 
treated with TRO-NP gel. TRO levels in TRO-treated hamsters co-treated with nystatin, rotterin, or cytochalasin D were 
similar to those in the control group (TRO-treated hamsters). In contrast, TRO levels in TRO-treated hamsters co-treated 
with dynasore were significantly reduced, with the dynasore group exhibiting TRO levels at 66.3% of the control group.

Therapeutic Effect of TRO-NP Gel on OM in the Hamster Model
Figure 7 illustrates the therapeutic potential of TRO-MP and TRO-NP gels for oral wounds. The wound areas in the 
hamsters injected with acetic acid after 1, 2, and 3 days were 9.10, 8.74, and 8.11 mm2, respectively (non-treated group). 
The changes in these wound areas were similar to those observed in the vehicle and TRO-MP groups on days 0–3. In 
contrast, the TRO-NP gel-treated hamsters evidenced significantly enhanced wound healing, with the wound area in the 

Figure 5 Drug release from TRO-MP and TRO-NP gels through a 220 nm pore membrane. (A) Release behavior of TRO from TRO-MP and TRO-NP gels. (B) Size 
distribution and (C) number of TRO nanoparticles in the reservoir chamber 24 h after the application of TRO-NP gels. n=6. N.D., not detectable. *P<0.05 vs TRO-MP gel for 
each category (Student’s t-test). The release of TRO from the TRO-NP gel was higher than that from the TRO-MP gel; TRO nanoparticles were detected in the reservoir 
chamber 24 h after the application of TRO-NP gel.
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Figure 6 Effect of endocytosis on the content of TRO in cheek pouches of hamsters with OM after treatment with TRO gels. (A) Changes in TRO content in the cheek 
pouches of hamsters 3 h and 8 h after treatment with TRO gels (TRO-MP at 3 h and 8 h, n=5×2=10; TRO-NP at 3 h and 8 h, n=5×2=10). (B) Changes in TRO content in the 
cheek pouches of hamsters 3 h after co-treatment with endocytosis inhibitors and TRO-NP gel. Control, TRO-NP gel-treated hamsters (n=5). Each endocytosis inhibitor- 
treated hamster [nystatin (n=5), dynasore (n=5), rottlerin (n=5), cytochalasin D (n=5)] was co-treated with TRO-NP gel. Total n=45. *P<0.05 vs TRO-MP gel for each 
category (Student’s t-test). #P<0.05 vs control for each category (Tukey–Kramer test). TRO nanoparticles were taken up via the CME pathway, and TRO levels in the cheek 
pouches of hamsters treated with the TRO-NP gel were higher than those treated with the TRO-MP gel.

Figure 7 Changes in the wound area in the cheek pouches of hamsters with OM 0–3 days after treatment with TRO gels. (A) Representative images and (B) wound area of 
cheek pouches treated with TRO gels. Bar in the image (A) indicate 1 mm. Total n=23 [none, n=8; vehicle (n=5), TRO-MP (n=5), and TRO-NP gels (n=5)]. *P<0.05 vs vehicle 
for each category (Tukey–Kramer test). #P<0.05 vs TRO-MP gel for each category (Tukey–Kramer test). The therapeutic effect of the TRO-NP gel was higher than that of 
the TRO-MP gel in the cheek pouches of hamsters with OM.
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TRO-NP gel-treated groups 3 days after treatment reaching 69% of that in the non-treated group. Moreover, the TRO-NP 
gel showed the fastest complete healing of the wound when observed visually compared to the other groups.

Discussion
Although medical therapeutic modalities for OM, such as anti-inflammatory agents are widely used,1,2 these often lack 
sufficient efficacy in severe cases of OM. To improve treatment outcomes, here we developed a Carbopol gel containing 
TRO nanoparticles, which demonstrated high wound healing and preventive effects in a hamster model of acetic acid- 
induced OM.

Build-up and breakdown methods are known to produce solid nanoparticles. Earlier, we utilized a breakdown method 
based on bead milling using a cellulose compound to obtain solid nanoparticles of indomethacin and tranilast <100 
nm.36,37 Here, we successfully prepared TRO nanoparticles (mean particle size: 116.8 nm; Figure 1) using the bead 
milling method and found them suitable for producing solid nanoparticles. Next, the crystal forms were investigated 
using DTA and XRD. In the package insert of APLACE® Fine Granules 20%,38 it was noted that the melting point of 
TRO is 177–181 °C. The melting point of TRO measured in this study was similar to the data in the package insert 
(Figure 2C). On the other hand, we confirmed changes in the crystallized TRO due to bead milling, with the melting 
point of TRO in the milled TRO being 138.68 °C (Figure 2C). The XRD pattern of TRO slightly resembled that of 
amorphous TRO (Figure 2A and B), which suggested the presence of a mixture of crystalline and amorphous TRO in the 
nanoparticles. The solubility might have been higher, if more amorphous TRO were present; however, the solubilities of 
TRO-NP and TRO-MP were similar, suggesting a mixture. Several peaks were detected in the XRD pattern (Figure 2B), 
and the solubility of TRO was very low (Figure 4B). Taken together, these results suggest that the amorphous fraction of 
TRO may not be significant enough in order to alter its solubility. Selection of an appropriate base is important for 
producing gels containing TRO nanoparticles. Gels are particularly suitable for water-soluble medicaments because they 
are semi-solid preparations containing large proportions of water and are less suitable for insoluble substances that cannot 
be easily and uniformly incorporated. However, Carbopol gel is suitable for facilitating drug release from nanoparticle- 
containing formulations,28–30 and gels prepared using nanosuspensions can overcome the issue of insoluble substances 
that cannot be easily and uniformly incorporated into the water-soluble gels.30 Therefore, for gel formulation in this 
study, we selected a Carbopol gel as the base to prepare a gel containing TRO nanoparticles. The TRO-NP gel exhibited 
a higher uniformity of TRO than the TRO-MP gel (Figure 4A),30 and maintained the TRO nanoparticles within the gel 
(Figure 3). Here, we have compared the solubility of the prepared TRO gels with related ones in the package insert of 
troxipide.38 The solubility of the TRO powder (pKa=10.08) is 5.29 mM in water at 20±5 °C. Carbopol® 934 may 
increase the solubility of TRO, since the solubility of TRO in the TRO gel (pH 7.5) was approximately 8.6 mM at 22 °C 
(Figure 4B). The prepared TRO-NP gel was used for subsequent experiments not published yet.

We investigated the release profile of TRO from the TRO-NP gel (Figure 5) and observed higher release compared to 
the TRO-MP gel, possibly due to the release of nanoparticles facilitated (Figure 5C). On the other hand, the particle size 
distribution of the released TRO-NP gel particles was larger than that within the gel (Figure 3B). To evaluate TRO 
release, we used a Franz diffusion cell filled with 10 mM phosphate buffer. The TRO nanoparticles in phosphate buffer 
were not more stable than those in the gels due to the low viscosity of the buffer, which may have affected nanoparticle 
aggregation. Furthermore, we measured the changes in TRO levels in the blood and cheek pouches of hamsters treated 
with TRO-NP gel (Figure 6A). The hamster, owing to its vascularized cheek pouch, is considered an excellent model for 
reproducing lesion severity in the oral mucosa, similar to that in humans with oral mucositis. Hamsters have been the 
most used animal models to study the healing, development, and pathways of oral mucositis.39,40 Therefore, hamsters 
were used in the in vivo study. TRO permeated the cheek pouches of hamsters treated with TRO-NP gel, resulting in 
enhanced persistence and accumulation of TRO compared to the TRO-MP gel treatment. These results align with the 
in vitro study on TRO release from the gels (Figure 5). Previous studies have indicated that particles >1 μm do not 
accumulate on cell membrane surfaces,26 while those >500 nm have limited ability to diffuse through the mucin layer.25 

In contrast, particles <500 nm diameter have better mucoadhesive properties and accumulate on the apical membranes of 
surface epithelial cells.26 Our present study supports these previous findings.
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Nanoparticle uptake pathways can be categorized into receptor-mediated endocytosis (CavME and CME), MP/ 
phagocytosis, and passive penetration. Thus, drug nanoparticles cannot easily enter cells through diffusion.41,42 Receptor- 
mediated endocytosis (CavME and CME) can take up nanoparticles with diameter <120 and <80 nm, respectively,43 

while micropinocytosis and phagocytosis take up particles sized between 100 nm–5 µm and 0.5–5 µm, respectively.41–43 

Therefore, we investigated whether penetration of TRO nanoparticles from gels decreased after treatment with inhibitors 
of energy-dependent endocytosis (nystatin, an inhibitor of CavME;33 dynasore, an inhibitor of CME;33 rottlerin, an 
inhibitor of MP;34 and cytochalasin D, an inhibitor of phagocytosis)32 (Figure 6B). Co-treatment with the CME inhibitor 
attenuated TRO penetration. Although the precise mechanism of nanoparticle penetration remains partially understood, 
several reports, including our study using rebamipide,44 demonstrate that chemicals facilitating penetration and reduction 
in drug size can enhance the cellular uptake of nanoparticles,45 and that CME influences the uptake and transport of TRO 
nanoparticles through the cheek pouch tissue. In the mouse model of OM (Figure 6), TRO-MP gel slightly slowed wound 
repair, as the wound area was significantly smaller on day 2 of treatment than in the control group. In contrast, treatment 
with TRO-NP gel accelerated the wound healing rate, and the wound area was significantly decreased compared to that in 
the vehicle-treated and TRO-MP-treated groups 1–3 days after treatment with TRO-NP gel. We hypothesize that TRO 
promotes wound healing in the oral mucosa of hamsters, and the gel formulation incorporating TRO nanoparticles 
enhances its therapeutic effect. TRO-NP gel can be a useful therapy for OM. However, in comparison to our previous 
results on the use of a gel containing rebamipide nanoparticles for an acetic acid-injected OM model,44 the wound areas 
in the oral mucosa of the TRO-NP gel-treated group were larger, indicating a weaker therapeutic effect of TRO. Further 
studies are required to evaluate the wound healing rate in an OM model co-treated with gels containing rebamipide and 
TRO nanoparticles. Moreover, the mechanism of wound repair using TRO nanoparticles remains to be elucidated. 
Therefore, we have planned to perform histological examinations using hematoxylin and eosin (H&E) staining and multi- 
cytokeratin immunostaining.

Conclusion
We formulated a Carbopol gel containing TRO nanoparticles (TRO-NP gel) and demonstrated that CME is involved in 
the penetration of TRO released from the gel into the cheek pouches of the treated golden hamsters. Additionally, TRO- 
NP gel treatment enhanced wound healing in the acetic acid-injected OM model. Our study provides evidence that the 
TRO nanoparticles from the TRO-NP gel are absorbed by the cheek pouch tissue through the CME pathway, resulting in 
increased wound healing. No hydrogel formulations incorporating TRO nanoparticle have yet been developed. This is the 
first study that has revealed that certain formulations (TRO-NP gels) are useful for the treatment of stomatitis. In 
addition, we have found that CME was related to the uptake and transport of TRO nanoparticles through cheek pouch 
tissue, as the TRO content in the cheek pouch was attenuated by the inhibitor. Thus, these findings are highly novel, and 
this study for “design of a nanomedicine” will provide a remarkable contribution to the community.
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AFM, atomic force microscopy; CavME, caveolae-dependent endocytosis; CME, clathrin-dependent endocytosis; DTA, 
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oral mucositis; TRO-MP gel, gel formulations based on TRO microparticles; TRO-NP gel, gel formulations based on 
TRO solid nanoparticles; TRO-sus, TRO suspension; S.E.M., standard error of the mean; S.D., standard deviation; XRD, 
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