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Introduction: Cisplatin is one of the most effective chemotherapeutic drugs used in oral cancer treatment, but systemic administra-
tion has side effects. The purpose of this study was to evaluate the effect of iontophoresis on the enhancement of cisplatin release from 
cisplatin-encapsulated chitosan nanoparticles.
Methods: The effect of different mass ratios of chitosan to tripolyphosphate (TPP) (5:1, 10:1, 15:1, 20:1) on the encapsulation 
efficiency of cisplatin was investigated. Uptake of cisplatin-encapsulated chitosan by cells was observed using a confocal laser 
scanning microscope. The cell viability at different cisplatin concentrations was examined using a 3-(4,5-dimethylthiazol-2-yl)- 
2,5-diphenyltetrazolium bromide assay. Three iontophoresis methods, namely constant-current chronopotentiometry (CCCP), cyclic 
chronopotentiometry (CCP), and differential pulse voltammetry (DPV), were used to enhance cisplatin release from cisplatin- 
encapsulated chitosan nanoparticles. In addition, mouse oral squamous cell carcinoma cell lines were implanted into the mouse oral 
mucosa to induce oral cancer. The effects of enhanced cisplatin release by CCCP, CCP, and DPV on tumor suppression in mice were 
evaluated. Tumors and lymph nodes were isolated for hematoxylin-eosin staining and immunohistochemistry staining including Ki-67 
and pan CK after sacrifice. Inductively coupled plasma mass spectrometry was conducted to quantify the platinum content within the 
tumors.
Results: The results showed that nanoparticles with a mass ratio of 15:1 exhibited the highest cisplatin encapsulation efficiency 
(approximately 15.6%) and longest continued release (up to 35 days) in phosphate buffered saline with a release rate of 100%. Cellular 
uptake results suggested that chitosan nanoparticles were delivered to the cytoplasm via endocytosis. The results of the MTT assay 
revealed that the survival rate of cells decreased as the cisplatin concentration increased. The CCP (1 mA, on:off = 1 s: 1 s) and DPV 
(0–0.06 V) groups were the most effective in inhibiting tumor growth, and both groups exhibited the lowest percentage of Ki-67 
positive and pan CK positive.
Conclusion: This study is the first to investigate and determine the efficacy of DPV in enhancing in vivo drug release from 
nanoparticles for the treatment of cancer in animals. The results suggest that the CCP and DPV methods have the potential to be 
combined with surgery for oral cancer treatment.
Keywords: oral cancer, cisplatin, chitosan, nanoparticle, iontophoresis

Introduction
Oral cancer is one of the most common cancers, accounting for 2% of the total cases in the world in 2020. Oral squamous 
cell carcinoma (OSCC) is a well-known type of malignant tumor, accounting for more than 90% of all oral cancers, 
followed by adenocarcinomas, and then by other types of malignancies.1,2 OSCC develops when the cells of the oral 
mucosa are stimulated over a long period of time, with the main sources of stimulation being cigarette smoking, alcohol 
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consumption, and betel nut chewing. Despite recent advances in diagnosis and treatment, such as using salivary 
exosomes as a biomarker for early detection,3 the prognosis of oral cancer remains unsatisfactory and the 5-year survival 
rate of OSCC has been approximately 64.4% for the past 30 years.4 The treatment of oral cancer depends largely on the 
site and stage of the disease, as well as the patient’s overall health status. Surgery, radiotherapy, and chemotherapy are the 
major treatment methods for OSCC, among which surgical resection of lesions is the most commonly used. However, 
excessively large resection areas may cause cosmetic and functional impairment to the patient. By contrast, chemother-
apy can reduce the size of the tumor, control the progression of the localized lesion, increase the survival rate of the 
patient, and improve the patient’s quality of life.5 Other adjunctive treatment methods that have been investigated include 
nanomedicine-based therapy and robot-assisted surgery.6,7

Cisplatin is one of the most effective chemotherapeutic drugs used in human and veterinary medicine for the 
treatment of a wide range of solid malignancies, including testicular, ovarian, head and neck, colorectal, bladder, and 
lung cancers. Cisplatin exerts its anticancer effects through multiple mechanisms, but its most prominent mode of action 
involves the generation of DNA damage, which then activates the DNA damage response and induces mitochondrial 
apoptosis.8 Unfortunately, cisplatin administration has been associated with numerous side effects, including nephro-
toxicity, severe nausea and vomiting, myelosuppression, ototoxicity, and neurotoxicity.9,10

Chitosan is a functional biopolymer that can be obtained through partial deacetylation of highly abundant natural 
chitin polymers. It is prepared using chemical or biological methods, with the latter including enzymatic and fermenta-
tion methods. Chitosan can be easily removed from organisms without causing adverse reactions. In addition to good 
mucosal adhesion, it also demonstrates antimicrobial properties, coagulation ability, and immunostimulatory activity.11,12 

Chitosan has a variety of pharmaceutical applications and is currently considered a carrier material for drug delivery 
systems. Not only is it the second most abundant natural biopolymer derived from the exoskeleton of crustaceans and the 
cell walls of fungi and insects, but it can also be used as a nanocarrier.13,14 Chitosan has good biocompatibility and 
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degradability, its cytotoxicity is low, and its positively charged properties have been exploited to introduce it into 
cancerous tissues.15,16

Nanoparticles are used in cancer therapy because of their unique size, which makes them suitable for drug delivery 
applications. The nanoscale size, large surface-to-volume ratio, and surface functionalization capabilities of nanoparticles 
play crucial roles in their biodistribution in vivo.17 Nanomedicines for cancer therapy are superior to conventional drugs 
because of their enhanced permeability effects and the possibility of using more than one therapeutic agent in combina-
tion therapy, thus allowing preferential drug delivery to tumors. Nanocarriers can also overcome drug solubility or 
stability issues and minimize drug-induced side effects.18 Polymer nanoparticles are typically defined as solid colloidal 
particles in the range of 1–1000 nm, a generic term for any type of polymer nanoparticles (particularly nanospheres and 
nanocapsules).19 A polymeric nanocapsule consists of a solid core of a specific polymer encapsulating a drug and 
surrounded by layer of a suitable stabilizer.20

Iontophoresis has been used to facilitate the subcutaneous absorption of topically administered ionic reagents or 
drugs.21 Through the ionic electroosmotic process of electromigration and electroosmosis, iontophoresis therapy 
increases the penetration of charged and neutral compounds and offers the option of programmed drug delivery. 
Iontophoresis involves the delivery of selected ions to tissues via direct current flow through a drug solution to the 
patient. This method of drug administration has many advantages, such as requiring only a very small amount of drug to 
be delivered to achieve therapeutic effects, reducing the systemic side effects of the drug substantially, and being 
generally accepted by patients, circumventing the fear of injections.22

Chronopotentiometry (CP) is commonly used in in vitro drug flux experiments.23,24 The drug is assumed to reach the 
skin surface through diffusion from the donor solution and the concentration gradient across the surface of the stratum 
corneum is constant. In CP, once the drug reaches the stratum corneum, it is swept by iontophoresis into an electric field 
that penetrates the skin and passes through the stratum corneum via ion migration before reaching the recipient 
compartment.21 Differential pulse voltammetry (DPV) is a voltammetric method that uses a series of regular step voltage 
pulses to make electrochemical measurements.25 DPV uses the difference between current points; typically, the first point 
is taken before the pulse, and the second point is taken approximately 40 ms after the pulse, and then subtracted for the 
displayed single-point current value.26 DPV lowers the analytical detection limit and greatly improves the sensitivity of 
the analysis. This method is often used for trace substance detection, such as the quantification of metal ions in 
samples.27

In this study, cisplatin-encapsulated chitosan nanoparticles were prepared, and their zeta potential, cisplatin encapsu-
lation efficiency, and cisplatin release in vitro were investigated. Encapsulation efficiency represents the ability of a drug 
to retain ingredients with therapeutic properties. The more potent cisplatin-encapsulated nanoparticles are in terms of 
therapeutics, the higher their encapsulation efficiency is in the in vivo environment. Their efficiency drops drastically 
when the nanoparticles reach the point of care. Cisplatin-encapsulated chitosan nanoparticles mixed with temperature- 
sensitive hydrogels were included in patches and cisplatin release from the patches was enhanced using constant-current 
chronopotentiometry (CCCP), cyclic chronopotentiometry (CCP), and DPV. Finally, mouse animal studies were used to 
examine the efficacy of the aforementioned electrochemical methods in reducing tumor size. The hypothesis of this study 
was that the electrochemical method can enhance in vivo drug release from nanoparticles and reduce tumor size. 
Consequently, the patient’s resection defect after the remaining smaller tumors are surgically removed could be easier 
to repair and the patient’s appearance and confidence will be improved.

Materials and Methods
Chitosan (99% degree of deacetylation, average molecular weight 100 kDa), cis-platinum (II) diamine dichloride (Pt 
(NH3)2Cl2, molecular weight: 300.05), acetic acid (C2H4O2), sodium tripolyphosphate (Na5O10P3), Tween 80 
(C64H124O26), sodium hydroxide (NaOH), dimethylformamide HCON(CH3)2, o-phenylenediamine (C6H8N2), phos-
phate-buffered saline (PBS), Hoechst 33342, fluorescein isothiocyanate (FITC), N-isopropylacrylamide (C6H11NO)n, 
and ammonium persulfate (NH4)2S2O8 were purchased from Sigma-Aldrich (St. Louis, MO, USA) without further 
purification. Porous non-woven fabric facial mask paper (Nikita) was purchased from FPI Trade (New Taipei City, 
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Taiwan). Zoletil 50 (Virbac, Carros, France), Rompun (Bayer, Leverkusen, Germany), Vaseline (Unilever, Shanghai, 
China), and isoflurane (Panion & BF Biotech Inc., Taipei, Taiwan) were obtained from commercial suppliers.

Preparation of Cisplatin-Encapsulated Chitosan Nanoparticles
The preparation of cisplatin-encapsulated chitosan nanoparticles based on ion gelation of tripolyphosphate (TPP) with 
chitosan was modified from a previous study.28 Chitosan was dissolved in a 1% (v/v) acetic acid solution to obtain 
concentrations of 1.5 and 2 mg/mL. Four milliliters of 1.25 mg/mL cisplatin were mixed into 40 mL of chitosan solution 
and stirred at 600 rpm for 1 min at room temperature. Subsequently, 200 μL of Tween 80 was added and stirred at 600 rpm 
for 5 min, followed by emulsification at 33 W for 5 min using a probe sonicator (Misonix Sonicator 3000, Misonix, Inc., 
Farmingdale, NY, USA). The pH of the emulsified solution was adjusted to 4.6–4.8 using 1 N NaOH. Next, 0.5 mg/mL or 
1 mg/mL TPP solution was slowly added to the pH-adjusted solution under magnetic stirring at 300 rpm for 30 min. Four 
different mass ratios (5:1, 10:1, 15:1, 20:1) of chitosan to TPP were used for the preparation. The chitosan nanoparticles were 
collected under centrifugation at 12000 rpm at 20 °C for 60 min. The supernatant liquid was used to calculate the cisplatin 
encapsulation efficiency. Table 1 shows the ingredients, amounts, and mass ratios of the prepared nanoparticles.

Determination of Particle Size, Polydispersity Index, Zeta Potential, and Encapsulation 
Efficiency (%)
The particle size, polydispersity index, and zeta potential of chitosan nanoparticles were measured via dynamic light scattering 
(DLS) analyses using a 90Plus Nanoparticle Size Analyzer (Brookhaven Instruments Corp., Holtsville, NY, USA). The 
particle size measurements were conducted at a wavelength of 632.8 nm, a fixed 90° angle, and temperature of 25 °C. BIC 
software with a dust filter cutoff value of 30 was used to analyze the particle size and polydispersity index. ZetaPlus software 
was used to measure the zeta potential. To measure cisplatin encapsulation efficiency (%), cisplatin concentrations of 0.625, 
1.25, 2.5, and 5 μg/mL were prepared to establish a calibration curve. Subsequently, o-phenylenediamine (OPDA) was 
dissolved in dimethylformamide to form a 1.4 mg/mL solution. OPDA solution (0.5 mL) and cisplatin (0.5 mL) were reacted 
at 90 °C for 10 min to form a light blue product, which was then cooled in an ice bath for 10 min to terminate the reaction. An 
ultraviolet visible (UV-Vis) spectrophotometer (Agilent 8453, Agilent Technologies, Santa Clara, CA, USA) was used to 
measure the absorbance at 703 nm.29 Cisplatin encapsulation efficiency was calculated using the following formula:

where the subscript 0 represents the initial state, and s represents the supernatant liquid.

In vitro Release
Because the mass ratio of chitosan to TPP of 15:1 exhibited the highest encapsulation efficiency, this ratio was selected 
for the following experiment. To measure release in vitro, 5 mL of phosphate-buffered saline (PBS) was added to 1 mL 
of chitosan nanoparticles containing approximately 195 μg of cisplatin (1.25 mg × 15.6% encapsulation efficiency) and 
stirred at 100 rpm at 37 °C. At every time point, 0.7 mL of the solution was removed for UV measurement using the UV- 
Vis spectrophotometer and 0.7 mL of PBS was added to keep the total volume constant.

Table 1 Ingredients, Amounts, and Mass Ratios of the Prepared Nanoparticles

Chitosan Cisplatin TPP Mass ratios (Chitosan:TPP)

40 mL, 2 mg/mL 4 mL, 1.25 mg/mL 16 mL, 1 mg/mL 5:1

40 mL, 2 mg/mL 4 mL, 1.25 mg/mL 8 mL, 1 mg/mL 10:1

40 mL, 1.5 mg/mL 4 mL, 1.25 mg/mL 8 mL, 0.5 mg/mL 15:1
40 mL, 2 mg/mL 4 mL, 1.25 mg/mL 8 mL, 0.5 mg/mL 20:1

Abbreviation: TPP, tripolyphosphate.
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Morphology
The morphology of chitosan nanoparticles was examined using transmission electron microscopy (TEM) (JEM-1400, 
JEOL Ltd., Tokyo, Japan) at an accelerating voltage of 80 kV. Nanoparticles on copper grids were treated with 1% uranyl 
acetate for negative staining.

Cellular Uptake
Cisplatin-encapsulated chitosan nanoparticles were prepared as described previously. However, 5 mL of fluorescein 
isothiocyanate (FITC) solution (1 mg/mL, Thermo Fisher Scientific, Waltham, MA, USA) dissolved in anhydrous 
methanol was added to the chitosan solution after sonication. The reaction was kept in the dark at room temperature 
for 4 h. The rest of the procedure was the same as described previously. The FITC-labeled chitosan nanoparticles were 
precipitated by adding 0.5 M NaOH until the pH value was 10. The unreacted FITC was washed with deionized water 
and separated by centrifuging repeatedly until no fluorescence was detected in the supernatant.30

Hoechst 33342 (Sigma-Aldrich) was added to mouse oral squamous cell carcinoma (MOC2) cells (Kerafast, Inc., 
Boston, MA, USA), an aggressive growth phenotype derived from primary tumors in C57BL/6 mice, which were 
incubated at 37 °C for 15 min. Subsequently, MOC2 cells were washed twice with 0.1 M PBS, and 55 mg nanoparticles 
were added, followed by incubation for 2 h. The concentration of nanoparticles was 27.5 mg/mL. The cells were washed 
twice with 0.1 M PBS and then observed using a confocal laser scanning microscope (LSM780, Carl Zeiss, Oberkochen, 
Germany).

Cell Viability
MOC2 cells were cultured in 24-well culture plates (5×104 per well) for 24 h to allow cell attachment. Subsequently, 
cisplatin-encapsulated chitosan nanoparticles (0.68, 1.27, 2.34, 4.03, and 6.26 mg/mL) were added so that the wells 
contained cisplatin at concentrations of 2.4, 4.5, 8.3, 14.3, and 22.2 µg/mL and cultured for 1 d. The culture plates 
without added cisplatin-encapsulated chitosan nanoparticles served as controls. The survival rate was calculated using the 
following formula:

The cells were then incubated at 37 °C for 3 h with a mixture of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) solution: Dulbecco’s modified Eagle’s medium = 9:1. The medium was then aspirated and 0.5 mL of 
dimethyl sulfoxide was added. The optical density at 570 nm was measured using a microplate reader (ELx 800, Biotek, 
Winooski, VT, USA).

Preparation of Patches Containing Hydrogels and Chitosan Nanoparticles
To facilitate the application of chitosan nanoparticles, 1.358 g of N-isopropylacrylamide was dissolved in 20 mL of 
deionized water, and then 0.0264 g of ammonium persulfate was added and mixed until dissolved.31 Subsequently, 
chitosan nanoparticles containing approximately 195 μg of cisplatin (1.25 mg × 15.6% encapsulation efficiency) were 
mixed with 1 mL of hydrogel and then poured onto porous non-woven fabric facial mask paper with a diameter of 1.2 cm 
(Nikita, FPI Trade) to form a cisplatin patch. Finally, each patch was irradiated under 400 W UV light for 15 min using 
a UV curing machine (XL-UV, Guan Chun Machine, New Taipei City, Taiwan). Images of the synthesized patch after 
being dried at 50 °C for 30 min, immersed in deionized water for 30 min and then stored below 33 °C, and immersed in 
deionized water for 30 min and then stored above 33 °C, were captured using a digital camera (Olympus E-300, Olympus 
Imaging America Inc., New York, NY, USA) in combination with a 50-mm 1:2 macro lens as well as an automatic ring- 
light electronic flash illumination.

Swelling Analysis of Patches
Six patches were weighed using an analytical balance (HR-200, A&D Weighing, Co., Bradford, MA, USA) to an 
accuracy of 0.001 g after preparation and then immersed in distilled water (50 mL) at 37 °C for 30 min and 24 h. The 
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patches were weighed again and the water absorption (Wab) of the patches was calculated as a percentage using the 
following equation:

where M1 is the initial weight of the patch before immersion in water (after sample preparation) and M2 is the weight of 
the patch after immersion for 30 min and 24 h.

Ex vivo Permeation Across Mouse Skin
Three different electrochemical methods were used: CCCP, CCP, and DPV. In CCCP, the current was set at 0.5 mA or 1 
mA (Figure 1a) and operated for 30 min. The CCP group contained three subgroups, with the current of each CCP cycle 
being set at 1 mA for 0.5 s and 0 mA for 0.5 s (1800 cycles) (on:off = 0.5 s:0.5 s), 1 mA for 1 s and 0 mA for 1 s (900 
cycles, Figure 1b) (on:off = 1 s:1 s), and 1 mA for 2 s and 0 mA for 2 s (450 cycles) (on:off = 2 s:2 s). The total operation 
time was 30 min. The DPV group contained four subgroups (Table 2), and a representative graph of voltage versus time 
is shown in Figure 1c. In DPV, the initial potential increased gradually in steps with a fixed amplitude to reach the set 
upper limit potential, with a total operation time of 30 min.

A customized horizontal glass bath (Figure 1d) filled with PBS was placed on a heating plate for temperature control 
at 37 °C and two magnetic stir bars were placed on both sides of the chamber, stirring at 500 rpm. The bath was 
connected to a commercial potentiostat (SP150, Bio-Logic Science Instruments, Claix, France). The passive group 
received cisplatin patches without undergoing CCCP, CCP, or DPV. The back skin of C57BL/6 mice was collected for 
in vitro experiments. They were sacrificed and the hair on their backs was removed. The skin was separated from the 
underlying tissue using scissors and trimmed to approximately 0.6 mm in thickness. The thickness and resistance of the 
skin of each mouse were measured using an electronic vernier (CD-10CX, Mitutoyo Co., Ltd., Tokyo, Japan) and 
a commercial potentiostat, respectively. Each piece of mouse skin was then placed together with a cisplatin patch in the 
middle of the customized horizontal glass bath, with the middle of the frame secured using paraffin and insulating tape. 

Figure 1 Schematic diagrams of current variation with time in the (a) constant-current chronopotentiometry (CCCP, 1 mA) and (b) cyclic chronopotentiometry (CCP, 1 
mA, on:off = 1 s:1 s) groups, and of voltage variation with time in (c) the differential pulse voltammetry (DPV, 0–0.06 (V) group. (d) A customized horizontal glass bath was 
connected to a commercial potentiostat (SP150) for measuring cisplatin release.
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After the electrochemical experiment, 6 mL of PBS from the receptor chamber was analyzed to detect the cisplatin 
content.

In vivo Studies Using the Mouse Model
The design of the animal experiments (Figure 2) was modified from a previous study.31 The experiments included five 
groups (control, passive, CCCP, CCP, and DPV), each comprising eight mice, all of which were injected with MOC2 
cells. MOC2 cells have been used to produce tumors with low immunogenicity and high metastatic incidence.32 Mice 
that received no cisplatin patches or any electrochemical treatment served as controls. All other groups of mice received 
cisplatin patches. The passive group comprised mice that received cisplatin patches but did not receive any electro-
chemical treatment. The mice treated with CCCP at a current of 1 mA constituted the CCCP group (Figure 1a). The mice 
treated with CCP with the current of each cycle set at 1 mA for 1 s and 0 mA for 1 s (900 cycles, Figure 1b) constituted 
the CCP group. The mice in the DPV group were treated using DPV with the parameters shown in Table 2 (Ei 0 V to Ev 
0.06 V).

Six-week-old wild-type C57BL/6 mice were purchased from the National Laboratory Animal Center in Taiwan and 
raised in the Animal Center of National Taiwan University School of Medicine for 3–7 d to acclimate the mice to the 
environment. All animal experiments complied with ARRIVE guidelines and were conducted in accordance with the 

Table 2 Parameters of the Four DPV Subgroups

Ei Ev SH PH ST Pw Cycles

0 V 0.006 V 0.1 mV 0.2 mV 1800 ms 900 ms 16
0 V 0.06 V 0.9 mV 2.4 mV 1800 ms 900 ms 16

0 V 0.3 V 4.7 mV 11.8 mV 1800 ms 900 ms 16

0 V 0.6 V 9.5 mV 23.7 mV 1800 ms 900 ms 16

Abbreviation: DPV, differential pulse voltammetry.

Figure 2 Schedule of the animal experiment. (a) MOC2 cancer cells were injected into the oral mucosa of C57BL/6 mice. (b) A patch containing cisplatin-encapsulated 
chitosan nanoparticles was placed on the tumor. A positive electrode was placed inside the oral cavity and a negative electrode was placed on the outside of the cheek. The 
tumor and the patch were clamped together with a conducting clip. (c) Tumors were located and measured axially and longitudinally using ultrasound. (d) Mice were 
sacrificed, and tumors as well as lymph nodes were prepared for histologic examinations. 
Abbreviations: CCCP, constant-current chronopotentiometry; CCP, cyclic chronopotentiometry; DPV, differential pulse voltammetry.
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National Research Council’s Guide for the Care and Use of Laboratory Animals. The guidelines and protocols were 
approved by the Institutional Animal Care and Use Committee of National Taiwan University (IACUC- 20210234). 
MOC2 cells (30,000 cells/30 μL) were injected into the oral mucosa of each 7-week-old mouse under isoflurane gas 
anesthesia (Figure 2a) on what was designated as Day 0. A PB406 probe (Prospect T1, S-Sharp Corporation, New Taipei 
City, Taiwan) providing ultrasound radiation and a B-mode scan frequency of 33–50 MHz was used to track tumor size 
progression33 and measure tumor size (approximately 10–20 mm3) on Day 7. The body weight of mice during the 
experiment was measured to maintain the weight change of the mice within 20% of the original body weight to comply 
with animal welfare regulations.

All mice were treated at 2-day intervals from Days 8 to 13. Each mouse received three treatments, each lasting 
30 min. Tumor size was also measured using ultrasound after the second (Day 11) and third (Day 14) treatments. For the 
treatment, the mouse was anesthetized with Zoletil 50® and Rompun® and injected intraperitoneally. Vaseline was 
applied to the cheek of the mouse and a cisplatin patch was applied to the inside of the mouse’s cheek. The positive 
electrode (platinum) of the potentiostat was then placed inside the oral cavity and the negative electrode (platinum sheet) 
was placed on the outside of the cheek. The tumor and the patch were held together with a metal clamp (Figure 2b) 
before electrochemical treatment was performed. The long and short axes of the tumor were measured and the following 
equation was used to calculate the tumor volume34 (Figure 2c):

where a represents the length of the long axis, and b represents that of the short axis.
The tumors and neck lymph nodes were removed, immobilized in 10% formalin, embedded in paraffin, sectioned, and 

subjected to hematoxylin-eosin (H&E) staining and immunohistochemistry (IHC) staining (Figure 2d). To quantify the 
severity of tumor necrosis, it was stratified from 1 to 5: 1 = minimal (< 1%); 2 = mild (1–25%); 3 = moderate (26–50%); 
4 = moderate/severe (51–75%); 5 = severe/high (76–100%). The proportion (%) of Ki-67 positive (brown) cells in 500 
cells was calculated and statistically analyzed.35 The area of pan-CK positive (brown) was framed on the lymph node by 
image J, and the percentage (%) of the positive area to the total lymph node area was calculated and analyzed.36 To 
confirm the successful electrochemical diffusion of cisplatin into tumors, tumors (n = 4) were excised and analyzed for Pt 
content using inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7700 Series, Agilent Technologies).

Statistical Analysis
A one-way analysis of variance was performed using SPSS software (SPSS 22.0, IBM, Armonk, NY, USA) to analyze 
differences between values. The level of significance was 0.05 based on Tukey–Kramer multiple comparison tests.

Results and Discussion
The general properties of cisplatin-encapsulated chitosan nanoparticles were examined. The particle size distribution of 
four different nanoparticles with chitosan-to-TPP mass ratios of 5:1, 10:1, 15:1, and 20:1 is demonstrated in Figure 3a–d. 
All chitosan nanoparticles revealed two groups of particle size distributions with a smaller size less than 500 nm and 
a larger size greater than 1000 nm. The polydispersity index was 0.34 ± 0.02, 0.07 ± 0.04, 0.14 ± 0.09, and 0.28 ± 0.02, 
respectively (Figure 3e). The zeta potentials (mV) of four different nanoparticles with chitosan-to-TPP mass ratios of 5:1, 
10:1, 15:1, and 20:1 were 11.37 ± 0.29, 11.45 ± 0.57, 12.05 ± 0.58, and 11.57 ± 0.68, respectively (Figure 3f), indicating 
that the surface of the nanoparticles was positively charged. Their respective encapsulation efficiencies were 7.44 ± 
0.39%, 10.40 ± 0.58%, 15.60 ± 0.91%, and 7.28 ± 1.05% (Figure 3g). Because the encapsulation efficiency was highest 
when the mass ratio was 15:1, this mass ratio was used in the subsequent experiments. Figure 3h and i show the 
percentage and concentration (mg/mL), respectively, of cisplatin released from the nanoparticles in PBS solution at 37 
°C. During the first 24 h, 28.16% (0.011 mg/mL) of cisplatin was released. Subsequently, the release gradually slowed 
down until Day 35, when the release reached 100% (0.033 mg/mL). TEM examination revealed that the size of spherical 
discrete chitosan nanoparticles was smaller than 200 nm (Figure 3j), but aggregation was also noted (Figure 3k).

The positive charge on nanoparticle surfaces, as revealed by the zeta potential measurements, may have resulted from 
the protonation of D-glucosamine in the polymer structure.37 This positively charged surface adheres more readily to 
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mucosa and increases the potential for cellular uptake.38 The encapsulation efficiency correlated with the chitosan 
concentration until the mass ratio was 15:1; the higher the chitosan concentration, the higher the encapsulation efficiency. 
However, a higher chitosan concentration also increased the solution viscosity, which negatively affected encapsulation 
efficiency because of the restriction of uniform dispersion of cisplatin molecules around the chitosan molecular chains 
during nanoparticle formation in the viscous solution.39 Therefore, the encapsulation efficiency of cisplatin decreased 
when the mass ratio of chitosan to TPP was 20:1.

A quick release of cisplatin was noted during the first 24 h, although 100% release was achieved on Day 35 
(Figure 3h and i). This burst of cisplatin is a challenge for drug delivery and the mechanism is ascribed to swelling, 
dissolution, and partitioning of the nanocarrier.40 By contrast, diffusion and erosion are considered the predominant 
mechanism of sustained release. Synthesized chitosan nanoparticles are very reactive because of high surface energy, and 
aggregation reduces this surface energy.41 Therefore, the particle size distribution demonstrated non-aggregation and 
aggregation nanoparticles (Figure 3a–d, j and k).

Confocal laser scanning microscopy was used to examine MOC2 cells stained with Hoechst 33342 and incubated 
with FITC-labeled chitosan nanoparticles for 2 h. Figure 4a shows a fluorescence image of FITC-conjugated chitosan 
nanoparticles in green, and Figure 4b shows a bright-field image of the MOC2 cells. Figure 4c shows a fluorescence 
image of MOC2 cells in blue, and Figure 4d presents a merged image of Figure 4a–c. The FITC-labeled chitosan 
nanoparticles were located in the cytoplasm. Two main pathways have been noted for nanoparticle endocytosis, including 
phagocytosis and pinocytosis.38 After endocytosis, chitosan nanoparticles were transported from endosomes to lyso-
somes, where they were degraded by enzymes, followed by drug release. The results of this study suggested that FITC- 
labeled chitosan nanoparticles were delivered to the cytoplasm via endocytosis.

Figure 3 (a–d) Particle size distribution, (e) polydispersity index, (f) zeta potential, and (g) encapsulation efficiency of the chitosan nanoparticles prepared with four 
different chitosan-to-tripolyphosphate (TPP) mass ratios (5:1, 10:1, 15:1, 20:1). Two groups of particle size distributions were found for chitosan nanoparticles with a smaller 
size less than 500 nm and a larger size greater than 1000 nm. The zeta potential of the nanoparticles indicated that their surfaces were positively charged. The encapsulation 
efficiency was the highest when the mass ratio of chitosan to TPP was 15:1. The (h) percentage and (i) concentration (mg/mL) of cisplatin released from the nanoparticles 
prepared with the mass ratio of 15:1. Of the cisplatin, 28.16% (0.011 mg/mL) was released within the first 24 h, and progressively slower release continued until 100% 
(0.033 mg/mL) release was achieved on Day 35. (j) The nanoparticles prepared with the mass ratio of 15:1 were spherical with a size range of 100–200 nm and the size 
increased after aggregation (k).
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The results of the MTT assay revealed that as the cisplatin concentration increased, the survival rate of MOC2 cells 
decreased (Figure 5a). It was reduced to 81% when cisplatin at 2.4 µg/mL was added and was further reduced to 43% 
when cisplatin at 8.3 µg/mL was added.

Table 3 shows the thickness and electrical resistance of mouse skin. The average thickness of mouse skin ranged from 
0.588 to 0.685 mm, and the average resistance ranged from 5.604 to 7.494 Ω. Figure 5b shows the amount of cisplatin 
released in the receptor chamber of the glass bath when the patch coated with chitosan-encapsulated nanoparticles was in 
contact with mouse skin and placed between the two chambers (Figure 1d). The passive group with no electrical current 
applied exhibited the least release (0.28 μg/mL). In the CCCP group, the 1 mA current prominently increased cisplatin 
release compared with the 0.5 mA current (6.41 μg/mL vs 2.24 μg/mL). In the CCP group, the on:off = 1 s:1 s subgroup 
exhibited the highest cisplatin release (8.56 μg/mL), which was significantly higher than the CCCP (1 mA) group (***p < 

Figure 4 Endocytosis of fluorescein isothiocyanate (FITC)-labeled chitosan nanoparticles by MOC2 cells. (a) Fluorescence image of FITC-conjugated chitosan nanoparticles 
in green. (b) Bright-field image of MOC2 cells. (c) Fluorescence image of MOC2 cells in blue. (d) Merged image of (a–c).

Figure 5 (a) Effects of different cisplatin concentrations on MOC2 cell viability according to an MTT assay. The survival rate of MOC2 cells decreased with increasing 
cisplatin concentrations. (b) Cisplatin release in the receptor chamber of a customized horizontal glass bath. The highest release of cisplatin occurred in the DPV (0–0.06 (V) 
group. Significant differences are labeled as *** (p < 0.001). Images of a patch after being (c) dried at 50 °C for 30 min, (d) immersed in deionized water for 30 min then 
stored below 33 °C, and (e) immersed in deionized water for 30 min then stored above 33 °C. (f) The weight changes (%) of patches after immersion in distilled water for 
30 min and 24 h were 4.3 ± 1.4% and 45.5 ± 14.9%, respectively. 
Abbreviations: CCCP, constant-current chronopotentiometry; CCP, cyclic chronopotentiometry; DPV, differential pulse voltammetry.
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0.001). In the DPV group, the 0–0.06 V subgroup exhibited the highest cisplatin release (10.65 μg/mL), which was 
significantly higher than the CCP (1 mA, on:off = 1 s:1 s) subgroup (***p < 0.001).

Iontophoresis may lead to higher nanoparticle penetration,42 and a higher electrical current can improve iontophoresis 
efficiency, as shown in the CCCP group.43 The effect of iontophoresis is generally related to current density (mA/cm2). In 
this study, the patch was 1.2 cm in diameter and had a surface area of 1.13 cm2, which fit the oral cavity of the mice. The 
current density was 0.88 mA/cm2 (1 mA /1.13 cm2) for the CCCP experiments. A previous study demonstrated that 
a current density of 0.5 mA/cm2 for 24 h did not affect skin morphology and skin resistance returned to baseline levels 
after current interruption.44 Previous studies have mostly investigated the penetration of drugs through the skin, but did 
not include electrodes in contact with both mucosa and the cheek at the same time, as in this study. Other studies have 
used a transbuccal delivery device (IntelliDrug, 0.21 mA (2 mA/cm2), 10 min) to introduce alcohol withdrawal drugs into 
the cheeks of pigs and humans.45,46 The results showed that the drug delivery efficiency was 4–17 times higher compared 
with conventional oral administration, and no adverse effects were observed. Therefore, a current intensity of 2 mA/cm2 

for intraoral use is acceptable Moreover, the human body cannot feel a current with an intensity < 1 mA.47 Thus, 
a current intensity as high as 0.88 mA/cm2 was adopted in this study. Because CCCP (1 mA) produced higher cisplatin 
release than CCCP (0.5 mA), this subgroup was chosen in the animal study.

In this study, the CCP source signal was a square wave, which provided depolarization time to reduce skin 
impedance. The pulse waveform allowed the skin to depolarize and return to a primary state before the next pulse 
started.48 Therefore, electric charges did not accumulate in the surface layer, thereby improving the drug penetration 
efficiency. Another study also showed that pulsed current increased drug penetration and reduced patient discomfort and 
skin irritation.49 This study also supported the role of pulsed current, because the amount of cisplatin released was 
significantly higher in the CCP (1 mA, on:off = 1 s:1 s) subgroup than in the CCCP (1 mA) subgroup (Figure 5b).

Figure 5c shows the image of a patch dried at 50 °C for 30 min. The lower critical solution temperature of poly 
(N-isopropylacrylamide) is approximately 33 °C and the components are immiscible above this temperature.50 After 
being immersed in deionized water for 30 min and then stored below 33 °C, the patch swelled due to water absorption 
within the matrix (Figure 5d). By contrast, poly(N-isopropylacrylamide) shrank and became opaque after being 
immersed in deionized water for 30 min and then stored above 33 °C (Figure 5e). Swelling analysis revealed that the 
weight changes (%) of the patches after immersion in distilled water for 30 min and 24 h were 4.3 ± 1.4% and 45.5 ± 
14.9%, respectively (Figure 5f). The results indicated the water absorption property of the hydrogel contained in the 
patches. However, the patch was designed for use once and 30 min each time and 4.3% swelling may not cause visible 
volume changes.

Previous studies have developed a transungual system using constant voltage iontophoresis to effectively deliver 
efinaconazole to treat onychomycosis.51,52 In addition, an electric field generated by applying a voltage of 50–70 mV and 
a current of 3 mA was found to produce a drug delivery effect that maximized the percentage of dead cells.53 The highest 

Table 3 Thickness and Resistance of Mouse Skin

Groups Thickness (mm) Resistance (Ω)

Passive 0.615 ± 0.034 6.106 ± 0.051
CCCP (0.5 mA) 0.588 ± 0.066 5.907 ± 0.144

CCCP (1 mA) 0.595 ± 0.047 6.047 ± 0.044

CCP (1 mA, on:off = 0.5 s:0.5 s) 0.645 ± 0.035 5.604 ± 0.013
CCP (1 mA, on:off = 1 s:1 s) 0.655 ± 0.064 7.494 ± 0.081

CCP (1 mA, on:off = 2 s:2 s) 0.685 ± 0.078 6.563 ± 0.991

DPV (0–0.006 V) 0.645 ± 0.028 6.955 ± 0.025
DPV (0–0.06 V) 0.624 ± 0.035 6.276 ± 0.033

DPV (0–0.3 V) 0.63 ± 0.058 6.831 ± 0.069
DPV (0–0.6 V) 0.636 ± 0.028 6.731 ± 0.059

Abbreviations: CCCP, constant-current chronopotentiometry; CCP, cyclic chronopo-
tentiometry; DPV, differential pulse voltammetry.
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cisplatin release in the DPV group was not produced by the subgroup with the highest voltage (0–0.6 V) but from that 
with the lower voltage (0–0.06 V), indicating that a higher voltage does not necessarily lead to better drug delivery. The 
reason is that applying higher voltages can cause changes in the molecular structure of nanoparticles, thereby reducing 
drug penetration.54,55 Morphological changes in nanoparticles may further affect the efficiency of penetration through 
barriers such as skin or mucous membranes.56 Based on the results of electrochemical treatment to enhance the release of 
cisplatin through mouse skin, the CCCP (1 mA), CCP (1 mA, on:off = 1 s:1 s), and DPV (0–0.06V) subgroups were 
selected for animal experiments.

Figure 6a shows the ultrasound measurements of tumor size at different time points (Days 7, 11, and 14). Before 
treatment (Day 7), no significant difference was observed in tumor size among the groups. After the second treatment 
(Day 11), the tumor size of the control group (68.6 ± 8.3 mm3) was significantly larger than that of the CCP (1 mA, on: 
off = 1 s:1 s) group (21.5 ± 14.6 mm3) and the DPV (0–0.06 V) group (28.4 ± 11.8 mm3) (**p < 0.01). On Day 11, the 
tumor sizes in the passive group (55.3 ± 16.9 mm3) and the CCCP (1 mA) group (50.3 ± 21.5 mm3) were similar, with no 
significant difference. After the third treatment (Day 14), the tumor sizes in the control group (121.2 ± 22.0 mm3) and 
passive group (132.7 ± 32.0 mm3) were significantly larger than those in the CCP (1 mA, on:off = 1 s:1 s) group (57.9 ± 
17.0 mm3) and DPV (0–0.06 V) group (62.4 ± 24.0 mm3) (Figure 6a).

The tumor volume increment was determined by subtracting the previously measured size, as shown in Figure 6b. 
The tumor volume increments in the control group from Days 7 to 11 and from Days 11 to 14 were significantly higher 
than the corresponding increments in the CCP (1 mA, on:off = 1 s:1 s) group and DPV (0–0.06 V) group. The results 
showed that the CCP and DPV methods effectively inhibited tumor growth after the second treatment.

Contrary to the general expectation of rampant tumor growth in the control group, tumors in the passive and CCCP 
groups grew slightly faster than in the control group before and after the third treatment (Days 11 to 14), but the 
difference was not significant (Figure 6b). The reason for the slightly slower growth rate may be that the tumor size of the 
control group grew faster from Days 7 to 11 than in the other four groups. However, the limited space in the cheek may 
have slowed down the growth in tumor size, causing the increment of the tumor volume to decrease, as the tumor 
continued to grow and invade the neighboring tissues or organs. Tumor volume increments from Days 7 to 11 were 
generally smaller than those from Days 11 to 14. The reason was that two electrochemical treatments (on Days 8 and 10) 
were performed between Days 7 and 11, whereas only one treatment (on Day 12) was performed between Days 11 and 
14. This showed that the frequency of treatment influenced the growth rate of the tumor.

Axial and longitudinal ultrasound images of a tumor and the surrounding organs and bone are shown in Figure 7a and 
b, respectively.57 The mandible was located below the tumor, and a round black shadow on the right side represented the 
eye, with a lacrimal gland nearby. A dark shadow was clearly discernible near the tumor (Figure 7a), which was due to 

Figure 6 (a) Tumor volume (mm3) measured using ultrasound on Days 7, 11, and 14. (b) The tumor volume increment (mm3) was determined by subtracting the previously 
measured volume. Significant differences are labeled as * (p < 0.05) and ** (p < 0.01). 
Abbreviations: CCCP, constant-current chronopotentiometry; CCP, cyclic chronopotentiometry; DPV, differential pulse voltammetry.
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the upper bones (particularly those corresponding to the zygomatic bone) blocking ultrasound penetration. Longitudinal 
view images provided a clearer perspective than axial view images. Figure 7c shows the longitudinal images in each 
group and they present a clear boundary between the tumor and muscle, allowing the tumor parts to be clearly 
distinguished.

In comparison, distinguishing the tumor margin with the naked eye was difficult on Day 7 and, when the tumor size 
was small, using an electronic ruler for measurement might have underestimated the tumor size. When tumors grew too 
large and extended beyond the jawbone, the accuracy of ultrasound measurements was compromised. Therefore, the 
duration of the animal studies was limited to 14 days so that ultrasound could effectively measure tumor size.

A pilot study was conducted to determine appropriate treatment options and implement 3R (replacement, reduction, 
refinement) principles for mouse experiments. We observed that when cheek tumors grew to macroscopic levels 
(approximately 10–12 d), they influenced food intake, body weight, and vital signs in mice. To prevent excessive 
tumor growth from affecting the results, the experiment design included animal sacrifice on Day 17, with body weight 
loss within 20%. Vaseline was also regularly applied to wounds caused by scratches and bites. Figure 8 shows the body 
weight changes in mice from Days 8 to 17. Overall, weight loss occurred in all groups. However, no significant 
differences were observed at different time points within the same group. Furthermore, no significant differences were 
observed among groups at the same time point. The study complied with animal welfare regulations, and the weight of 
the mice did not decrease to < 20% of their original body weight during the experiment.

Histopathological examination of the xenograft tumors revealed significantly larger central necrotic areas (delineated 
by arrows) within the tumors of the control, passive, and CCCP (1 mA) groups than both the CCP (1 mA, on:off = 1 s:1 
s) and DPV (0–0.06 V) groups (Figure 9a and b). This indicated that the proliferation rate of tumor cells in the former 
three groups was much faster than that in the latter two groups, resulting in a more severe decoupling of the nutritional 
needs of active tumor cells from their vascular supply, resulting in more tumor necrosis. Moderate (Grade 3) necrosis was 
found in the control, passive, and CCCP (1 mA) groups. In comparison, the CCP (1 mA, on:off = 1 s:1 s) and DPV 
(0–0.06 V) groups exhibited a mild (Grade 2) degree of necrosis.

The growth of tumors relies on the peripheral blood vessels to provide nutrients, and the degree of tumor necrosis is 
related to tumor metastasis.58 Although the degree of necrosis in the control group was the same as that in the passive and 
CCCP (1 mA) groups, the necrosis area in the control group was larger than that in the other groups, indicating a higher 
degree of tumor cell infiltration. Conversely, the degree of tumor necrosis and lymph node infiltration in the CCP (1 mA, 

Figure 7 Ultrasound imaging of tumors. (a) Axial view (the yellow circle outlines the tumor). (b) Longitudinal view (the crossed arrows represent the tumor). (c) 
Longitudinal views of the control, passive, CCCP (1 mA), CCP (1 mA, on:off = 1 s:1 s), and DPV (0–0.06 (V) groups on Days 7, 11, and 14. 
Abbreviations: CCCP, constant-current chronopotentiometry; CCP, cyclic chronopotentiometry; DPV, differential pulse voltammetry.
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on:off = 1 s:1 s) group and the DPV (0–0.06 V) groups was less, indicating that the two methods more strongly inhibited 
tumor growth.

The proliferative index of tumors was quantified using IHC for Ki-67, a nuclear marker present in all active phases 
of the cell cycle (Figure 9c and d), and the percentage of Ki-67-positive (brown-stained) cells was calculated based on 
500 cell counts. Most positive Ki-67 labeling was located at the peripheral edge of the tumor and consisted of viable 
tumor cells. The proportion of tumor cells beginning cell division, in descending group order, was control (67.4 ± 
1.5%), passive (54.1 ± 0.6%), CCCP (1 mA) (43.4 ± 1.2%), CCP (1 mA, on:off = 1 s:1 s) (14.1 ± 2.1%), and DPV 
(0–0.06 V) (13.8 ± 1.3%). In addition, the proportions of the CCP (1 mA, on:off = 1 s:1 s) and DPV (0–0.06 V) 
groups were significantly lower than those of the control, passive, and CCCP (1 mA) groups (p < 0.001). However, no 
significant differences (p > 0.05) were found between the CCP (1 mA, on:off = 1 s:1 s) and DPV (0–0.06 V) groups 
(Figure 9g).

Ki-67 is closely related to cell proliferation, and the Ki-67 protein can be detected in both mitotic and interphase 
cells. Cisplatin mutates DNA and promotes tumor cell apoptosis. Previous studies have shown that well-differen-
tiated oral cancer has higher tumor differentiation (Ki-67 positivity) in the periphery area and lower tumor 
differentiation in the central area,59 which was supported by the findings shown in Figure 9c. In addition, Ki-67 
is a crucial indicator of treatment outcome and should be considered in decisions over future treatment modalities.60

Lymph node metastasis was analyzed using IHC staining of pan-cytokeratin. According to the tumor necrosis 
stratification system, the control group exhibited moderate (Grade 3) infiltration and the other four groups showed 
mild (Grade 2) infiltration (H&E and IHC staining of pan-cytokeratin, Figure 9e and f, respectively). Pan-cytokeratin- 
positive (brown) areas were selected using Image J and divided by the total lymph node area. The results showed that the 
tumor cell infiltration in the control group (33.5 ± 9.8%) was significantly higher than that in the CCP (1 mA, on:off = 1 
s:1 s) group (19.5 ± 6.3%) and the DPV (0–0.06 V) group (18.3 ± 6.5%) (p < 0.05) (Figure 9h).

Figure 8 Body weight of mice during the experiment. The weight change of the mice was maintained within 20% of the original body weight during the experiment. 
Abbreviations: CCCP, constant-current chronopotentiometry; CCP, cyclic chronopotentiometry; DPV, differential pulse voltammetry.
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Pan-cytokeratin is a keratin commonly found in epithelial cells and tumor cells but not in normal lymph 
nodes.61 Both H&E and IHC staining results revealed tumor cell infiltration in lymph nodes, but the CCP (1 mA, 
on:off = 1 s:1 s) group (19.5 ± 6.3%) and DPV (0–0.06 V) group exhibited smaller pan-cytokeratin positive area. 
Because IHC staining is specific for keratin and can identify tumor cells more clearly, the results indicated that 
the control group exhibited a higher degree of tumor malignancy and cell metastasis. The percentage of Ki-67- 
and Pan-CK-positive cells was significantly lower in the CCP (1 mA, on:off = 1 s:1 s) group (19.5 ± 6.3%) and 
the DPV (0–0.06 V) group. It indicated that the treatment outcomes of these two groups was superior to those of 
the other groups.

Because cisplatin is a coordination complex of platinum (Pt), ICP-MS was used to measure the Pt content in 
tumors. The control group contained no Pt (< 0.2 ppb) because of the lack of patch treatment (Figure 10). The Pt 
contents of the other four groups were 0.28 ± 0.12 ng/mg in the passive group, 0.58 ± 0.08 ng/mg in the CCCP (1 
mA) group, 0.91 ± 0.17 ng/mg in the CCP (1 mA, on:off = 1 s:1 s) group, and 1.17 ± 0.12 ng/mg in the DPV 
(0–0.06 V) group. The Pt content of the CCP and DPV groups was significantly higher than that of the CCCP and 
passive groups. However, no significant difference was found between the CCP (1 mA, on:off = 1 s:1 s) group and 
the DPV (0–0.06 V) group. The cisplatin content results were consistent with the tumor volume changes and 
histological findings, suggesting that cisplatin was effectively introduced into the tumors in the CCP (1 mA, on:off = 
1 s:1 s) group and the DPV (0–0.06 V) group.

Conclusion
This study successfully used the positively charged properties of chitosan nanoparticles and iontophoresis to enhance the 
entry of cisplatin into cancerous tissues. In this animal study, chitosan nanoparticles were mixed with a temperature- 
sensitive hydrogel and porous non-woven fabric mask paper to form patches for easier manipulation and use in different 

Figure 9 Tumor histology observed at (a) 4× and (b) 40× magnification using H&E staining. Arrows indicate the central region displaying signs of cell death, characterized by 
cytoplasmic staining after cell rupture. The black dashed lines indicated by arrows delineate the boundaries between tumor cells and areas of cell death. IHC staining of Ki-67 
in brown color at (c) 10× and (d) 40× magnification. (e) H&E staining (4×) and (f) IHC staining (4×) of lymph node pan-cytokeratin. The lymph nodes were infiltrated by 
tumor cells and the original cell structure was damaged. (g) Percentage of Ki-67-positive cells/total cells. (h) Percentage of pan-cytokeratin-positive area/total area. Significant 
differences are labeled as * (p < 0.05) and *** (p < 0.001). 
Abbreviations: CCCP, constant-current chronopotentiometry; CCP, cyclic chronopotentiometry; DPV, differential pulse voltammetry; H&E, hematoxylin-eosin; IHC, 
immunohistochemistry.
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electrochemical methods. Mouse experiments showed that CCP (1 mA, on:off = 1 s:1 s) and DPV (0–0.06 V) groups 
effectively enhanced the release of cisplatin into tumors and exhibited the optimal tumor inhibitory effect. Although the 
application of iontophoresis to accelerate the delivery of cisplatin/chitosan nanoparticles in oral cancer treatment yields 
promising outcomes, future clinical studies are required to prove the efficacy of CCP and DPV methods combined with 
surgery for oral cancer treatment.
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