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Abstract

Background/Objectives: The critical role of oral hygiene in overall health has driven efforts
to improve oral hygiene practices. Novel devices employing electric-based technologies
have emerged as powerful allies to conventional mechanical approaches for plaque control.
NeoPill is a novel electric oral hygiene device designed to assist individuals with fixed
orthodontic appliances in maintaining oral hygiene efficiently. The device utilizes direct
current (DC) to facilitate bacterial removal from tooth surfaces and gingival tissues. Al-
though the antimicrobial effects of electric-based devices, including NeoPill, are recognized,
evidence concerning their impact on salivary biochemical parameters is scarce, especially in
relation to oxidative stress. This pilot study aimed to evaluate the effects of NeoPill-derived
DC on the redox status of saliva samples obtained from smokers. Methods: Saliva samples
were analyzed after a 30-s exposure to NeoPill-derived DC and compared with untreated
samples. Salivary pH, buffering capacity, and total protein concentration were measured,
along with key salivary biomarkers of oxidative stress and antioxidant capacity. Results:
The applied treatment did not significantly affect salivary pH, buffering capacity, or total
protein content. Furthermore, NeoPill-derived DC treatment did not induce reactive oxy-
gen species production or lipid peroxidation. No changes were observed in reducing power,
glutathione-dependent defense, or the activities of antioxidant enzymes, including catalase
and superoxide dismutase. Conclusions: These findings suggest that NeoPill-derived DC
does not alter the redox status of smokers’ saliva under the applied conditions. However, it
should be noted that this is a preliminary study with a small sample size, which represents
a key limitation.

Keywords: novel oral hygiene device; saliva; redox status; oxidative stress; antioxidant
defense; oxido-redox balance; electric device; direct current; NeoPill

1. Introduction
Oral diseases rank among the most prevalent noncommunicable diseases worldwide

and have a major impact on quality of life and general health. According to the World
Health Organization, oral diseases affect around 3.5 billion people [1]. The accumulation
of dental plaque on teeth triggers gingivitis, which may progress to chronic periodontitis
and ultimately lead to the destruction of tooth-supporting structures and further com-
plications [2]. Advancements in plaque control and oral hygiene practices in general are
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crucial for the more effective prevention and management of periodontal diseases and for
maintaining optimal oral health. Daily tooth brushing is the first line of defense against the
formation of dental plaque and cariogenic or periodontopathogenic biofilm [3]. However,
mechanical brushing alone is insufficient to eliminate bacteria in anatomically inaccessible
sites, including gingival pockets, interproximal spaces, and fissures, particularly in patients
with fixed orthodontic appliances [4].

Both bacteria and tooth enamel typically carry a negative charge. However, salivary
pellicles—a thin, protein-rich film that develops on tooth surfaces—contribute to the equal-
ization of dental surface charges; they reduce the strong negative charge of enamel and
create a more balanced environment for microbial adhesion [5]. Oral bacteria adhere to
salivary pellicles through physicochemical interactions, including electrostatic forces [6,7].
Given the limitations of conventional mechanical approaches, novel oral hygiene technolo-
gies are increasingly exploiting the physicochemical mechanisms of bacterial adhesion to
dental surfaces to enhance cleaning efficiency. Electric toothbrush technology has emerged
as a promising solution for plaque removal. Besides mechanical brushing, electric tooth-
brushes involve an electrolytic effect on saliva, which changes the polarity of the tooth
surface, promotes plaque removal, and reduces bacterial adhesion [8,9]. Rodrigues et al.
(2024) summarized that direct application of electric current to dental implants can destabi-
lize bacterial biofilms, offering a promising approach to treat peri-implant diseases [10].
The antimicrobial effect of electric current has also been demonstrated in in vitro studies.
A 10-min exposure of saliva-derived bacteria resuspended in phosphate-buffered saline
to low direct current (DC) (0.5 and 1 mA) has been shown to reduce the abundance of
all identified bacterial species, demonstrating a strong antimicrobial effect [11]. In line
with these findings, another in vitro study reported antimicrobial effects following a 1-h
exposure to low DC (7–28 µA/cm2) against Streptococcus mutans and Staphylococcus aureus,
key pathogens associated with dental caries [12]. Moreover, in vitro studies have demon-
strated that low DC effectively reduces the viability of oral bacteria such as Porphyromonas
gingivalis, as well as the viability of its biofilm. These effects have been linked to oxidative
stress mechanisms, including increased intracellular reactive oxygen species (ROS) and
upregulation of genes encoding antioxidant defense proteins, such as superoxide dismutase
(SOD) [13].

Innovations in oral hygiene are particularly valuable for individuals with fixed or-
thodontic appliances, which hinder routine oral hygiene practices and promote bacterial re-
tention, leading to increased plaque accumulation and gingival inflammation [14]. NeoPill,
a novel oral hygiene device, is the first dental device using an electric field to eliminate bac-
teria in hard-to-reach areas around teeth and braces. It is specially designed to support oral
hygiene in individuals with fixed orthodontic appliances, which require continuous and
time-consuming care. The NeoPill generates a low DC and establishes a mild electric field
between the orthodontic wires. Within this electric field, negatively charged bacterial cells
that are weakly attached to tooth surfaces and gums through physicochemical interactions,
including electrostatic forces, become destabilized and detached from these surfaces [7].
Once released, they migrate toward the positively charged electrode (the orthodontic wire),
becoming suspended in the saliva, where they can be easily removed by rinsing the mouth.
In addition, the small electric current may also induce mild electrochemical reactions in
the saliva (electrolytic activity), which may further contribute to the overall cleansing
process. After approximately 30 s of electrochemical treatment with NeoPill, a simple rinse
with water is sufficient to remove the loosened particles from the oral cavity. A recent
in vitro study has shown that the NeoPill device was successful in reducing the number
of Streptococcus mutans ATCC 25175, a Gram-positive bacterium primarily associated with
dental caries, and Candida albicans [15], evidencing its antimicrobial effect.
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The use of electric current in dental procedures is expanding, and its beneficial effects
appear promising; however, studies assessing its safety remain scarce. Although experi-
mental evidence implies beneficial effects of low DC and electric devices regarding plaque
control [8,9,15,16], oral bacteria and their biofilm viability [10–13], studies regarding their
effects on the biochemical properties of saliva are lacking. Considering that the electric
field and the generation of additional electrons and ions during electrolysis may induce
oxidative stress [17,18], examining the effects of electric-based devices on salivary redox
status is of particular importance. In this study, we investigated the effects of NeoPill-
derived DC on salivary oxidative stress and antioxidant defense, with the aim of evaluating
the device’s impact on salivary redox status following acute application under ex vivo
conditions. To simulate conditions of increased susceptibility to oxidative stress, saliva
samples from smokers were employed, given that smoking impairs salivary redox balance
by reducing antioxidant capacity [19] and promoting ROS generation [20] in comparison
with non-smokers. This pilot study aimed to investigate the acute ex vivo effects of the
NeoPill device on salivary biochemical parameters and redox status. Specifically, the study
sought to assess changes in salivary pH and buffering capacity, determine alterations in
total protein concentration, evaluate oxidative stress induction through ROS and malondi-
aldehyde (MDA), and examine antioxidant defense mechanisms by measuring reducing
power, glutathione (GSH)-dependent pathways, and the activities of antioxidant enzymes,
including catalase (CAT) and superoxide dismutase (SOD).

2. Materials and Methods
2.1. NeoPill Device—Ex Vivo Treatment

NeoPill (CEO Neofunction d.o.o., Belgrade, Serbia) is a compact, pill-shaped intraoral
device containing embedded electrodes and a miniature power source that generates
low-intensity DC during application. During use, the capsule-like component comes into
contact with both the upper and lower arches of fixed orthodontic appliances, thereby
establishing a closed electrical circuit through saliva, which acts as a conductive medium.
The device contains a small integrated battery (two 1.5 V cells providing a total voltage of
3 V) that generates a low DC and establishes a mild electric field between the orthodontic
wires. Because this study analyzed the effects of NeoPill-derived DC on salivary redox
status following ex vivo treatment, certain modifications of the device were implemented
(Figure 1).

Figure 1. Experimental setup illustrating ex vivo application of the NeoPill device.

The electrodes of the NeoPill device were connected using conductive wires with
alligator clips. An ammeter was inserted in series within the circuit to measure the electri-
cal current flowing through the system. The terminal clips were attached to segments of
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titanium-based orthodontic archwire, which were immersed in saliva samples collected
from smokers. All samples were treated under the same conditions, including electrodes,
sample volume (3 mL), treatment duration (30 s), and electrode configuration. The elec-
trodes were placed facing each other, as illustrated in Figure 1, with an inter-electrode
distance of 1 cm. This setup enabled simulation of the interaction between the device,
metallic orthodontic elements, and the saliva medium. The electric current passing through
the system was continuously monitored individually for each sample using the ammeter,
with recorded values ranging between 300 and 500 µA across all samples.

2.2. Study Participants

The study was approved by the Ethics Committee of the Vinča Institute of Nuclear
Sciences—National Institute of the Republic of Serbia, University of Belgrade (approval
No. 25-DMSO-017387/3) and conducted in accordance with the Declaration of Helsinki.
Saliva samples were collected from volunteers who met the inclusion criteria (adults of
both sexes, <60 years of age, smokers of ≥20 cigarettes/day for at least one year). Exclusion
criteria comprised individuals with acute or chronic diseases, or those undergoing any
short- or long-term therapy with potential effects on saliva composition. Each participant
filled out a questionnaire concerning their medical condition, medication, and smoking
habits. Seven out of twelve participants met the study criteria (Table 1). All participants
gave their informed consent for inclusion in the study before sampling.

Table 1. Demographic characteristics of study participants.

Participant Demographics Value

Number of participants in the study 7

Average age (mean ± SD) 46.4 ± 10.5

Percentage of male participants 42.8%

Percentage of female participants 57.2%

Average age of male participants (mean ± SD) 39.7 ± 12.7

Average age of female participants (mean ± SD) 52.0 ± 5.0

2.3. Saliva Sampling and NeoPill-Derived DC Treatment

Saliva samples (6 mL per participant) were collected via passive drooling technique.
All samples were collected from 9:00 am to 10:00 am to minimize circadian effect. Study
participants were instructed to refrain from consuming food, beverages, tobacco, and
oral hygiene products (toothpaste, mouthwash, gum, etc.) for two hours prior to sample
collection. Samples were immediately placed on ice and processed within one hour. Each
sample was divided into two aliquots of 3 mL each: (1) untreated control sample (Control)
and (2) sample subjected to NeoPill-derived DC for 30 s (NeoPill). The treatment duration
was determined according to the manufacturer’s recommendation for use in individuals
with fixed orthodontic appliances. NeoPill-derived DC was applied to the samples using
two small electrodes (Figure 1). After collection and treatment, all samples were centrifuged
at 3000× g (Sigma Ultracentrifuge 1-14K, Osterode am Harz, Germany) for 10 min at 4 ◦C,
snap-frozen in liquid nitrogen, and stored at −20 ◦C until further analysis.

2.4. Measurement of pH and Buffering Capacity

Buffering capacity is a quantitative measure of the resistance of a sample to pH change
upon addition of a strong acid or strong base [21]. A Selecta PH-2005 digital pH meter
equipped with an HI1093 electrode (HANNA Instruments, Woonsocket, RI, USA) was
used to measure pH and determine the buffering capacity of saliva samples. The pH meter
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had an accuracy of ±0.01 pH units and was calibrated using a three-point calibration at
pH 4, 7, and 10. Buffering capacity is defined as the number of moles of a strong acid or
strong base that have to be added to 1 L of a buffer to cause its pH to change by 1 unit.
Acid titration was performed for salivary buffering capacity measurement [22]. Aliquots
of 600 µL of saliva samples were placed in 1.5 mL tubes, and 50 µL of 0.1 M HCl (Zorka
Pharma, Šabac, Serbia) was added in steps of 10 µL. pH was measured and recorded at
each additional step.

The buffering capacity was quantified using the following formula:

β =
n

∆pH

• β—buffering capacity;
• n—the number of moles of HCl (added to the sample) per liter of the sample;
• ∆pH—difference between the initial pH of the sample and the pH of the sample after

the HCl addition.

2.5. Measurement of Total Protein Content

Total protein content was measured according to the Lowry method [23]. A standard
curve was prepared using known concentrations of bovine serum albumin in the range
of 0.2–1.0 mg mL−1. The protein concentrations in saliva samples were then determined
by comparing their absorbance values at 650 nm (photometric filter PerkinElmer 1420-
028, Waltham, MA, USA) with the standard curve. The test was performed in a 96-well
plate using 15 µL of the sample. Absorbance was measured using the spectrophotometer
WALLAC Victor2 1420 Multilabel Counter (London, UK).

2.6. Measurement of Oxidative Stress Biomarkers
2.6.1. ROS Measurement—DCFH-DA Assay

ROS in saliva samples (100 µL) were measured using the DCFH-DA assay, a
fluorescence-based method, as previously described [24]. Upon oxidation by ROS, 2′,7′–
dichlorodihydrofluorescein diacetate (DCFH-DA) is converted to 2′,7′–dichlorofluorescein
(DCF), a highly fluorescent compound. The fluorescence intensity of DCF, proportional
to the amount of ROS present, was measured at an excitation wavelength of 485 nm
(PerkinElmer filter module 1420-040) and an emission wavelength of 530 nm (PerkinElmer
filter module 1420-041) using a spectrophotometer WALLAC Victor2 1420 Multilabel
Counter (London, UK). ROS levels were expressed as relative fluorescence units (RFU) per
mg of protein in the saliva sample.

2.6.2. Lipid Peroxidation Measurement

Lipid peroxidation in saliva samples was determined by measuring the concentration
of its main product, MDA, using the TBARS assay [25]. Saliva samples (50 µL) were mixed
with thiobarbituric acid (TBA) and trichloroacetic acid and heated at 95 ◦C for 60 min.
During heating, MDA reacts with TBA to form a pink-colored MDA–TBA adduct. After
cooling, the adduct was extracted with butanol, and absorbance was measured at 550 nm
(photometric filter PerkinElmer 1420-022) using the spectrophotometer WALLAC Victor2

1420 Multilabel Counter (London, UK). The standard curve for MDA was constructed using
1,1,3,3–tetramethoxypropane as the standard reagent, with concentrations ranging from 1
to 20 µM. Results are expressed as nmol of MDA per mg of protein in the saliva sample.
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2.7. Measurement of Antioxidant Biomarkers
2.7.1. Ferric Reducing Antioxidant Power (FRAP) Assay

The FRAP assay was performed according to the method described by Benzie and
Strain [26] using 40 µL of the saliva sample. FRAP is based on the reduction of the ferric-
tripyridyltriazine (Fe3+–TPTZ) complex to its ferrous (Fe2+) form under acidic conditions.
This reduction occurs in the presence of antioxidants, which donate electrons to the ferric
complex. The resulting Fe2+–TPTZ complex, which forms an intense blue color, was
measured spectrophotometrically at 593 nm (S-30 Spectrophotometer, BOECO, Hamburg,
Germany). The increase in absorbance was directly proportional to the total reducing power
of the antioxidants present in the sample. The reducing capacity of the saliva samples is
expressed in µmol of Trolox equivalents per mg of protein in the saliva samples.

2.7.2. Measurement of GSH Level

The GSH levels in saliva samples (25 µL) were measured using Ellman’s method [27].
In the reaction of thiols with the chromogenic DTNB (5,5-dithiobis-2-nitrobenzoate), the
yellow dianion of 5-thio-2-nitrobenzoic acid (TNB) was formed. Absorbance was measured
at 405 nm (photometric filter PerkinElmer 1420-018) with a WALLAC Victor2 1420 Multil-
abel Counter (London, UK). Quantification was performed using GSH standard solutions
(50–500 µM). The final results were expressed as nmol mg−1 of protein in saliva samples.

2.7.3. Measurement of Glutathione Reductase (GR) Activity

GR activity was measured spectrophotometrically by monitoring the oxidation of
nicotinamide adenine dinucleotide phosphate (NADPH) at a wavelength of 340 nm, fol-
lowing the procedures described by Halliwell and Foyer [28]. The amount of saliva sample
used for the test was 15 µL. Absorbance was recorded every 30 s over a 300-second pe-
riod using the S-30 spectrophotometer (BOECO, Germany). The decrease in absorbance
over time is directly proportional to the enzyme activity. The activity of the enzyme was
calculated using the following formula:

Activity (U mL−1) =
(∆A/min × Vtotal)

e × l × Vsample

e—extinction coefficient of NADPH (6.22 mM−1cm−1);
l—the path length (1 cm).
The activity of GR (U mL−1) was divided by the concentration of protein (mg mL−1)

in the saliva sample and finally expressed in terms of mU per mg of protein, where U
represents the enzyme content that catalyzes the oxidation of 1 µmol of NADPH per minute.

2.7.4. Measurement of CAT Activity

The activity of CAT was measured by monitoring the decrease in H2O2 concentration
over time, according to the method of Claiborne [29]. This decrease was recorded spec-
trophotometrically using the S-30 Spectrophotometer (BOECO, Germany). Absorbance
at 240 nm was recorded at 30-second intervals for a total duration of 300 s. A decrease in
absorbance is proportional to the enzyme activity in the saliva sample. The amount of saliva
sample used for the test was 20 µL. The activity of the enzyme was calculated using the same
formula as for GR activity, with the extinction coefficient of H2O2 (0.0436 mM−1cm−1).

CAT activity was expressed in terms of U per mg of protein in saliva samples, where
U represents the enzyme content that catalyzes the decomposition of 1 µmol of H2O2

per minute.
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2.7.5. Measurement of SOD Activity

SOD activity was determined in saliva samples (10 µL) using the modified Marklund
method, based on the inhibition of pyrogallol auto-oxidation [30]. The assay was performed
in Tris buffer (50 mM, pH 8.2) containing 1 mM diethylenetriaminepentaacetic acid (DTPA).
Pyrogallol (100 mM) was freshly prepared before use and dissolved in 10 mM HCl. The
rate of pyrogallol oxidation was monitored by measuring absorbance every 30 s over a
300-second period using the S-30 spectrophotometer (BOECO, Germany) at 325 nm. SOD
activity was calculated from the percentage of inhibition of pyrogallol auto-oxidation and
expressed as U mg−1 protein.

2.8. The Oxidant-to-Antioxidant Balance
2.8.1. Total Oxidant Status (TOS)

The TOS assay is a colorimetric method used to determine the overall level of oxidants
present in a biological sample. It measures the total concentration of oxidizing molecules,
including free radicals, peroxides, and other reactive oxygen and nitrogen species. TOS was
measured using a colorimetric reaction based on the oxidation of ferrous ion (Fe2+) to ferric
ion (Fe3+) by oxidants in saliva under acidic conditions [31]. Fe3+ binds to xylenol orange
and produces a colored complex. The intensity of the color is directly proportional to the
total oxidant concentration. The test was performed in a 96-well plate using 35 µL of saliva
sample. Absorbance was measured with the spectrophotometer WALLAC Victor2 1420
Multilabel Counter, LKB (London, UK) at 550 nm (photometric filter PerkinElmer 1420-022).
TOS was calculated based on the calibration curve constructed using H2O2 (range 1–10 µM)
and expressed in nanomoles of H2O2 equivalents per mg of protein in the saliva sample.
The TOS assay provides a reliable estimate of the oxidative stress in biological systems
when combined with total antioxidant capacity measurements.

2.8.2. Total Antioxidant Capacity (TAC)

The TAC assay measures the cumulative ability of all antioxidants present in a sam-
ple to neutralize reactive species. The TAC assay was performed using a colorimetric
method based on the colored cation 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS•+) [32]. Reduced ABTS is oxidized to ABTS•+ by H2O2 in an acidic medium (30 mM
acetate buffer, pH 3.6). In acetate buffer, the concentrated (dark green) ABTS•+ remains
stable for a longer period. When diluted with a more concentrated acetate buffer at higher
pH values (0.4 M acetate buffer, pH 5.8), the color fades spontaneously and slowly. An-
tioxidants present in the sample accelerate the loss of color to a level proportional to their
concentration. This reaction was monitored spectrophotometrically at 650 nm (photometric
filter PerkinElmer 1420-028, WALLAC Victor2 1420 Multilabel Counter, London, UK). The
amount of saliva sample used for the test was 25 µL. The test results are expressed in µmol
of Trolox equivalents per mg of protein in the saliva samples.

2.8.3. Calculation of Oxidative Stress Index (OSI)

The OSI is a crucial indicator used to measure the extent of oxidative stress [33]. It is
calculated by determining the ratio of TOS to TAC using the following formula:

OSI(%) =
TOS
TAC

× 100

2.9. Data Analysis

All samples were analyzed in triplicate. Final values for each group represent the mean
value of all biological replicates (n = 6–7). Statistical analysis was performed using Statistica
10. Differences between the Control and NeoPill groups were assessed by independent
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t-test (by groups), with p < 0.05 considered statistically significant. Confidence intervals
(CIs) were calculated using Statistica 10, while effect size (Cohen’s d) was calculated using
StatsKingdom [34], an online statistical calculator launched November 2017. Results were
presented as mean ± standard error of the mean.

3. Results
Salivary physicochemical parameters, including pH, buffering capacity, and total

protein content, were assessed to characterize the overall biochemical profile of smokers’
saliva following acute NeoPill-derived DC exposure.

3.1. pH and Buffering Capacity

NeoPill-derived DC did not significantly affect pH (p = 0.994, Cohen’s d = 0, 95% CI
[−0.511, 0.515]) or buffering capacity (p = 0.771, Cohen’s d = 0.210, 95% CI [−0.794, 0.562])
of saliva samples (Table 2).

Table 2. pH and buffering capacity of saliva samples.

Control NeoPill

pH 7.62 ± 0.18 7.62 ± 0.15

Buffering capacity (mmol HCl L−1) 2.86 ± 0.19 2.97 ± 0.24

3.2. Total Protein Content

NeoPill-derived DC did not induce statistically significant changes in total salivary
protein content (p = 0.493, Cohen’s d = 0.347, 95% CI [−0.508, 0.259]) (Figure 2).

Figure 2. Total protein content in saliva samples before (Control) and after the treatment with
NeoPill-derived DC (NeoPill).

3.3. Oxidative Stress Biomarkers

To evaluate oxidative stress biomarkers in smokers’ saliva following acute 30-s treat-
ment with NeoPill-derived DC, ROS levels and lipid peroxidation were assessed. The
results have shown that NeoPill-derived DC did not significantly alter salivary ROS levels
(p = 0.811, Cohen’s d = 0.142, 95% CI [−20.748 × 103, 25.895 × 103]) (Figure 3A). Like-
wise, no statistically significant difference was observed in MDA concentrations before
and after treatment (p = 0.903, Cohen’s d = 0.064, 95% CI [−0.949, 0.846]) (Figure 3B).
These findings suggest that ex vivo application of the NeoPill device does not induce
oxidative stress in smokers’ saliva following acute short-term exposure, as assessed by the
measured biomarkers.
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Figure 3. Biomarkers of oxidative stress: (A) total concentration of reactive oxygen species; (B) con-
centration of malondialdehyde (MDA) in saliva samples before (Control) and after the treatment with
NeoPill-derived DC (NeoPill). RFU—relative fluorescence units.

3.4. Antioxidant Biomarkers

To evaluate antioxidative defense activity in saliva following acute ex vivo exposure
to NeoPill-derived DC, reducing antioxidant power, GSH-dependent defense, and the
activities of the antioxidant enzymes CAT and SOD were assessed.

3.4.1. FRAP Assay

The reducing antioxidant capacity of saliva samples was not significantly altered
following treatment with NeoPill-derived DC (p = 0.256, Cohen’s d = 0.610, 95% CI
[−0.078, 0.266]) (Figure 4).

Figure 4. Reducing antioxidant capacity of saliva samples before (Control) and after the treatment
with NeoPill-derived DC (NeoPill). TE—Trolox equivalents.

3.4.2. GSH Antioxidant Defense

NeoPill-derived DC did not significantly affect salivary GSH concentrations (p = 0.746,
Cohen’s d = 0.177, 95% CI [−41.895, 30.828]) (Figure 5A) or GR activity (p = 0.542,
Cohen’s d = 0.365, 95% CI [−5.992, 11.554]) (Figure 5B) in saliva samples. These find-
ings indicate that ex vivo exposure to the NeoPill device did not alter GSH-dependent
defense in smokers’ saliva.
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Figure 5. Glutathione antioxidant defense: (A) concentration of reduced glutathione (GSH); (B) ac-
tivity of glutathione reductase (GR) in saliva samples before (Control) and after the treatment with
NeoPill-derived DC (NeoPill).

3.4.3. Antioxidant Enzymes

Treatment with NeoPill-derived DC did not significantly affect the activities of CAT
(p = 0.865, Cohen’s d = 0.092, 95% CI [−1.257, 1.073]) or SOD (p = 0.644, Cohen’s d = 0.344,
95% CI [−16.990, 31.252]) in saliva (Figure 6).

Figure 6. Antioxidant enzymes: (A) activity of catalase (CAT); (B) activity of superoxide dismutase
(SOD) in saliva samples before (Control) and after the treatment with NeoPill-derived DC (NeoPill).

3.5. The Oxidant-to-Antioxidant Balance

Oxidative stress in smokers’ saliva following NeoPill-derived DC exposure was fur-
ther evaluated by calculating the oxidant-to-antioxidant balance, expressed as the OSI
(TOS/TAC ratio). NeoPill-derived DC did not significantly affect TOS (p = 0.775, Cohen’s
d = 0.157, 95% CI [−0.454, 0.347]) (Figure 7A), TAC (p = 0.375, Cohen’s d = 0.477, 95% CI
[−0.055, 0.136]) (Figure 7B), or OSI (p = 0.511, Cohen’s d = 0.448, 95% CI [−0.068, 0.036])
(Figure 7C) in saliva samples.
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Figure 7. The oxidant-to-antioxidant balance: (A) total oxidant status (TOS); (B) total antioxidant
capacity (TAC); and (C) oxidative stress index (OSI) of saliva samples before (Control) and after the
treatment with NeoPill-derived DC (NeoPill). TE—Trolox equivalents.

4. Discussion
This study aimed to evaluate the impact of acute 30-s exposure of smokers’ saliva to

NeoPill-derived DC by analyzing salivary physicochemical properties, oxidative stress
biomarkers and antioxidative defense activity. Salivary physicochemical parameters in-
cluding pH, buffering capacity, and total protein content remained unchanged following
exposure to NeoPill-derived DC. The natural pH of resting saliva is neutral, ranging be-
tween 5.6 and 7.6 in healthy individuals [35]. Since smoking has been associated with
reduced salivary pH [36,37], the values observed in both groups were higher than ex-
pected. The relatively high pH values may be attributed to the mild centrifugation applied
in this study [22]. The increase in pH could result from the loss of CO2 dissolved in
saliva during centrifugation, leading to re-equilibration and a reduction in carbonic acid
concentration [38]. Importantly, both Control and NeoPill samples underwent the same cen-
trifugation procedure, ensuring valid group comparisons. Although pH values were higher
than anticipated, exposure to NeoPill-derived DC did not affect salivary pH. Buffering ca-
pacity, a key factor in oral health and caries risk [39], also remained unchanged, suggesting
that NeoPill-derived DC does not adversely affect the biochemical properties of smokers’
saliva under the applied experimental conditions. In line with these findings, total protein
content was likewise unaffected by NeoPill-derived DC exposure, with concentrations
comparable to those reported previously [40].

DCFH-DA and lipid peroxidation assays were employed to determine whether acute
30-s exposure to NeoPill-derived DC could induce oxidative stress in smokers’ saliva.
Previous studies have demonstrated that low DC reduces oral bacteria viability through
increased ROS production [13], yet its effects on salivary redox status remain underexplored.
To the best of our knowledge, this is the first study to examine the impact of DC on salivary
redox balance. While low DC has been associated with inhibition of biofilm formation and
disruption of preformed biofilms in parallel with ROS generation in bacterial systems [13],
our findings indicate that such effects may not translate into oxidative imbalance in salivary
matrices. Unlike bacterial systems, where localized ROS production can directly impair cell
viability, the complex composition of saliva may buffer these effects and prevent measurable
oxidative imbalance. Notably, although the applied DC intensities in the study of Zou
et al. [13] and in our study were comparable (100–1000 µA vs. 300–500 µA, respectively),
the treatment durations differed substantially (24 h and 72 h vs. 30 s). The antimicrobial
activity of DC has been attributed to several mechanisms, including electrolysis-induced
toxic substances (e.g., H2O2, oxidizing radicals), oxidation of enzymes and coenzymes,
leading to bacterial component degradation, and membrane damage, causing leakage of
cytoplasmic constituents and/or a reduced bacterial respiratory rate [41]. In our study, no
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increase in ROS production or elevated MDA levels were detected, indicating that salivary
lipids were not subjected to oxidative degradation under the applied conditions. Therefore,
the NeoPill-induced reductions in bacterial viability previously reported [15] may instead
reflect localized redox reactions triggered by low DC or be explained by electrochemical
and bioelectrical mechanisms. These include changes in tooth surface polarity that facilitate
biofilm destabilization, plaque removal, and reduced bacterial adhesion [8,9]. Galvanotaxy,
defined as the movement of particles toward the cathode or anode under the influence of
an electric field, has also been implicated in the antimicrobial activity of DC [42] and may,
at least in part, contribute to the antimicrobial effects of the NeoPill device. Nevertheless,
further studies are warranted to elucidate the molecular mechanisms underlying the
antimicrobial activity of NeoPill.

Reducing capacity, GSH-dependent defense, and the activities of CAT and SOD
were assessed to evaluate the impact of acute 30-s exposure to NeoPill-derived DC on
smokers’ saliva. In saliva, reducing capacity measured by the FRAP assay is primarily
attributed to non-protein antioxidants such as uric acid, GSH, ascorbic acid (vitamin C),
and dietary polyphenols [43]. Thiol-containing proteins may also contribute, but to a
much lesser extent. Since no statistically significant differences were observed in the
reducing antioxidant capacity of saliva samples before and after treatment, the acute 30-s
ex vivo NeoPill exposure appears to have had no measurable impact on the antioxidant
power attributable to small-molecule antioxidants. GSH-dependent defense constitutes
a primary line of protection against oxidative stress and represents a key component of
the salivary antioxidant barrier. GSH, the most abundant non-protein thiol, serves as a
substrate for the reduction of H2O2, lipid peroxides, and peroxynitrite, a reaction that
leads to its oxidation. The oxidized form, GSSG, is reduced back to GSH by NADPH in
a reaction catalyzed by GR [44]. No statistically significant differences in GSH content
or GR activity following exposure to NeoPill-derived DC indicate that GSH-dependent
defense mechanisms were preserved under the applied experimental conditions. Salivary
antioxidant enzymes, including CAT and SOD, play critical roles in reducing oxidative
damage and maintaining oral redox homeostasis. CAT protects against oxidative stress by
decomposing H2O2 into water and molecular oxygen, while SOD catalyzes the dismutation
of superoxide anions, representing important defense mechanisms in the antioxidant
system. Low DC has previously been shown to elicit an adaptive antioxidant response
in microbial systems, characterized by increased SOD expression in response to ROS
accumulation [13]. In contrast, acute 30-s treatment with NeoPill-derived DC did not
significantly alter CAT or SOD activities in saliva. These findings indicate that the applied
current did not generate sufficient oxidative challenge to trigger an adaptive antioxidant
response. The stable GR, CAT, and SOD activities, together with unchanged GSH levels
and FRAP assay results, further indicate that salivary redox balance was maintained
without activation of adaptive antioxidant defenses. These findings are consistent with
the unchanged ROS levels observed in smokers’ saliva. Taken together, the absence of
detectable changes in oxidative markers reflects preserved redox homeostasis following
acute ex vivo exposure to NeoPill-derived DC, rather than the activation of adaptive
antioxidant responses.

To further investigate whether NeoPill-derived DC contributes to oxidative stress in
saliva, we evaluated the oxidant-to-antioxidant balance by calculating the ratio of TOS to
TAC, expressed as the OSI. These parameters are widely used to monitor redox status in
biological samples, including saliva. The obtained TOS and TAC values were consistent
with those reported by Toczewska et al. in non-stimulated saliva [45]. Unchanged TOS,
TAC and OSI values in saliva samples treated with NeoPill corroborate the finding that the
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applied DC (300–500 µA) did not induce ROS production or lipid oxidative damage, nor
did it activate an adaptive antioxidant response.

The observed variation in applied current (300–500 µA) was most likely attributable
to differences in the intrinsic conductivity of saliva samples from individual participants,
given that all treated samples were subjected to the same experimental setup, including
electrodes, sample volume, treatment duration, and electrode configuration. Since saliva
served as the electrolyte in the experimental setup, the measured current depended di-
rectly on the concentration and type of ionic species present, as well as on the overall
physicochemical composition of each sample. With regard to the possible influence of
these variations on ROS generation and antioxidant responses, it is reasonable to assume
that current intensity may affect the extent of electrochemical reactions occurring in the
sample. Therefore, minor differences in ROS-related and antioxidant parameters observed
between samples could partly reflect differences in applied current. However, the relatively
narrow current range suggests that these fluctuations were unlikely to represent the main
determinant of the biochemical response.

5. Limitations of the Study
This investigation was designed as a pilot study due to the absence of prior literature

or clinical data on the impact of electric oral hygiene devices on salivary redox balance,
which precluded an a priori sample size calculation. The small sample size represents a key
limitation, resulting in limited statistical power. Selection bias is also present, as only smok-
ers were included owing to their higher oxidative stress background. Although it appears
unlikely that acute NeoPill application to non-smokers’ saliva would induce oxidative
stress, given that no such effect was observed in smokers’ saliva, which is more susceptible,
future studies should nevertheless include both smokers and non-smokers to validate
these findings in a broader population. Another limitation is the single treatment applied,
whereas the device is intended for chronic use; only acute effects of a 30-s application were
monitored. The ex vivo experimental setup further constrains interpretation, as it does
not capture the complexity of in vivo oral physiology, including salivary flow, microbial
metabolism, mucosal interactions, and dynamic pH variations. Consequently, meaningful
conclusions regarding NeoPill safety require in vivo application with chronic follow-up.
Taken together, these limitations underscore the need for larger validation studies with
expanded sample size and long-term monitoring to confirm and extend the preliminary
observations reported here.

6. Conclusions
The results of this pilot study demonstrate that a 30-s ex vivo treatment of smokers’

saliva with NeoPill-derived DC did not significantly alter pH, buffering capacity, total
protein content, antioxidant defense, or oxidative status, despite the greater susceptibility
of smokers’ saliva to oxidative stress compared to non-smokers. These findings suggest
that NeoPill did not affect redox balance in smokers’ saliva under the applied conditions.
While the study provides valuable initial insights into the effects of this novel device, the
small sample size represents a key limitation that must be considered when interpreting
the results. Future investigations should include larger cohorts stratified by age and
gender, encompassing both smokers and non-smokers, as well as individuals with fixed
orthodontic appliances, to validate the translational applicability of NeoPill in its target
population. Long-term clinical evaluations of continuous NeoPill use would provide more
comprehensive insights into its impact on salivary redox status and overall oral health.
Thus, in vivo studies with chronic follow-up are required before firm conclusions regarding
device safety can be drawn. Additionally, mechanistic studies investigating how NeoPill-
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derived DC exerts antimicrobial effects without altering the salivary redox balance are
warranted to strengthen our understanding of its safety and therapeutic potential. Taken
together, this pilot study provides preliminary evidence of NeoPill’s effects on salivary
redox balance; however, further clinical validation in larger, diverse cohorts is essential to
establish translational relevance.
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