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Abstract: The objective of this study was to synthesize a novel choline hydroxide ionic liquid-based
tooth bleaching gel. Ionic liquid-based gels were synthesized and characterized using FTIR along
with pH testing. Tooth sample preparation was carried out in line with ISO 28399:2020. The effects of
synthesized gels on tooth samples were tested. Tooth samples were stained and grouped into three
experimental groups: EAI (22% choline hydroxide gel), EAII (44% choline hydroxide gel), and EB
(choline citrate gel) and two control groups: CA (commercial at-home 16% carbamide peroxide gel)
and CB (deionized water). The tooth color analysis, which included shade matching with the Vitapan
shade guide (n = 2), and digital colorimetric analysis (n = 2) were evaluated. The surface characteristics
and hardness were analyzed with 3D optical profilometry, Scanning Electron Microscopy (SEM),
Energy Dispersive X-ray Spectroscopy (EDX), and Microhardness testing (n = 3), respectively. The
tooth color analysis (Vitapan shade guide) revealed that all the tooth samples treated with synthesized
choline citrate gel (EB) showed an A1 shade as compared to the other four groups, giving a range of
shades. An analysis of the ∆E values from digital colorimetry; EAI, EAII, CA, and CB showed ∆E
values in a range that was clinically perceptible at a glance. However, EB showed the highest value of
∆E. The mean microhardness values for the five groups showed that the effects of three experimental
gels i.e., 44% choline hydroxide, 22% choline hydroxide, and choline citrate, on the microhardness
of the tooth samples were similar to that of the positive control, which comprised commercial at-
home 16% carbamide peroxide gel. SEM with EDX of three tested subgroups was closely related in
surface profile, elemental composition, and Ca/P ratio. The roughness average values from optical
profilometry of four tested subgroups lie within approximately a similar range, showing a statistically
insignificant difference (p > 0.05) between the tested subgroups. The synthesized novel experimental
tooth bleaching gels displayed similar tooth bleaching actions without any deleterious effects on
the surface characteristics and microhardness of the treated tooth samples when compared with the
commercial at-home tooth bleaching gel.

Keywords: tooth bleaching gels; ionic liquids; tooth color; microhardness; surface profilometry

1. Introduction

Cosmetic dentistry has broadened its scope with the increasing demand for aesthetics.
Tooth discoloration is caused due to changes in the enamel, dentin, or pulp of the tooth
by a chromogen, affecting its light-transmitting properties [1]. Other causes of tooth
discoloration can be genetics, certain diseases, medication, dental materials, tooth trauma,
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environment, poor dental hygiene, and aging [2]. The discoloration can have intrinsic
and extrinsic causes, depending upon the origin and incorporation of the staining or
discoloring component on/in the tooth surface, respectively [3]. Tooth bleaching is a
noninvasive procedure employed to restore or improve the original color of teeth. It is
used as a conservative option and sometimes as an auxiliary treatment option for color
abnormalities [4]. There are in-office and at-home tooth bleaching procedures to restore or
improve the appearance of teeth [2].

Vital tooth bleaching may lead to sensitivity and mucosal burns [5]. Moreover, studies
on human and bovine teeth have revealed alterations in surface microhardness, surface
morphology, and the composition of teeth [6,7].

Different materials are used under the umbrella of in-office and at-home bleaching
procedures. The primary ones include hydrogen peroxide, which is mainly used for in-
office procedures. In-office tooth bleaching generally involves two appointments of 30 min
each with a gap of 7 days in between [8]. Hydrogen peroxide has been under research for
carcinogenesis, protein damage, and its effect on the mineral content of teeth [9,10].

Carbamide peroxide is used as an active ingredient in at-home tooth bleaching. For
this, the bleaching material is loaded in the tray, and the patient is prescribed to wear the
tray with material for seven hours daily for two weeks [2]. Other agents that are used
or under research include blue covarine (organic pigment in water/glycerine), peroxy
caproic acid, alumina, calcium carbonate and silica particles, sodium perborate, baking
soda, peroxides, phosphate salts, and enzymes [5,11].

Peroxide-based tooth bleaching agents are caustic to oral and dental tissues [12]. In
clinical trials with 10% carbamide peroxide, irritation of the gingiva was reported [13]. The
potential of bleached teeth to be stained again in a shorter duration has been reported [10].
Both high and low pH of bleaching products are intended to increase the efficacy of the
process. However, it can be detrimental to the oral tissues, since this also goes against the
7.4 pH of the oral cavity, disturbing the overall homeostasis and damaging the organic and
inorganic contents of the tooth [9].

Ionic liquids are purely ionic, salt-like compounds and remain liquid below 100 ◦C [14].
These innovative liquids are exploited as eco-friendly, organic, cost-effective materials to
synthesize various chemicals [15]. Amongst many types, choline hydroxide and choline cit-
rate are used in biomedical research for iron deficiency anemia and postoperative ileus, and
these are reported to be biocompatible ionic liquids [16,17]. 1-n-butyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide (BMI.NTf2) microcapsules loaded novel resin infiltrant
were prepared to manage non-cavitated carious lesions in proximal dental surfaces [18].
Garcia et al. reported that zinc-based particles with 1-n-butyl-3-methylimidazolium chlo-
ride ionic liquid without changing the physiochemical properties improved the antibacterial
activity against S. mutans of the dental adhesive [19].

This in vitro research aimed to evaluate choline hydroxide and choline citrate as tooth
bleaching materials in gel form, providing a cost-effective bleaching gel with equivalent
bleaching action and surface characteristic alterations of teeth as compared to the conven-
tionally used at-home carbamide peroxide gel. Commercial choline hydroxide (44%) and
its diluent (22%) were mixed with starch to obtain their gels. Moreover, choline hydroxide
(44%) was reacted with citric acid to obtain choline citrate (viscous gel). The effects of
synthesized gels and conventionally used at-home carbamide peroxide gel on tooth sam-
ples were tested. A tooth color analysis, which included shade matching with the Vitapan
shade guide (n = 2), and digital colorimetric analysis (n = 2) were performed. The surface
characteristics and hardness were analyzed with 3D optical profilometry, Scanning Elec-
tron Microscopy (SEM), Energy Dispersive X-ray Spectroscopy (EDX), and microhardness
testing (n = 3), respectively.
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2. Methodology
2.1. Materials

All the materials used in this study were of analytical grade and obtained from Sigma
Aldrich, St. Louis, MO, USA.

2.2. Synthesis of Choline Hydroxide-Based Gels

For 44% choline hydroxide-based gel preparation, 10 mL of choline hydroxide (44%,
Sigma Aldrich) was heated at 50 ◦C for 30 min, followed by adding 0.15 g of starch and
stirred for 2 h to obtain a clear, colorless gel. For the preparation of 22% choline hydroxide-
based gel, 44% choline hydroxide was diluted with water, followed by adding starch to
obtain the corresponding gel.

2.3. Synthesis of Choline Citrate Gel

The choline citrate was obtained by treating 14.5 mL of choline hydroxide (44%) with
9.6 g of citric acid contained in one neck flask connected with a reflux setup at 70 ◦C and
300 rpm magnetic stirring speed for 6 h. The solution was rotary evaporated to remove
water and obtained a choline citrate clear, colorless gel.

2.4. Characterization of Synthesized Gels
2.4.1. pH Measurement

The pH of 44% choline hydroxide, 22% choline hydroxide gel, 44% choline hydroxide
gel, choline citrate gel, and commercial at-home carbamide peroxide (Perfecta 16% Whiten-
ing Gel, B0010DMNQU, Edinburgh, Scotland, UK) tooth bleaching gel were measured
using a digital pH meter (HANNA, Leighton Buzzard, UK) and a semi-micro-pH elec-
trode (ORION, Turku, Finland) at room temperature: 21 ◦C ± 2 ◦C after calibration with
buffered solutions having pH 4 and 7 (Mallinckrodt Baker, Inc., Phillipsburg, NJ, USA).
Three readings were taken, and then, an average value was computed.

2.4.2. Fourier Transform Infrared Spectroscopy (FTIR)

Choline hydroxide, 22%, 44% choline hydroxide gel, and choline citrate gel were sub-
jected to FTIR in ATR mode (Thermo Nicolet 6700, Thermo Fisher Scientific, Waltham, MA,
USA). The range for the collection of spectra was 4000–400 cm−1, with a resolution of 4 cm−1.

2.5. Tooth Sample Preparation

Tooth sample preparation was done following ISO 28399:2020 (Products for External
Tooth Bleaching). Ethical permission from the ethical review committee (ERC/ID/166) of
the National University of Medical Sciences, Rawalpindi, was obtained.

2.5.1. Collection of Tooth Samples

The tooth samples used for the study included bovine teeth. The permanent and
sound teeth (The buccal surface was intact without wear, caries, or fracture, and the
non-hypoplastic or non-fluorosis buccal surface of teeth) were extracted from cattle aged
between 30 and 72 months. The age of the animal was determined according to the standard
operating procedure of the Food Safety and Inspection Service (FSIS). The collected samples
were disinfected with sodium hypochlorite and then washed with deionized water [20].
The samples were then stored in deionized water in the refrigerator at 4 ◦C.

2.5.2. Cutting of Enamel Blocks

Sample preparation was done according to ISO 28399:2020 (Products for External
Bleaching). The crown root portion was separated at the cementoenamel junction, and
the coronal portion was used for sample preparation. Two samples per tooth were taken
from its buccal aspect. A total of 112 samples was prepared with the dimensions of
2 mm × 3 mm × 8 mm using a Linear Precision Saw (ISOMET 4000, Buehler, Lake Bluff, IL,
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USA). A plus-shaped mark was made at the back of all the tooth samples with a straight
fissure bur to recognize the buccal aspect of the tooth.

2.5.3. Mounting and Polishing of Enamel Blocks

Samples were mounted in an impression compound (Kemdent, Swindon, UK) for
polishing. All the samples were polished with 800 and 1200 grit silicon carbide sandpaper
sheets, followed by 3, 2, 1, and 0.5 microns Al2O3 on an automatic lapping and polishing
machine (EQ-UNIPOL-1502, Qingdao, China) at a speed of 127 rpm. The samples were then
washed and sonicated in deionized water for 30 s to remove residual abrasives without
affecting the structure.

2.6. Staining of Tooth Samples

The staining solution used in this study was black tea (Tapal Tea Pvt. Ltd., Karachi,
Pakistan) in water boiled at 100 ◦C. The samples were dipped in staining solution and kept
in a water bath at 37 ◦C for 24 h. After that, the samples were removed and rinsed with
deionized water before analysis.

2.6.1. Grouping for Bleaching Treatment of Tooth Samples

The distribution of the groups is tabulated in Table 1. The artificially stained tooth
samples were then randomly distributed among these groups. The immersion in 5 mL of
the respective gels was done for 7 h (1 night), 49 h (7 nights), and 98 h (14 nights) in duration.
The assembly was kept in an incubator (Memmert GmbH, Büchenbach, Germany) at 37 ◦C.

Table 1. Grouping scheme for the bleaching of tooth samples.

Groups Description Subgroups
(n = 3) Treatment Duration

Experimental groups (E)

EAI 22% Choline Hydroxide gel

EAI1 7 h (1 night)

EAI7 49 h (7 nights)

EAI14 98 h (14 nights)

EAII 44% Choline Hydroxide gel

EAII1 7 h (1 night)

EAII7 49 h (7 nights)

EAII14 98 h (14 nights)

EB Choline Citrate gel

EB1 7 h (1 night)

EB7 49 h (7 nights)

EB14 98 h (14 nights)

Control groups (C)

CA
Commercial at-home carbamide peroxide gel

(positive control)

CA1 7 h (1 night)

CA7 49 h (7 nights)

CA14 98 h (14 nights)

CB
Deionized water
(negative control)

CB1 7 h (1 night)

CB7 49 h (7 nights)

CB14 98 h (14 nights)

2.6.2. Tooth Color Analysis

For the shade evaluation of the tooth samples, ISO 28399:2020 specification was
followed. The Vitapan 3D shade guide (Vita Zahnfabrik, Bad Säckingen, Germany) and
a chromameter (Konica MINOLTA CL-200A, Tokyo, Japan) were used to evaluate the
bleaching action of the experimental and control groups. Shade matching of the sample
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was done with the Vitapan classical shade guide with 16 shade guide teeth in a color
matching booth (GTI ColorMatcher, GTI Graphic Technology, Newburgh, NY, USA) using
D65 daylight (6500 K). The shade guide teeth were arranged according to value from the
lightest to the darkest, according to the manufacturer’s instructions, on a white background.
The best visually matched shade guide tooth with the target sample was selected, and the
shade number was recorded. Sample size was n = 2 for each group.

2.7. Digital Colorimetry

To measure the color of a tooth, a Castor colorimeter (Nordmeditec GmbH) was
used. This colorimeter has a 0-degree/0-degree illumination/observation and measures
the reflected emission of spectral colors by the use of 512 light-sensitive diodes in a
0.7-mm-diameter area. The light reflected from the tooth is emitted by an intense light
source integrated into the colorimeter. The calorimeter calculates the color parameters in
the L*a*b* color space. The total color differences (∆E) were calculated for the experimental
and control groups according to the following formula:

∆E = [(∆L*) 2 + (∆a*) 2 + (∆b*) 2]1/2 (1)

The standard perception range for analysis of the ∆E value was outlined as

• 1–0: Not perceptible by the human eye.
• 1–2: Perceptible through close observation.
• 2–10: Perceptible at a glance.
• 11–49: Colors are more similar than the opposite.
• 100: Colors are exactly opposite.

2.7.1. Microhardness

A Vickers microhardness tester (Wolpert, 401 mvd eqpt 0002, Berg Engineering, Berlin,
Germany) was used. Vickers Hardness Numbers (VHN) for the samples (n = 3 for each
group) were obtained at a load of 50 g for 15 s, with three readings on each sample.

2.7.2. Scanning Electron Microscopy (SEM)

All tooth samples were processed appropriately, including dehydration and sputter
coating with gold in a high-vacuum sputter coating machine (MED 5010, blazers Union
Liechtenstein). The specimens were observed using a SEM (JSM-6490A, Jeol, Tokyo, Japan)
at a voltage of 10 kV, whereby the magnifications ranged from 500× to 20,000×. Semi-
quantitative Energy Dispersive X-ray Spectroscopy (EDX; EDAX microanalysis system,
Octane Plus Silicon Drift Detector, “TEAM Enhanced” v. 4.3) was used for the elemental
analysis of the tooth samples.

2.8. Optical Profilometry

The surface roughness of the samples was assessed by a 3D optical profilometer (SPM-
9500J3, Shimadzu Corp. Japan, Kyoto, Japan). An optical scan was made with the probe
at a clock speed of 1 s with frequencies 154 Hz and 175 Hz, probe tips 3–6 µm, heights
15–40 nm of the end radius, and a 20 × 20 µm scan area.

Statistical Analysis

The analysis was established by SPSS version 22 software (IBM Chicago, IL, USA).
Categorical variables were presented as frequencies and percentages, while quantitative
variables were presented by the means and standard deviation. When the results followed
the normality curve, the comparison between groups was carried out by one-way anal-
ysis of variance (ANOVA) and post hoc Tukey’s test. A p-value ≤ 0.05 was considered
statistically significant.
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3. Results
3.1. pH Measurement

The mean pH values of the 44% choline hydroxide, 44% choline hydroxide gel, 22%
choline hydroxide gel, and commercially used at-home tooth bleaching gel (control) are
tabulated in Table 2. The mean pH ranged from 12.4 ± 0.15 (basic pH of 44% choline
hydroxide liquid) to 5.53 ± 0.20 (acidic pH of 16% carbamide peroxide gel).

Table 2. Mean pH and SD of parent ionic liquid and gels.

Samples Mean pH & SD

Parent ionic liquid

44% choline hydroxide Liquid 12.4 ± 0.15

Gels

22% choline hydroxide gel 8.43 ± 0.51

44% choline hydroxide gel 11.2 ± 0.1

Choline citrate gel 5.86 ± 0. 05

16% at-home carbamide peroxide gel 5.53 ± 0.20

Mean pH 8.70 ± 2.63

3.2. Fourier Transform Infrared Spectroscopy

The FTIR spectra for 44% choline hydroxide, 22% choline hydroxide gel, and 44% choline
hydroxide gel are shown in Figure 1. The O–H stretching vibration can be identified at
3600–3200 cm−1, the aliphatic C–H stretching vibration at 2800 cm−1, O–H bending at
1640 cm−1 and methyl deformation was witnessed at 1472 cm1. C–O stretching was observed
at 1077 cm1. The deformation of the –CH2– group was detected around 951 cm1 [21,22]. The
C–O–C stretching of starch observed at 1345 cm1 was not present in choline hydroxide.
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Figure 1. FTIR spectra of (A) 44% choline hydroxide ionic liquid, (B) 44% choline hydroxide ionic
liquid gel, and (C) 22% choline hydroxide ionic liquid gel.

The FTIR spectra for 44% choline hydroxide ionic liquid and choline citrate ionic liquid
gel are shown in Figure 2. The peaks related to 44% choline hydroxide, i.e., O–H stretching
vibration; the aliphatic C–H stretching vibration; methyl deformation; C–O stretching;
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and deformation of the –CH2– group were observed at 3600–3200, 2800, 1472, 1077, and
951 cm−1 in the case of choline citrate additional peaks of stretching vibrations (C=O) and
antisymmetric stretching (COO-) at 1720 and 1572 cm−1 [23–25].
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3.3. Tooth Color Analysis
3.3.1. Shade Matching with Vitapan Shade Guide

The results of the Vitapan shade guide were analyzed with Fisher’s exact test. The
unstained tooth samples in each group had an A1 shade, and the stained tooth samples
had an A4 shade. A clustered bar chart shown in Figure 3 demonstrates the frequency
percentage of the Vitapan shades across five groups. The A1 shade was the most frequent
shade detected amongst the five groups. The highest frequency percentage of the A1 shade
was noted in EB, i.e., 83.3%, and lowest in EAII, i.e., 33.3%. EAI and CB showed 50% and
CA 66.7% of the A1 shade.
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All the tooth samples treated with synthesized EB (choline citrate gel) gave A1 shades in
comparison to CA-treated tooth samples giving a range of shades, i.e., A1, B1, and C1. The
chi-square test for comparison revealed no significant difference among the groups (p > 0.05).

For a comprehensive analysis, the Vitapan shade guide results were broadly catego-
rized as A1 and others. The bar graph in Figure 4 displays the frequency percentage of
A1 shades as compared to the other shades in five groups across the treatment duration
subgroups. The bar graph in Figure 4 illustrates that all the synthesized EB (choline citrate
gel)-treated tooth samples showed an A1 shade after 7 h (1 night), 49 h (7 nights), and
98 h (14 nights) of treatment duration as compared to the CA (commercial at-home 16%
carbamide peroxide gel). The results also suggest that the A1 shade was achieved earlier,
i.e., after 7 h and 49 h of treatment with choline citrate gel (EB), in comparison to the
commercial at-home 16% carbamide peroxide (CA) that showed the A1 shade after 98 h
of application.
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3.3.2. Digital Colorimetry

The mean ∆E values of the tooth samples for five groups after 7 h (1 night), 49 h
(7 nights), and 98 h (14 nights) of treatment are tabulated in Table 3. The values obtained
via digital colorimetry were analyzed with two-way independent ANOVA. The pairwise
comparisons among the groups revealed no significant difference (p > 0.05) in the ∆E values
of the tooth samples.

Figure 5 gives a graph showing the trend of ∆E for 7 h (1 night), 49 h (7 nights),
and 98 h (14 nights) of treatment duration across five groups. There was no statistically
significant difference (p > 0.05) in the ∆E values between 7 h (1 night), 49 h (7 nights), and
98 h (14 nights) duration of treatment subgroups.

The line graph in Figure 5 shows that, at 7 h (1 night), of treatment duration, EAI, EB,
and CB showed ∆E values in the same range, i.e., ∆E > 10, with EAII and CA showing ∆E
values in the same range, i.e., ∆E < 10. At 49 h (7 nights) of treatment duration, EB and CA
showed ∆E values in the same range, i.e., ∆E > 10, with EAI, EAII, and CB showing ∆E
values in the same range, i.e., ∆E < 10. A treatment duration of 98 h (14 nights) showed ∆E
values in the same range across the five groups of ∆E < 10. Overall, the data shown in the
graphs represent nonlinear in behavior.
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Table 3. Mean ∆E values of the tooth samples.

Groups Description Mean ∆E
and SD

Experimental groups (E)

EAI 22% choline hydroxide gel 7.527 ± 5.66

EAII 44% choline hydroxide gel 7.663 ± 1.84

EB Choline citrate gel 12.908 ± 6.67

Control groups (C)

CA Commercial at-home carbamide peroxide gel
(Positive control) 8.445 ± 5.20

CB Deionized water
(Negative control) 9.722 ± 3.19
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Figure 5. Trend of ∆E for the treatment duration across five groups. At 7 h, EAI, EB, and CB showed
∆E values in the same range, i.e., ∆E > 10 with EAII and CA, showing ∆E values in the same range,
i.e., ∆E < 10. At 49 h, EB and CA showed ∆E values in the same range, i.e., ∆E > 10, with EAI, EAII,
and CB showing ∆E values in the same range, i.e., ∆E < 10. At 98 h, all the five groups showed ∆E
values in the same range, i.e., ∆E < 10.

Figure 6 shows the trend of the ∆E values of the tooth samples amongst the five groups
concerning the mean ∆E values of the Unstained (US) and Stained (S) tooth samples. This
trend line portrays that group EB exhibited ∆E values in a different range of ∆E > 10 as
compared to all the other groups, which showed ∆E values in the same range of ∆E < 10.

3.4. Microhardness

The mean microhardness values (Vickers Hardness Number—VHN) and standard
deviations of the tooth samples for five groups are depicted in Table 4. The pairwise compar-
isons amongst the groups revealed no significant difference (p > 0.05) in the microhardness
values of the tooth samples.
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Figure 6. Trend of ∆E across groups in comparison to the Unstained (US) and Stained (S) tooth
samples. EB exhibited ∆E values in a different range of ∆E > 10 as compared to all the other groups.

Table 4. Mean microhardness values of the tooth samples after treatment.

Groups Description Mean VHN (N/mm2)
and SD

Experimental groups (E)

EAI 22% choline hydroxide gel 188.92 ± 42.59

EAII 44% choline hydroxide gel 195.77 ± 52.58

EB Choline citrate gel 196.29 ± 54.51

Control groups (C)

CA Commercial at-home carbamide peroxide gel
(positive control) 202.92 ± 44.23

CB Deionized water
(negative control) 161.29 ± 58.45

Figure 7 shows the trend of microhardness values of the tooth samples amongst
the five groups concerning the mean microhardness values of the unstained and stained
(without any treatment) tooth samples.
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This trend shows a progressive decrease in microhardness across the five groups while
moving from the unstained tooth sample to 98 h (14 nights) treatment in duration. However,
an increase of microhardness in group EAII at 49 h (7 nights) and CB at 98 h (14 nights) was
observed, which was different from the trend shown otherwise.

3.5. Scanning Electron Microscopy

The SEM images of EAII14, EB14, and CA14 at X500, X10,000, and X20,000 are depicted
in Figure 8. The EAII14 micrograph shows a typical smooth enamel intact surface with
indentations and deposits. The EB14 micrograph shows flakes in the shape structure with
an intact enamel surface, indentations, and deposits. In the case of CA14, the micrograph
shows the etching effect of the rough surface, along with indentations and deposits.
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3.6. Energy Dispersive X-ray Spectroscopy

An elemental analysis by EDX of EAII14, EB14, and CA14 is depicted in Figure 9. The
Ca/P ratios of EAII14, EB14, and CA14 were 1.8, 1.91, and 1.77, respectively.
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3.7. Optical Profilometry

For optical profilometry, four subgroups were selected: EAI14, EAII14, EB14, and
CA14 of 14 nights (98 h) of treatment. The roughness average (Ra) values of the tooth
samples, along with top view and 3D topographical images, were obtained. Table 5 enlists
the Ra values. The comparison of the roughness average of the tooth samples in the tested
four subgroups with one-way ANOVA revealed no significant difference (p > 0.05).

The profilometry images (top view and 3D view) for EAI14, EAII14, EB14, and CA14
are shown in Figure 10.
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Table 5. Roughness average of the tooth samples in the four subgroups.

Subgroups Description Roughness Average
(µ-in)

EAI14 22% choline hydroxide 7.84

EAII14 44% choline hydroxide 10.9

EB14 Choline citrate 5.91

CA14 At-home carbamide peroxide 10.34Molecules 2023, 28, x FOR PEER REVIEW 15 of 22 
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Figure 10. Top and 3D surface topography of the EAI14, EAII14, EB14, and CA14 groups.
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4. Discussion

Tooth bleaching is regarded as a cosmetic dental treatment to lighten the color of teeth.
It is indicated for generalized or localized dental stains due to aging, fluorosis, smoking,
and dietary stains [8]. Some dental procedures may also require tooth bleaching after the
orthodontic treatment [26]. Noninvasive cosmetic treatment for teeth requires the use of a
biosafe material. There are reports of the damaging effects of peroxide bleaching agents on
oral tissues [5,9,10].

The introduction of organic, environment-friendly materials and procedures is en-
dorsed nowadays. There are apprehensions about free radicals as they increase oxidative
stress, causing infectious diseases such as kidney disease and neurodegenerative disor-
ders [27,28]. Considering these rising issues, this research took the initiative to introduce
the use of bio-friendly, antiaging materials in cosmetic dentistry with a safer impact at the
local and global levels.

The active ingredient used in tooth bleaching gels is hydrogen peroxide incorporated
in varying concentrations. Hydrogen peroxide in its active form is incorporated in the
gels that are used for in-office tooth bleaching. On the other hand, carbamide peroxide
is incorporated in dentist-prescribed at-home tooth bleaching kits, in which hydrogen
peroxide is present in its inactive form [26]. This is to ensure the safety of the patient while
using this ingredient, known for its corrosive and bio-hazardous role [8].

In this context, research on a safer, biocompatible, cost-effective active bleaching agent
with the potential to replace hydrogen peroxide is underway. Certain agents other than
hydrogen peroxide are used in over-the-counter bleaching products; however, they are yet
not approved to be used in-office or dentist-prescribed at-home tooth bleaching procedures.

In this study, choline hydroxide in two concentrations, i.e., 22% and 44%, to analyze
its results at the lower and higher ends, was made. A second gel that incorporated choline
citrate was also made. Citric acid was incorporated in choline hydroxide to attain a
neutral pH of the synthesized gel. It is attributed to possessing tooth bleaching action as
well [29,30].

The pH of the oral cavity is maintained within the range of 6.2 to 7.6 by the rearrange-
ments of electrolytes in the composition of saliva [31]. However, as this pH falls below 5.2,
the demineralization of the tooth enamel and root resorption process is hastened [32,33].
Consequently, subjecting the oral structures to low or high pH for a prolonged duration
may cause adverse effects, of which the most reported one is the erosion of enamel [34].

Various at-home tooth bleaching products available vary in their pH, ranging from 4
to 7.5 [35]. Another study on twenty-six commercially available tooth bleaching products
reported this range from 3.67 to 11.13; this matches with the pH range found in the current
study, i.e., 12.4 to 5.53 [36]. The mean pH of the four gels and one ionic liquid in the study
came out to be 8.70 ± 2.63, which has been reported as 6.83 ± 1.27 and, in another study, as
8.22 ± 2.0 [35,36].

It has been reported that an increased concentration of peroxides in the tooth bleaching
gel shifts the pH towards the acidic side [33]. Studies on peroxide-based tooth bleaching
gels reported mean pH of 6.48 ± 1.27 and 5.56 ± 1.64; this value is in close approximation to
the pH of the at-home 16% carbamide peroxide gel used in the study, i.e., 5.53 ± 0.20 [36,37].
Hence, peroxide-based products are usually towards the acidic side of the pH line that
could be due to the presence of citric acid [38].

In the literature, 44% choline hydroxide is reported to be a basic liquid with a pH of
12.5, which is similar to the value obtained in this study, i.e., 12.4 [36,37]. However, 44%
choline hydroxide gel shows a 11.2 pH, which suggests the presence of starch, which is a
weak acid with a pH range of 4 to 5 [39,40]. In the case of 22% choline hydroxide gel, the
choline–hydroxide gel was diluted, which may have contributed to its lower basic potential.

Spectroscopic analyses of choline hydroxide in various studies have revealed the
presence of O–H, C–H, and C–N groups [41]. All these peaks were detected in the FTIR
spectra of 44% choline hydroxide liquid, 22% choline hydroxide gels, and 44% choline
hydroxide gels. The presence of these groups confirms that two synthesized gels were
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choline hydroxide-based. Choline citrate gel contains choline hydroxide with citrate in its
composition. The FTIR spectra of this gel contain an additional carboxylic acid, i.e., the
COOH group, along with the O–H, C–H, and C–N groups [23,39].

Several different color analysis methods are employed in tooth bleaching studies.
However, the acceptance criteria laid down by the American Dental Association (ADA) for
research on at-home tooth bleaching involves the use of subjective and objective methods
for the tooth color analysis. The subjective color analysis requires the use of value-oriented
shade guides, and for an objective assessment, an electronic color measurement device is to
be used [42].

The most widely used shade guide in dentistry is the Vitapan classical shade guide
(Eachempati et al. 2018). It was also used in the current study, and it helped in standardizing
the color measurement process together with showing consistent results. It allows the
dentist and patient to discuss and visualize in-office or at-home tooth bleaching while using
the same terminologies [43,44].

This study showed that the bleaching treatment did cause an improvement in the
shade of stained tooth samples in the five groups. Group EB (choline citrate gel group),
however, outperformed CA (at-home carbamide peroxide gel group) and CB (deionized
water group). All the tooth samples treated with synthesized choline citrate gel showed A1
and B1 shades in comparison to the commercial at-home carbamide peroxide gel-treated
tooth samples showing a range of shades, i.e., A2, B1, and C1.

All the synthesized choline citrate gel-treated tooth samples showed the A1 shade
after 7 h (1 night), 49 h (7 nights), and 98 h (14 nights) in treatment duration as compared
to the commercial at-home 16% carbamide peroxide gel. Hence, the choline citrate gel in
comparison to the commercial at-home 16% carbamide peroxide was better; therefore, the
A1 shade was achieved earlier, i.e., after 7 h and 49 h of treatment, while that showed the
A1 shade after 98 h of application.

In general, the Vitapan shade guide results suggested that the shade improvement
of stained teeth with the synthesized tooth bleaching gels (22% choline hydroxide, 44%
choline hydroxide, and choline citrate gel) does occur. The comparison amongst the groups
and subgroups was insignificant (p > 0.05), which can be attributed to the small sample size
selected for the study. However, a closer analysis establishes that the synthesized choline
citrate is a promising tooth bleaching gel among the five tested groups in the current study.

The assessment of color and its accurate reproduction are one of the two most impor-
tant and challenging aspects of dentistry so far [45]. It is for this reason that, for objective
and accurate clinical tooth shade selection, electronic shade matching devices are used. In
the current study, for an objective analysis of the ∆E values obtained, a standard perception
range given by Zachary Schuessle was followed [46].

It was observed that EAI (22% choline hydroxide gel group), EAII (44% choline
hydroxide gel group), CA (commercial at-home carbamide peroxide gel group), and CB
(deionized water group) showed ∆E values in the same range, which is clinically perceptible
(2–10 ∆E) at a glance. However, EB (choline citrate gel group) showed the highest value of
∆E, producing a color change that is perceptibly similar to the opposite color. The trend line
also confirmed that group EB (choline citrate gel group) exhibited ∆E values in a different
range of ∆E > 10 as compared to all the other groups, which showed ∆E values in the same
range of ∆E < 10.

Choline citrate gel and positive control commercially at-home carbamide peroxide
gel had a similar ∆E range during 7 h, 49 h, and 98 h of application. It was observed that
synthesized 22% and 44% choline hydroxide gels also produced noticeable improvements
in tooth color after 98 h duration of treatment.

A comparative study on the in-office and at-home tooth bleaching with hydrogen
peroxide and carbamide peroxide showed ∆E < 10, which increased as these two treatments
were combined [47]. A study done to compare the effect of repeated bleaching with 16%
carbamide peroxide revealed that a change in ∆E causes a lightening in the color of treated
tooth samples [48,49]. A similar trend was observed in our study.
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Overall, combining the results of the Vitapan shade guide and digital colorimetry, it is
suggested that improvement in the color of stained teeth with the synthesized tooth bleaching
gels (22% choline hydroxide, 44% choline hydroxide, and choline citrate gel) occurred.

To assess the alteration in the mechanical characteristics of enamel after the bleaching
treatment, microhardness tests were conducted [50]. The mean microhardness values
depicted for the five groups showed that the effect of three experimental gels, i.e., 44%
choline hydroxide, 22% choline hydroxide, and choline citrate, on the microhardness of
the tooth samples was similar to that of the positive control, which comprised commercial
at-home 16% carbamide peroxide gel.

The trend of microhardness displayed in the five groups in comparison to the Un-
stained and Stained tooth samples showed a progressive decrease. The VHN of the
Unstained tooth samples was the highest. It decreased as it was stained, which further
kept on decreasing as it was bleached for 7 h (1 night), 49 h (7 nights), and 98 h (14 nights).
The statistically significant difference (p < 0.05) in the microhardness values between 7 h
(1 night), 49 h (7 nights), and 98 h in duration of the treatment subgroups points towards
the notion that the duration of treatment does affect the enamel microhardness. These
results conform with numerous studies done to assess the effects of peroxide-based tooth
bleaching gels on the mechanical characteristics of tooth enamel [51–53].

An increase of microhardness in the 44% choline hydroxide gel group (EAII) at 49 h
(7 nights) and deionized water group (CB) at 98 h (14 nights) was observed, which was
different from the trend depicted otherwise. This discrepancy in the trend might be
attributed to the design of the methodology for this test, in which different samples were
used for each category, i.e., Unstained and Stained 7 h, 49 h, and 98 h.

The Vickers Hardness Number of the tooth enamel was 250 to 300 N/mm2, making
it a hard and brittle structure [54]. Some studies reported no effect on the enamel micro-
hardness after bleaching; however, others showed a decrease [55–57]. The reduction in
microhardness of tooth samples when they were bleached can be attributed to two reasons.
The first reason may be attributed to the pH of tooth bleaching gels, which usually does not
correlates to the normal pH range of the oral cavity, causing demineralization of the enamel
and decreasing the calcium phosphorus ratio [58,59]. The second one can be attributed
to the mechanism of action of tooth bleaching gels that involves the oxidation of stain
molecules causing micromorphological alterations in the enamel that results in decreasing
its microhardness [59,60].

The micrograph in Figure 8 shows the tooth samples treated with 44% choline hydrox-
ide gel (EAII14) and choline citrate gel (EB14), and the commercial at-home 16% carbamide
peroxide gel (CA14) for 98 h (14 nights) shows a typical appearance of enamel with deep
indentations and flake shapes (only in EB14) and deposits. The deep indentation, flake
shapes debris, and deposits on the tooth surfaces are related to tooth cutting and polishing.
At higher magnifications, the micrographs of EAII14 and EB14 showed intact surfaces while
CA14 showed eroded surfaces with an etching effect. In other SEM studies, tooth bleaching
with hydrogen peroxide and carbamide peroxide has shown evidence of erosions, increases
in porosities, and shallow indentations [61–63].

The Ca/P ratio of EAII14, EB14, and CA14 was 1.8, 1.91, and 1.77, respectively, which
is higher than the reported values, i.e., 1.67, for bovine tooth enamel [64]. This rise in
the Ca/P ratio was attributed to the removal of the organic matrix (stains) of the tooth
structure. In comparison, CA14 showed a lower Ca/P ratio that might be related to the
dissolution of hydroxyapatite crystals, as reported in other studies [65,66]. Similarly, a
decrease in the Ca/P ratio and magnesium/phosphate ratio was reported with the use of
30% hydrogen peroxide [67]. Analyzing the results of SEM with EDX together, it appears
that the bleaching action by the three gels did not disturb the mineral content of the treated
tooth samples to a pronounced extent.

To assess the surface profile of the tooth enamels qualitatively and quantitatively, 3D
and 2D optical profilometers are used [68]. In the present study, a qualitative analysis of the
surface profile was made via profilometric images of the selected area, and a quantitative
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analysis was acquired via computation of the roughness average of the tooth samples by
using a 3D profilometer.

An increased roughness average of the tooth surface is clinically depicted as coarse-
ness that causes plaque retention, bacterial adhesion, and the staining of teeth [69]. The
roughness average values depicted the same range; hence, there was no statistically sig-
nificant differences between the four tested subgroups. The lowest value was shown by
the choline citrate gel subgroup, and the highest value was depicted by the 44% choline
hydroxide gel subgroup. In general, the values measured in this study for bovine teeth
were as high as reported in the literature, which might be the source of the tooth (human
tooth) or techniques used [70,71].

The profilometric images in Figure 10 of synthesized 22% choline hydroxide, 44%
choline hydroxide, and commercial at-home 16% carbamide peroxide gel-treated samples
show similar rough surface topography. However, the profilometric image of synthesized
choline citrate gel-treated samples demonstrated negligible alterations in the surface to-
pography. Studies done on peroxide-based bleaching agents report an increase in surface
roughness and porosity, causing significant alterations of the surface topography as viewed
from the profilometric images and roughness average [70,71].

5. Conclusions

The synthesized novel experimental tooth bleaching gels displayed similar tooth
bleaching actions without any deleterious effects on the surface characteristics and micro-
hardness of the treated tooth samples when compared with the commercial at-home tooth
bleaching gel.
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64. Tezel, H.; Ertaş, Ö.S.; Özata, F.; Dalgar, H.; Korkut, Z.O. Effect of bleaching agents on calcium loss from the enamel surface.
Quintessence Int. 2007, 38, 339–347. [PubMed]

65. Rotstein, I.; Dankner, E.; Goldman, A.; Heling, I.; Stabholz, A.; Zalkind, M. Histochemical analysis of dental hard tissues following
bleaching. J. Endod. 1996, 22, 23–26. [CrossRef] [PubMed]

66. Zekonis, R.; Matis, B.A.; Cochran, M.A.; Shetri, S.A.; Eckert, G.J.; Carlson, T. Clinical evaluation of in-office and at-home bleaching
treatments. Oper. Dent. 2003, 28, 114–121.

67. Schaad, P.; Paris, E.; Cuisinier, F.; Voegel, J.-C. Atomic force microscopy study of human tooth enamel surfaces. Scanning Microsc.
1993, 7, 3.

68. Nogueira, R.D.; Silva, C.B.; Lepri, C.P.; Palma-Dibb, R.G.; Geraldo-Martins, V.R. Evaluation of surface roughness and bacterial
adhesion on tooth enamel irradiated with high intensity lasers. Braz. Dent. J. 2017, 28, 24–29. [CrossRef]

http://doi.org/10.1039/B401448K
http://doi.org/10.3390/foods8050155
http://doi.org/10.1007/s10532-008-9184-4
http://doi.org/10.14219/jada.archive.1931.0317
http://doi.org/10.1111/j.1708-8240.2003.tb00314.x
http://www.ncbi.nlm.nih.gov/pubmed/15000900
http://doi.org/10.1002/14651858.CD006202.pub2
http://www.ncbi.nlm.nih.gov/pubmed/30562408
http://doi.org/10.1109/42.875195
http://doi.org/10.1016/j.jdent.2010.07.002
http://doi.org/10.2341/09-280-L
http://doi.org/10.4317/jced.51705
http://doi.org/10.1016/j.dental.2003.10.007
http://www.ncbi.nlm.nih.gov/pubmed/28322361
http://doi.org/10.1590/S1516-14392003000300011
http://doi.org/10.1111/adj.12494
http://www.ncbi.nlm.nih.gov/pubmed/27997982
http://doi.org/10.2341/07-148
http://www.ncbi.nlm.nih.gov/pubmed/18833865
http://doi.org/10.1016/j.dental.2008.05.010
http://doi.org/10.1016/j.mehy.2009.11.044
http://doi.org/10.1590/S1678-77572009000600014
http://doi.org/10.1007/s00784-010-0439-1
http://doi.org/10.2341/15-010-L
http://www.ncbi.nlm.nih.gov/pubmed/26449590
http://www.ncbi.nlm.nih.gov/pubmed/17432790
http://doi.org/10.1016/S0099-2399(96)80231-7
http://www.ncbi.nlm.nih.gov/pubmed/8618081
http://doi.org/10.1590/0103-6440201701190


Molecules 2023, 28, 3131 20 of 20

69. Hafez, R.; Ahmed, D.; Yousry, M.; El-Badrawy, W.; El-Mowafy, O.J. Effect of in-office bleaching on color and surface roughness of
composite restoratives. Eur. J. Dent. 2010, 4, 118–127. [CrossRef]

70. Azrak, B.; Callaway, A.; Kurth, P.; Willershausen, B.J.; Dentistry, R. Influence of bleaching agents on surface roughness of sound
or eroded dental enamel specimens. J. Esthet. Restor. Dent. 2010, 22, 391–399. [CrossRef]

71. Moraes, R.; Marimon, J.; Schneider, L.; Sobrinho, L.C.; Camacho, G.; Bueno, M. Carbamide peroxide bleaching agents: Effects on
surface roughness of enamel, composite and porcelain. Clin. Oral Investig. 2006, 10, 23–28. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1055/s-0039-1697819
http://doi.org/10.1111/j.1708-8240.2010.00372.x
http://doi.org/10.1007/s00784-005-0016-1

	Introduction 
	Methodology 
	Materials 
	Synthesis of Choline Hydroxide-Based Gels 
	Synthesis of Choline Citrate Gel 
	Characterization of Synthesized Gels 
	pH Measurement 
	Fourier Transform Infrared Spectroscopy (FTIR) 

	Tooth Sample Preparation 
	Collection of Tooth Samples 
	Cutting of Enamel Blocks 
	Mounting and Polishing of Enamel Blocks 

	Staining of Tooth Samples 
	Grouping for Bleaching Treatment of Tooth Samples 
	Tooth Color Analysis 

	Digital Colorimetry 
	Microhardness 
	Scanning Electron Microscopy (SEM) 

	Optical Profilometry 

	Results 
	pH Measurement 
	Fourier Transform Infrared Spectroscopy 
	Tooth Color Analysis 
	Shade Matching with Vitapan Shade Guide 
	Digital Colorimetry 

	Microhardness 
	Scanning Electron Microscopy 
	Energy Dispersive X-ray Spectroscopy 
	Optical Profilometry 

	Discussion 
	Conclusions 
	References

