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Abstract
Tea is a popular beverage consumed at different temperatures. The effect of tea on teeth at
different temperatures has not been studied previously. The present study used an in vitro
green tea immersed tooth model at different tea temperatures (hot and cold) compared to
an in vivo tea administration model allowing rats to drink tea over the course of a week. The
elements present in tea leaves were identified by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) and compared to the elements in teeth (enamel surface) using LaserInduced Breakdown Spectroscopy (LIBS). Here, LIBS demonstrated in vivo and in vitro
green tea treatments resulted in a significant increase in the mineral elements found in
enamel. For the in vitro assessment, elements in enamel varied based on cold-tea and hottea treatment; however, hot water reduced the elements in enamel. Atomic force microscopy found the in vivo tea group had a higher roughness average (RA) compared with the in
vivo water group. Cold tea and hot tea in vitro groups demonstrated lower RA than in vitro
water controls. Scanning electron microscopy found hot water induced cracks more than
1.3μm in enamel while cold tea and hot tea promoted the adhering of extrinsic matter to
teeth. Overall, teeth treated to high temperature lost the mineral phase leading to demineralization. Our results indicate that green tea protects enamel, but its protective action in dental
structures is enhanced at cold temperature.

Introduction
Tea is one of the most popular drinks consumed worldwide, especially in China [1, 2]. It has
been widely reported that green tea extracts protect dental tissues [3–6]. For example, green-
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Enamel protection by green tea at different temperatures

tea protects against dentin erosion and abrasion [3, 5, 7], periodontal diseases[8], and caries
[9]. The protective action of green tea is due to the inhibition of metalloproteinases (MMPs)
which degrade matrix in dentin [3]. In fact, green tea extracts have been added to dentifrices
due to the high presence of catechins which act as suppressors of oxidative stress in periodontal diseases [8]. Despite the advantages of drinking tea, there is a lack of information regarding
the influence/interaction of green tea temperature on dental surfaces. The overall goal of this
study was to determine the dental changes elicited by tea using an in vivo and in vitro model.
The present study combined biophysical techniques with sensitive spectroscopic analyses and
microscopic characterization of dental roughness to determine the effect of tea and temperature on dental structures.
Teeth consist of three mineralized tissues: enamel, dentin and cementum. Enamel is considered the hardest tissue in the body, due to approximately 97% of the mineral phase being composed of calcium-phosphorus in the form of hydroxyapatite (HA) crystals [10]. Other
elements are also found in minor quantities in enamel and play an important role in the inorganic structure [10, 11]. The principal function of enamel is to protect dentin, which subsequently protects the neurovascular bundle from physical and chemical effects [12]. One
common damage facing teeth is erosion, the progressive chemical dissolution of HA by acid or
chelation, without bacteriological contributions [13]. Furthermore, erosive lesions can be
caused by teeth being exposed to a solution which is unsaturated with respect to the surface of
enamel, resulting in the leeching out of minerals [14]. Erosion of teeth can be influenced by
many factors including pH and temperature [15].
Additional factors that have an effect on erosion are time of exposure to the erosive agent
[15–17] and dietary habits [18–20]. Despite green tea being preferably consumed at higher
temperatures, e.g. 65 to 85˚C [21, 22], there is no information relating temperature, and the
subsequent effects on dental structures. For example, the degree of erosion on teeth was proportional to the increase in temperature; however, the assessment was using citric acid [23], a
corrosive liquid. In soft drinks, a low pH is a dissolution factor causing strong erosion at a
range of different temperatures [15]. Tea in general is acidic; therefore it is interesting to note
that black tea possesses a low acid anion profiles and thus, does not influence dental erosion.
[24]. Green tea may share similar properties; although, studies have not elucidated its chemical
reaction to different pHs and temperatures. A recent study [25], demonstrated in situ that
black tea and green tea have a positive effect on enamel and dentin structures, but their assessment did not include temperature parameters. It is known that there exists a correlation
between temperature and rate of dissolution of HA eliciting erosion in teeth [15, 23]. To date,
there is no information testing whether green tea can protect teeth under different temperature
conditions. Unfortunately, when erosion occurs, the progress is difficult to identify accurately
in humans since demineralization occurs imperceptibly over time. Therefore, studies using
sensitive spectroscopic techniques could aid in deciphering the effect of tea temperature on
teeth.
Recently, we demonstrated that spectroscopic techniques have the potential to discriminate
elemental changes in teeth treated with coffee [26]. In the present report, we identified the subtle effect that temperature has on teeth treated with tea. To determine the effect of tea temperature on teeth, we quantified elements present in green tea using Inductively Coupled Plasma
Mass Spectrometry (ICP-MS) and compared this to Laser-Induced Breakdown Spectroscopy
(LIBS) to assess the enamel surface. The LIBS technique has been a useful tool to discriminate
and differentiate elements accurately with high spatial resolution [27]. Additionally, LIBS is
used for the identification of elements in soft tissues [28–31] and mineralized tissues without
invasive sampling preparation [32–36]. In the present study, we have quantified the variation
of inorganic elements in teeth subjected to hot tea and cold tea (room temperature—RT) in an
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in vitro model using LIBS. Additionally, we combined spectroscopy with microscopy analyses
to provide a wide panorama of assessing the effect of tea temperature on teeth. For example,
Atomic Force Microscopy (AFM) is a useful instrument that previously had been used to discriminate dental surface damage from soft drinks [15, 37, 38]. To distinguish surface topographical characteristics, AFM is combined with Scanning Electron Microscopy (SEM) which
offers high resolution imaging, crucial to identifying dental erosion [15, 39–43]. The principal
aim of this study was to investigate the influence of tea temperature on teeth. The following
investigation has two questions: 1) Can the elements contained in tea interact with the elements in teeth? 2) How does this interaction vary with temperature? The results provide
important information for promoting oral health in preventing erosion and/or demineralization of teeth.

Material and methods
Animal model
The present study included in vivo and in vitro experiments using a total of eighteen SpragueDawley (SD) rats (350–450 g). The rats were divided into four in vitro groups and two in vivo
groups (6 groups in total: 12 bilateral jaws for in vitro; 6 bilateral jaws for in vivo). Each group
contained N = 3 jaws. Each bilateral jaw has N = 8 teeth; therefore, N = 24 teeth per group. A
total of 144 teeth were used for both in vitro and in vivo experiments (144 teeth divided by 18
inferior jaws). The animal research ethics committee of the City University of Hong Kong
approved all procedures, which were in accordance with the relevant guidelines and regulations of the Department of Health of the Hong Kong Special Administrative Region. Rats were
euthanized with CO2 overdose and jaws were extracted. The hard tissues were separated from
the adjacent soft tissue and cleaned with fresh water. Incisors and molars were included in this
study. All tissues were preserved in sterile water and stored at 4˚C for 24 hrs. Subsequently,
samples were washed in distilled water and dried in a freeze dryer (LABCONCO, Catalog No:
7806031) for 48 hours. Fig 1 illustrates the experimental design for tea preparation, in vivo and
in vitro models, and the instrumentation used.

Back-of-the-envelope calculations
We simulated drinking tea for a 5-year period daily for five minutes using a week immersion
paradigm based on a back-of-the-envelope estimation inspired by E. Fermi [26]. For in vitro
experiments, teeth were immersed for one week in a hot or room temperature (cold) solution
of green tea or water. For the in vivo assessment, rats were provided with one week of green
tea solution or water ad libitum. The shorter time frame for the in vivo experiments was due to
rodents’ hyperactivity (i.e. caffeine from tea).

Tea preparation
Green teabags were used from a commercial brand in China (Luk Yu Tea). The concentration
was 10 g of green tea (equivalent to 5 teabags) per 250 ml of water. The preparation of tea was
repeated every 24 hours for both in vivo and in vitro experiments. The pH of tea was evaluated
using the Eutech-Instrument-700 pH meter. For the hot-tea group, 50 ml of tea solution was
prepared and maintained at 65˚C in a mini cooler (Major Science, MC-0203), with the pH
subsequently calculated. The pH was calculated as the average of ten room temperature (25˚C)
and hot tea examinations. The pH of water at 25˚C or 65˚C was also measured. A detailed
explanation of tea preparation is found in the Supporting Information.
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Fig 1. Experimental design. (A) The preparation of tea consisted of dissolving five teabags in 250 mL hot-water at 87˚C. For the hot-tea group, teeth were immersed
after tea preparation. For the cold-tea group, tea was allowed to cool to room temperature and then teeth were immersed. For control groups, water was made hot or
allowed to cool to room temperature as in the tea groups. (B) Jaws were immersed into cold-water, hot-water, cold-tea, hot-tea. The procedure was repeated daily for
one week. (C) The preparation of tea or water was provided to rats for in vivo consumption. (D) The analysis of elemental content in green tea was evaluated by
Inductively Coupled Plasma Mass Spectrometry (ICP-MS). (E) The elemental composition of enamel was evaluated by using Laser-Induced Breakdown Spectroscopy
(LIBS). (F) Atomic Force Microscopy (AFM) was used to identify roughness on the enamel surface. (G) Scanning Electron Microscopy (SEM) was used to characterize
dental surface ultrastructure.
https://doi.org/10.1371/journal.pone.0244542.g001

Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
The principal metals present in green tea were determined using the AOAC 999.10 protocol
[44] by Inductive Coupled Plasma Mass Spectrometer (ICP-MS-Agilent 7500cs). We quantified the concentration of Ca, K, Mg, Mn, Zn, Fe, and Na in 50 g of tea powder.

Laser-Induced Breakdown Spectroscopy (LIBS)
The LIBS procedure was similar to our previous method examining the effect of coffee on
teeth [26]. The experiments were performed in standard atmospheric air. Dental tissues from
three regions of the crown were utilized (incisal, occlusal and medial lobules) and three laser
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pulses were fired per specimen. The emission spectra were processed to generate a graph
showing the intensity per wavelength. Every emission was computer controlled to expedite
data acquisition. Each acquired spectrum was independently baseline subtracted. The representative graphs were analyzed and processed in Origin Pro 8.5. Ratios were measured per
sample in proportion to calcium lines and analyzed based on previous reports [45–49]; P/Ca;
Mg/Ca; Zn/Ca; Sr/Ca and C/Ca. More detailed analysis for LIBS is described in the S1 File.

Atomic Force Microscopy (AFM)
Jaws containing molars were placed in a glass holder to examine topographical surfaces using
an Atomic Force Microscope (Dimention-ICON-Scan Asyst NanoScope1V). Four regions
were randomly selected per tooth from the crown surface (incisal, occlusal and medial lobules). A scanning rate of 1Hz was utilized covering an area of 10μm2. The piezoelectric scanner
resolution was 256x256 pixels with a Z-range limit of 12.5μm. The regions were randomly
selected from the enamel rods. The data was analyzed using NanoScope Analysis v1.40R1 to
determine the roughness average (RA). Images generated were used to determine the peak
force error, the topographic surface, the processed 3-D image and the histogram depth.

Scanning Electron Microscopy (SEM)
The jaws were separated from the incisor and placed in a holder with carbon tape, and placed
under vacuum for 72 hours. Subsequently, the specimens were coated with gold. We used
scanning electron microscopy (SEM; JEOL JSM-820) with an acceleration voltage of 20 kV
beam irradiation of secondary electrons and a pressure of 1x10-5 Pa. The magnification proceeded from 20x, 100x, 500x, 1000x, 2000x to 8000x. Images were captured from four regions:
1) occlusal zone from molars, 2) buccal groove zone from molars, 3) mesial or distal areas
from molars, and 4) incisal ridge from inferior incisors.

Statistics
Tea groups were compared to their respective control water treatments. The groups were
named by treatment effect: in vivo tea, in vivo water, in vitro hot-tea, in vitro cold-tea, in vitro
hot-water, and, in vitro cold-water. The statistical analysis was based on a two-way ANOVA,
with follow-up t-test using the Holm-Sidak method, with a critical value for p < 0.05. An
unpaired t-test analysis with Welch’s correction was also used when appropriate to compare
groups. All statistical analysis was performed using GraphPad Prism 6.0. The primary null
hypothesis was tea treatment in vivo had no effect compared with the control treatment. The
secondary null hypothesis was in vitro treatments of hot or cold-water had no effect compared
to tea treatments of hot tea or cold-tea. For more details, see Supporting Information.

Results
Fig 1, shows the study design, illustrating how tea was prepared for the in vitro and in vivo
assessments. Changes in color were more substantial in the in vitro assessment than in vivo
observations (S1 Fig in S1 File).
The water had a pH 7.92 at cold temperature (20˚C) and pH 7.71 at hot temperature
(65˚C). The pH of tea had a value of 5.45 in cold conditions, while at 65˚C the pH dropped to
5.32. The analysis of elemental content present in green tea leaves assessed by ICP-MS revealed
high concentrations of Ca, Mg, K, and Mn; while Zn, Fe, and Na were present in minor
amounts (Table 1). For in vivo experiments, the consumption of tea or water did not vary
between groups. Rats ingested �20–50 ml a day (10 ml/100 g body weight/day).
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Table 1. Elemental content in tea leaves identified by ICP-MS.
Tea sample (Element)

Content (mg/kg)

Relative Standard Deviation (RSD%)

K

14806.60 mg/kg

0.5

Ca

3735.14 mg/kg

2.3

Mg

2243.35 mg/kg

1.2

Mn

1149.58 mg/kg

0.5

Fe

196.44 mg/kg

0.6

Zn

33.09 mg/kg

1.1

Na

10.31 mg/kg

0.1

Values expressed in mg/kg from 50 mg green tea leaves analysis. Values are expressed with its Relative Standard
Deviation (RSD%).
https://doi.org/10.1371/journal.pone.0244542.t001

LIBS elemental analysis
To identify whether drinking tea at different temperatures could alter enamel, we analyzed the
elemental concentration by LIBS. The analysis was based on the standard NIST atomic emission database for the identification of Zn, C, Ca, P, Mg, Mn, Na, Sr, Fe, K and O. The intensity
of those elements between groups is shown in Fig 2. Comparison of ratios from specific elements is shown in Table 2.
In vivo. The in vivo tea group showed a generalized increase in the main elements forming the mineral phase of enamel (Fig 2A and 2B). The two-way ANOVA demonstrated that
green tea interacted with specific elements forming enamel in the in vivo model (see Supporting Information). The T-test with Holm-Sidak method, demonstrated that intensities of Ca, P,
Mg, Mn, Sr, Fe and K lines were statistically increased for the in vivo tea group compared with
the in vivo water control group (Fig 2A, S1 Appendix). A heatmap represents the visualization
of intensity differences for the in vivo groups (Fig 2B; S2 and S3 Appendices). The ratios of elements P/Ca, Zn/Ca (P<0.01, or P<0.0001), Mg/Ca (P<0.0001), and C/Ca (P<0.05) were statistically significantly different between in vivo tea and in vivo water (Table 2).
In vitro. Fig 2C–2G represents the in vitro treatment of hot or cold green tea using LIBS
to assess elemental characteristics of enamel. The analysis from the in vitro groups were performed between tea or water, cold or hot. A two-way ANOVA demonstrated that in vitro
green tea interacted with the elements in enamel (see S2 File). The Holm-Sidak method was
performed to compare groups to identify specific elements in enamel which might have
changed due to tea or temperature (S1 Appendix) and the ratio of elements of interest
(Table 2).
There was no statistically significant difference in the intensity between cold-tea and hottea treatments between elements (Fig 2C). The hot-tea group had a higher intensity in P, Mn,
Fe, K and O; while Ca, Mg, Sr and Na increased from cold-tea, although none of them reached
significance (S1 File, S1 Appendix). A small significance (P<0.05) in the Zn/Ca ratio was
noticed in the cold-tea comparison with hot-tea (Table 2). A general increase in the elements
in enamel was seen in the cold-tea group compared to the cold-water group (Fig 2D). A statistically significant increase in Ca and O in cold-tea was found compared with cold-water (Fig
2D; S1 Appendix). The ratio of elements for cold-tea and cold-water was significantly different
for P/Ca, Mg/Ca (P<0.0001), and C/Ca (P<0.01), (Table 2). The hot-tea treatment revealed a
generalized increase in elemental intensities compared to hot-water (Fig 2E). A significant
increase in C, Mg, Ca, P, Fe, K and O in the hot-tea group was found compared to hot-water
(S1 Appendix). The ratio of elements for hot-tea and hot-water was significantly different for
Mg/Ca and Sr/Ca (P<0.0001), while a small difference existed for P/Ca and Zn/Ca (P<0.05;
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Fig 2. LIBS demonstrates changes in enamel composition. (A) The comparison of emission lines from in vivo teeth treated with tea (green lines) and water (black
lines). The insert shows the range of wavelengths (200–260 nm, and 700–780 nm) displaying the specific element peaks from in vivo groups. (B) Heat map visualization
comparing in vivo tea vs in vivo water. (C) Comparison between in vitro groups, Cold-tea (blue lines) vs hot-tea (red lines) showing the elemental intensity variation.
(D) Cold-tea (dark blue lines) vs cold-water (light blue lines) comparison showing a significant increase in Ca and O lines from cold-tea group. (E) Hot-tea (red lines) vs
hot-water (orange lines) showing a significant increase in the elements from hot-tea. (F) Hot-water (orange lines) vs cold-water (light blue lines) showing a significant
increase in the elements from both groups. Insert shows the range of wavelengths (200–260 nm) displaying the specific element peaks from control hot and cold water.
Statistically significant increases are represented by � . The major intensities are represented by ^’s colored coded the same as the group color line. (G) Heat map
visualization for in vitro groups. For both heatmaps the color is a representation of the difference in intensity between groups. Heat map is a representation of difference
where 0 is zero difference, scaled from -1 to 1 representing the range of differences. The color is a representation of change difference. The clustering is based on likeness
for the different peaks from the wavelengths.
https://doi.org/10.1371/journal.pone.0244542.g002

Table 2). The cold-water group had a significant increase in Zn, Ca, C, Mn, Mg, Fe and K compared with the hot-water group (Fig 2F; S1 Appendix). The intensity of Na was increased in
cold-water compared to the hot-water group, although it did not reach statistical significance.
Hot-water revealed a statistically significant increase in P intensity compared to the cold-water
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Table 2. Representative elemental ratios for enamel based on emission peaks using LIBS.
In vivo Tea vs In vivo water
Analyte line (nm)/Reference line (nm)

Tea Ratio (mean±SD)

Water Ratio (mean±SD)

Significance

P (215.27)/Ca (211.29)

0.226±0.267

0.548±0.429

��

Mg (383.02)/Ca (393.45)

0.045±0.035

0.013±0.007

���

Zn (202.52)/Ca (317.92)

0.038±0.037

0.094±0.055

��

Zn (206.45)/Ca (211.29)

0.284±0.392

1.109±0.733

���

P value
0.00314962
< 0.0001
0.000136092
< 0.0001

t ratio

df =

3.1028

50

4.8927

50

4.133

50

4.7921

50

Sr (460.75)/Ca (458.59)

0.377±0.117

0.315±0.125

NS

0.0755372

1.8149

50

C (247.71)/Ca (317.92)

0.035±0.030

0.060±0.046

�

0.0307674

2.2229

50

Cold-tea vs Hot-tea
Analyte line (nm)/ Reference line (nm)

Cold-tea Ratio (mean±SD)

Hot-tea Ratio (mean±SD)

Significance

P value

t ratio

df =

P (215.27)/Ca (211.29)

0.250±0.227

0.254±0.258

NS

0.956719

0.05459

42

Mg (383.02)/Ca (393.45)

0.037±0.032

0.029±0.010

NS

0.269403

1.1192

42

Zn (202.52)/Ca (317.92)

0.062±0.139

0.049±0.061

NS

Zn (206.45)/Ca (211.29)

0.423±0.437

0.210±0.162

�

Sr (460.75)/Ca (458.59)

0.493±0.237

0.526±0.215

C (247.71)/Ca (317.92)

0.075±0.145

0.073±0.088

0.689947

0.40169

42

0.0378992

2.1436

42

NS

0.631102

0.48371

42

NS

0.956156

0.05530

42

Cold-tea vs Cold-water
Analyte line (nm)/ Reference line (nm)

Cold-tea Ratio (mean±SD)

Cold-water Ratio (mean±SD)

Significance

P value

t ratio

df =

P (215.27)/Ca (211.29)

0.250±0.227

0.704±0.318

���

< 0.0001

5.0016

34

Mg (383.02)/Ca (393.45)

0.037±0.032

0.222±0.122

���

< 0.0001

6.8048

34

Zn (202.52)/Ca (317.92)

0.062±0.139

0.130±0.149

NS

0.173017

1.3918

34

Zn (206.45)/Ca (211.29)

0.423±0.437

0.417±0.315

NS

0.964806

0.04444

34

Sr (460.75)/Ca (458.59)

0.493±0.237

0.523±0.283

NS

0.733448

0.34335

34

C (247.71)/Ca (317.92)

0.075±0.145

0.375±0.375

��

0.00175411

3.3962

34

Hot-tea vs Hot-water
Analyte line (nm)/ Reference line (nm)

Hot-tea Ratio (mean±SD)

Hot-water Ratio (mean±SD)

Significance

P (215.27)/Ca (211.29)

0.254±0.258

0.643±0.739

�

Mg (383.02)/Ca (393.45)

0.029±0.010

0.132±0.034

���

P value
0.0292649

Zn (202.52)/Ca (317.92)

0.049±0.061

0.194±0.286

�

Zn (206.45)/Ca (211.29)

0.210±0.162

0.558±0.685

�

Sr (460.75)/Ca (458.59)

0.526±0.215

0.205±0.031

���

C (247.71)/Ca (317.92)

0.073±0.088

0.125±0.202

NS

t ratio

df

2.2759

34

13.422

34

0.0267997

2.3147

34

0.027623

2.3014

34

5.5213

34

1.0653

34

< 0.0001

< 0.0001
0.294242

Cold-water vs Hot-water
Analyte line (nm)/ Reference line (nm)

Cold-water Ratio (mean±SD)

Hot-water Ratio (mean±SD)

Significance

P (215.27)/Ca (211.29)

0.704±0.318

0.643±0.739

NS

Mg (383.02)/Ca (393.45)

0.222±0.122

0.132±0.034

�

Zn (202.52)/Ca (317.92)

0.130±0.149

0.194±0.286

Zn (206.45)/Ca (211.29)

0.417±0.315

0.558±0.685

Sr (460.75)/Ca (458.59)

0.523±0.283

0.205±0.031

��

C (247.71)/Ca (317.92)

0.375±0.375

0.125±0.202

�

P value

t ratio

df =

0.778887

0.283

26

0.0132384

2.6589

26

NS

0.464402

0.74256

26

NS

0.490303

0.69974

26

0.000292421

4.1794

26

0.0372031

2.1960

26

Values expressed in Mean ± SD. Calculations from the emission detected by LIBS. Statistical analysis based on a T-test. Statistical significance determined using the
Holm-Sidak method, with
�

for p < 0.05
for p < 0.01

��

���

for p < 0.0001; NS = non-significant; df = degree of freedom.

https://doi.org/10.1371/journal.pone.0244542.t002
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group (S1 Appendix). The intensity of Sr was increased in hot-water compared to the coldwater group, although it did not reach statistical significance. The ratio of elements for coldwater and hot-water were statistically significant in Sr/Ca (P<0.001), Mg/Ca and C/Ca
(P<0.05) (Table 2). A heatmap represents the visualization of intensity differences for the in
vitro groups (Fig 2G; S2 and S4 Appendices).

Surface enamel roughness
We evaluated the topographical surface and roughness average (RA) of enamel using AFM
(Fig 3, Table 3). The comparison among groups indicated differences in roughness and aggregates over the enamel for in vitro treatments. Significantly higher RA was found in the in vivo
tea group compared with the in vivo water group (F = 31.75, P<0.0001; Table 3). For the in
vitro treatment, an extrinsic matter appeared deposited over the enamel in cold-tea and hottea groups (Fig 3C & 3E). The aggregates were not seen in the control cold-water or hot-water
groups (Fig 3D & 3F). Cold-tea was not statistically different from cold-water in RA
(F = 2.145, P = 0.2709). Hot-tea demonstrated a statistically significant lower RA compared to
hot-water (F = 283.4, P<0.0001). Cold-water RA was not significantly different than hot-water
(F = 1.365, P = 0.365). Overall, in vivo tea induced significant roughness over its control, compared to in vitro treatments. The roughness average for in vitro groups and their comparisons
can be found in Table 3. Interestingly for the in vitro treatment, green tea had less RA than its
controls, although some surface aggregates (Fig 3).

Scanning electron microscopy
SEM was performed analyzing molars and mandibular incisors from the in vivo (Fig 4A and
4B) and in vitro groups (Fig 4C–4F). Overall, we did not observe significant effect on molars
(Fig 4A, 4Aa1, 4Aa2 and 4B, 4Bb1, 4Bb2) and incisors (Fig 4A, 4Aa3, 4Aa4 and 4B, 4Bb3,
4Bb4) from either of the in vivo groups. From the captioned molar of the in vivo tea group
(Fig 4A and 4Aa1), there is loss of continuity in the vestibular edge allowing the observation of
exposed prisms in the secondary enamel. This could be due to the animal’s chewing action,
bruxism resulting from caffeine in tea.
The in vitro groups treated with tea or water at different temperatures induced several
changes in enamel. The cold-tea group (Fig 4C) did not show significant damage in enamel
exposure. However, similar to AFM results, the SEM showed that molars of cold-tea had generalized deposition of extrinsic matter along the vestibule-occlusal area (Fig 4C and 4Cc1) and
outermost enamel (Fig 4C and 4Cc2). From the incisor, the outer enamel presented a smooth
surface with less aggregates (Fig 4C and 4Cc3), although it was not noticeable from the incisor
edge (Fig 4C and 4Cc4). Likewise, the hot-tea group showed deposition of extrinsic matter
throughout molars (Fig 4D, 4Dd1 and 4Dd2). A portion of dentin exposed from incisors demonstrated that aggregates were deposited over dentinal tubules (Fig 4D and 4Dd3) and outer
structures (Fig 4D, 4Dd4 and 4Dd5). In general, the hot-tea group surface was irregular and
highly studded with an accumulation of residue over the enamel surface compared to cold-tea.
We did not observe significant effect on molars (Fig 4E, 4Ee1 and 4Ee2) and incisors (Fig 4E,
4Ee3 and 4Ee4) from the cold-water group. In contrast, the molars in the hot-water group
exhibited noticeable fractures and a severe detachment along the exterior enamel (Fig 4F, 4Ff1
and 4Ff2). At high magnification, major cracks were found of 1.33μm and 1.76μm thickness
along the molar groove (Fig 4F and 4Ff3). The incisor in the hot-water group had a flat surface
with a polished appearance on the enamel edge (Fig 4F and 4Ff4) and the incisal edge (Fig 4F,
4Ff4 and 4Ff5). Lastly, comparing hot-tea with hot-water, aggregates were observed in the tea
group, but not the water group (Fig 4D vs. 4F). Similarly, comparing cold-tea with cold-water,
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Fig 3. Atomic force microscopy identified loss of roughness on enamel surface induced by high temperature. Representative topographic cleared and flatten images
of enamel surface (two columns at the left); three-dimensional images (middle) and depth histograms (right) from in vivo (A-B), and in vitro groups (C-F). (A) Enamel
of teeth from the in vivo tea group showed considerable roughness. (B) The in vivo control group treated with water had slightly reduced enamel roughness compared to
tea. (C) Cold-tea group showed a surface with the appearance of aggregates on the enamel, not seen in the cold-water treatment (D). (E) Hot-tea showed aggregates over
the enamel not seen from hot-water group (F). Images were obtained from an 10x10 μm2 area (N = 3 jaws, N = 24 teeth per group).
https://doi.org/10.1371/journal.pone.0244542.g003

aggregates were observed in the tea group only (Fig 4C vs. 4E). Overall, the SEM analysis demonstrated that higher temperature affected enamel.

Discussion
The current study investigated the effect of green tea on teeth at different temperatures using
spectroscopic and microscopic techniques. We originally hypothesized that temperature may
reduce the capacity of green tea to protect enamel. Here, we demonstrated that high temperature affects enamel composition likely inducing erosion; but more importantly, green tea can
lessen this damage. The protection offered by tea is enhanced at cold temperature. Fig 5 is a
schematic model illustrating the effect of tea and temperature on enamel.
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Table 3. Enamel roughness after treatment of green tea or water at different temperatures.
Group comparison

RA

In vivo tea

33.65±15.67

In vivo water

25.25± 2.78

Cold-tea

18.36±7.15

Cold-water

25.54±10.47

Hot-tea

15.65±4.53

Hot-water

18.629±8.96

Cold-tea

18.36±7.15

Hot-water

18.629±8.96

Significance

P value

t ratio

df =

���

< 0.0001

1.668

18

NS

0.2709

1.790

18

���

< 0.0001

1.047

18

NS

0.6507

1.585

18

Roughness Average (RA) (Mean ± SD) measured from 10x10μm2 area by AFM. Statistical analysis based on unpaired T-test; with Welch’s correction
���

for p < 0.0001; NS = non-significance; df = degree of freedom.

https://doi.org/10.1371/journal.pone.0244542.t003

Biomechanism of green tea protection
Green tea protects teeth because it contains high amounts of polyphenol catechins. These
inhibit the enzymatic reaction of MMPs, the proteins associated with erosion, especially in
dentin [3, 5, 9, 50]. High temperature conditions could contribute to the activation of MMPs,
exposing the matrix to mineral loss. Using laser induced breakdown spectroscopy (LIBS), we
identified that at high temperature, enamel loses the crucial elements that maintain the mineral
phase. For example, comparing the hot-water and cold-water groups (Fig 2F), we found a
reduction in mineral elements (e.g. Ca) in the hot-water group. Similarly, when we compared
the hot-tea versus the hot-water group (Fig 2E), we also found a reduction in the hot-water
group. This evidence supports the hypothesis that temperature facilitates the dissolution of
hydroxyapatite crystals inducing erosion [15], but tea protects, possibly by preventing dissolution of hydrogen bonds in the hydroxyapatite structure [51].
Tea protects teeth against erosive demineralization [3–7, 9] because the chemical structure
of hydroxyapatite (HA), which comprises enamel, is tolerant to substitution by different trace
elements [51, 52]. Reports using liquid solutions [53, 54] have shown that Zn, Ca, Mg, Fe, K,
and Cu, which are found in tea, are involved in tooth staining. Likewise, bivalent metals such
as Sr+2 are incorporated into the HA structure when Ca is lost [46, 51, 55–57]. We observed
with LIBS that the Sr/Ca ratio from hot-tea was highly increased compared with hot-water.
This suggests that Sr ions from tea solution compensate for the loss of Ca because of increased
temperature. In general, teeth uptake Sr molecules to compensate HA’s structure in response
to thermal stress and calcium loss, irrespective of the presence of tea. For example, when comparing cold-water to hot-water groups, Sr/Ca ratio was significantly decreased in hot-water.
Humphrey et al., [58], also found that areas having lower Sr/Ca ratio are more mineralized in
comparison to areas with higher Sr/Ca.

Microscopic surface features and demineralization
Hard tissues can be topographically characterized by microscopy. There are numerous studies
analyzing the effect of acid drinks on enamel and dentin using AFM [15, 37, 38, 59–61]. Augmentation of roughness average (RA) is observed when demineralization is induced by acid
drinks [38] or after treatment with bleaching agents [62–64]. However, we do not associate the
increased RA from in vivo tea with demineralization because of the well-known protection of
teeth by green tea [3–5]. Instead, increased RA may reflect more microorganisms adhering to
the tooth surface [65–67]. Tea contains organic residues that facilitate bacterial and plaque

PLOS ONE | https://doi.org/10.1371/journal.pone.0244542 December 30, 2020

11 / 19

PLOS ONE

Enamel protection by green tea at different temperatures

Fig 4. The ultrastructure of enamel is altered by tea and temperature. Molars (upper) and incisors (below) were
analyzed by Scanning Electron Microscopy from in vivo (A-B) and in vitro groups (C-F). (A) For the in vivo tea
group, the arrangement of enamel rods from a fracture (a1, a2) and the view of the lingual fossa of an incisor showing
the normal porosity between hydroxyapatite crystals (a3) and dentinal tubules from the apposed surface (a4). (B)
Molar from the in vivo water group showing the occlusal enamel composition (b1, b2). The incisor displays the
enamel, dentin junction (b3) and the vestibular lobe (b4). (C) Molar from the cold-tea group showing aggregates over
the enamel prisms, and an arrangement, which was not seen in the enamel rods of the incisor from the external lobe
(c3) and enamel-dentin junction (c4). (D) In vitro hot-tea group showing a generalized aggregated matter deposited
on the surface of the enamel on molars (d1, d2), and three regions from an incisor showing roughness of dentinal
tubules with deposition of some particles (d3). Some deposition was noticeable in the dentin-enamel junction (d4).
Deposition was irregularly studded in the outermost enamel of incisor in the hot-tea group (d5). (E) The molar from
the cold-water group did not show abnormal roughness in the external enamel (e1, e2) or in the enamel from the
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incisor of the vestibular lobe (e3). Further, some crystal formation from immature enamel was identified (e4). (F) The
hot-water group induced severe damage in teeth, leading to 1.3 and 1.76 μm fractures and breakages (f1, f2) in the
upper enamel surface (f3) of molars, while some breaks were seen in incisors (f4, f5). The scale of Figs is represented
by a grey bar 1 mm (main insert), 10 μm (sub-insert) and 1 μm (farthest bottom right panels). Different areas were
randomly analyzed per molar or incisor (N = 3 jaws, N = 24 teeth per group).
https://doi.org/10.1371/journal.pone.0244542.g004

formation. In contrast, the in vitro tea groups (cold and hot) showed RA decrease compared to
their respective controls. This may be due partly to a reduced microorganism friendly in vitro
environment, and protective effects of tea against demineralization. In contrast, the in vitro tea
groups had lower RA than the water groups. Hemingway, et al., [68] using optical profilometry, found a similar pattern in teeth treated with different fruit juices at 36˚C, although the
degree of abrasion was exacerbated with tooth brushing. This data suggests that aggregates
from tea have been deposited in areas where organic matrix is exposed.
We corroborated the features from AFM, with microstructural analysis by SEM. The
exposed prisms from the in vivo groups (tea and water) had similar patterns. The in vitro tea
and water groups, however, had significant surface differences. Generally, hot-tea and cold-tea
had matter adhering along the enamel on molars and incisors. Since hygienic factors were
excluded from this study (e.g. brushing), those aggregates were an extrinsic deposition from
tea. This is supported by the significantly higher intensity of carbon (from tea leaves) seen by
LIBS from in the vivo tea group compared to water, and hot-tea group compared to hot-water.
A recent report [25] demonstrated the protective effect of black and green tea and “macromolecular deposits” after black tea treatment only, although the analysis focused on dentin
tubules. In this regard, the protective effect of tea as an extrinsic matter likely applies to the
enamel.
The outermost layer of enamel in hot-water samples observed by SEM, experienced 1.5 μm
cracks which were not found in other groups. Investigation into the demineralization process
performed by Lechner, et al., [60] indicated 1μm deep grooves in teeth can be induced by acid
in soft drinks. In this study, and similarly by Barbour et al., [15], temperature and exposure
time are crucial to modify conditions of teeth. A possible explanation for the cracks focuses on

Fig 5. Schematic model illustrating the effect of tea and temperature on enamel. Healthy tooth showing a
representation of the principal elements in the mineral phase (insert). There is a direct interaction between elements in
teeth with the elements in tea, represented by the arrow directed toward the teabag. Cold tea favors enamel absorbing
tea elements providing structural protection; although, metals pigment the enamel surface (green on the tooth). Hot
tea protects against temperature although deposition of metal stains the surface. The high temperature of hot water
results in the loss of elements forming the inorganic matrix.
https://doi.org/10.1371/journal.pone.0244542.g005
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the hydroxyapatite structure. The HA is mainly composed of phosphate and calcium ions:
Ca10(PO4)6 (OH)2, but at elevated temperatures, the structure of HA transforms to HPO42+ OH- ! PO43- + H2O. Because the product is water, these molecules evaporate and calcium
loss occurs [51]. This abrupt damage on enamel is strongly associated with erosive
demineralization.

Balance between acidity and teeth mineral elements
The pH of a solution is an important factor for demineralization [14, 69]. However, the
amount of phosphate and calcium ions in the solution is also important [69]. In our study, the
pH of water was >7.7, which is not considered critical for HA dissolution since previous studies indicated a pH below 5.5 dissolves enamel [70, 71]. When teeth are immersed in water, a
small amount of enamel will gradually be lost because water contains minimal phosphate and
calcium ions. In contrast, the pH of tea was >5.3, which could be considered critical for HA
dissolution. Tea contains high concentrations of calcium and phosphates, which help to prevent enamel dissolution. Consistent with previous studies [3–7, 9, 25], our findings support
the premise of tea protecting teeth against erosion.

Study limitations and future directions
The principal limitation of the present study was the short duration of the in vivo rat model
(one week). Although in vivo studies of human dental tissues would be the best, it is extremely
difficult to avoid confounding variables such as different dietary habits and different dental
conditions (i.e. different erosive states of the dental tissue). As a result, rodents were used due
to their high degree of uniform dental tissue [72] and the similarity of rat teeth to human
teeth. However, we were unable to administer green tea to rodents for a long period of time
due to the ancillary effects of caffeine (e.g. hyperactivity). The present experiment did not
assess salivary conditions in the in vitro model. Saliva contains essential components that protect the entire oral cavity; a biofilm described as the acquired salivary pellicle. This membrane
is the result of sialo- and mucoproteins derived from saliva that moisten [73], thermoregulate
and protect against demineralization [74, 75]. The staining of teeth could be related to the
interaction between the acquired salivary pellicle and elements which stain teeth [24]. Here,
green tea might interact with both the salivary pellicle and tooth surfaces serving as a reservoir
for the adherence of staining metals. Further experiments are required to identify the specific
molecular mechanisms through which green tea protects enamel at cold conditions.
The present manuscript contains helpful information for future approaches in oral health.
Here we suggest biomaterials to protect against high temperature could be added to dentifrices. For example, dairy products are known to reduce damage caused by aggressive beverages [75]. In this regard, adding milk to tea prevents staining due to casein and a high level of
calcium and phosphate protecting the enamel against erosion [75–77]. Constructing thermoresistant dentifrices could be a new target in dental material science.

Conclusions
Here, we identified a clear pattern of elemental deposition on the enamel surface of teeth
caused by tea, in addition to an increase in elements important for the conservation of teeth.
As reported before, green tea can protect enamel from extrinsic damage; however, we identified a subtle erosive effect that hot temperature influences hydroxyapatite. Secondly, we identified that elements from tea interact strongly at cold conditions to protect teeth against erosion
that might have a direct relation with catechins of green tea. Despite the benefits green tea possesses at cold/room temperature conditions, there is caution needed at hot temperatures. To
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preserve dental structures, we recommend avoiding direct exposure to hot beverages and good
hygienic habits after drinking acid/staining drinks (i.e. brushing). These preventative measures
will guarantee the long-term preservation of teeth which are susceptible to erosion.
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