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In this work, we propose the use of molecular emission of calcium fluoride (CaF) by laser induced

breakdown spectroscopy (LIBS) to obtain quantitative fluoride distribution images of teeth. LIBS has

proved to be an efficient technique to detect low amounts of fluoride in solids, and human teeth have

the advantage being a matrix rich in calcium. We used new calibration material from sintered

hydroxyapatite pellets doped with fluoride to determine the optimized LIBS conditions of argon flow at 1

L min−1 and using the green emission bands of CaF in 530 nm, and obtained a calibration curve between

0 and 400 mg g−1, and LOD of 18 mg g−1. This methodology was applied within a rat model of fluoride

exposure and showed increasing tooth-fluoride with increased exposure dose. To demonstrate

applicability of this method in human teeth, we quantified fluoride distribution in teeth from three

children from non-fluorinated and fluorinated water regions. Samples from children living in fluoridated

water regions showed higher fluoride concentrations in dentine formed after birth, compared to a child

from a non-fluoridated region. Teeth have been used as biomarkers for environmental exposure and this

new method opens the opportunity in epidemiology research to study critical windows of early life

exposure to fluoride as well.
1 Introduction

Fluorine is the most electronegative and reactive element in the
periodic table,1 and is most commonly distributed in the earth's
crust as the minerals uorite (CaF2), uoroapatite (Ca5(PO4)3F)
and cryolite (Na3AlF6).1,2 These minerals interchange uoride
ions when exposed to water, releasing uoride into water
sources around the globe.3–5 Fluoride exposure is highly
dependent on geographical area. A primary source for uoride
exposure is drinking water,6 with 75–90% of uoride exposure
in humans related to consumption of high uoride levels in
natural and uoridated water.5,7 Food is another major source
of uoride exposure, accounting for as much as 80–85% of
intake in some areas.8,9 Drinking water is uoridated in the US
as a program to prevent dental caries across the population.10

Other counties, such as Mexico, include uoride in common
salt for similar reasons.11 Fluoride has a high affinity with
calcium and its phosphate phases and is therefore
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predominately stored in bones and teeth aer exposure.12 The
mineral component of teeth and bones of vertebrates is
predominantly hydroxyapatite (Ca5(PO4)3OH).13 Fluoride
substitutes in the hydroxide position, forming uorapatite,
which is much less soluble in the presence of acids than
hydroxyapatite, and the basis of using uoride in dental health
products to help prevent dental caries.13–15 Other tissues where
uoride is stored due the high presence of calcium are the
pineal gland,16,17 kidney,18,19 hair and nails.20

Fluoride is essential to living organisms; however, at elevated
concentrations it can be harmful. Excess uoride disrupts the
development of teeth and bones; a condition called uorosis.5,21

Fluorosis hampers enamel mineralization and can lead to tooth
loss; also, bones can become more fragile;20 this process is
irreversible. In addition, uoride exposure has been associated
with chronic kidney disease in children,18,19,22 neurological
impairment23,24 and hormonal imbalance.25–27

Numerous methods have been used to identify and quantify
uoride in different matrices, typically requiring matrix disso-
lution prior to analysis. Well established techniques for uoride
determination are ion selective electrode (ISE)28,29 and ion
chromatography (IC).29,30 However, uoride detection is chal-
lenging via spectroscopy and spectrometry techniques due to its
high ionization potential and electronegativity. However, using
inductively coupled plasma (ICP-MS) with a reaction cell mode
has been possible to determine uoride in water aer adding
excess barium to form the ion BaF+.31,32 Techniques capable of
J. Anal. At. Spectrom., 2023, 38, 303–314 | 303
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solid sampling include laser induced breakdown spectroscopy
(LIBS),33,34 X-ray uorescence (XRF)35 and proton induced X-ray
emission (PIXE).36–39 Fluoride limits of detection (LOD) for
these techniques range between 100 to 1000 mg L−1, much
higher than that reported for ISE or IC, 1 mg L−1 and
0.02 mg L−1 respectively. Fluoride detection by LIBS typically
uses the atomic emission line at 685 nm. However, due to the
high ionization potential, analysis requires a helium gas ow
and only a relatively high LOD of 135 mg kg−1 can be ach-
ieved.33,40 This LOD is higher than the expected uoride
concentration in teeth. Another approach to uoride quanti-
cation is to use the formation of calcium monouoride mole-
cule (CaF) by recombination, and detecting its molecular
transition by absorption or emission. The observation of CaF
molecular spectroscopy dates back at the beginning use of
emission spark spectroscopy.41–43 Later the introduction of
commercially available equipment for high-resolution
continuum source atomic absorption spectrometry (HR-CS
AAS) opened the opportunity to explore an application for
uoride quantication,44,45 especially using CaF,37,38 including
the graphite furnace (HR-CS-GF AAS) for solid sampling.37,39,46

Using these methodologies, LODs as low as 3.75 mg kg−1 have
been achieved.39

This molecular recombination approach can be leveraged in
LIBS to improve sensitivity. During the cool down process in the
laser-induced plasma, some microseconds aer the laser–
matter interaction, a recombination of atoms into small mole-
cules begins.47 In addition, at this point the plasma temperature
promotes electron excitation to higher molecular levels and by
consequence the emission of light from these small mole-
cules.47 By optimizing the gate delay between the laser pulse and
signal acquisition, it is possible to record the presence of CaF in
the plasma. The rst use of CaF molecular bands in LIBS was
reported by Ga et al. in 2014 for elemental analysis of halo-
gens.48 Furthermore, the rst report of uoride presence in
Mars's surface came from the detection of CaF emission bands
by the ChemCam Instrument of the Curiosity rover.49 This new
approach has been used to quantify CaF in uorite mining
ores,50 uoride in toothpaste50 and even uoride in calcium-free
samples by nebulizing a calcium containing solution on the
sample surface.51

Solid sampling methods are advantageous as they enable
quantitative mapping of uoride distribution in tissues. Metals
distribution imaging by laser ablation-ICP-MS and LIBS, has
been used in different elds as geology52,53 and medicine.54–56

This is particularly important for the analysis of teeth where the
spatial mapping of elements has been used to develop
biomarkers for metal exposure during early child develop-
ment.57–60 Deciduous teeth start to calcify as early has second
trimester (starting at 13–16 weeks gestation for rst group of
incisors) and continue growing, until is exfoliated in child-
hood.61 During this time, circulating inorganic elements and
organic molecules are incorporated into the tooth structure.
Imaging uoride in teeth can be used to reconstruct the timing
of exposure to this halogen and study its association with
different health outcomes. Previous methods used to measure
uoride in teeth have required the dissolution of whole teeth for
304 | J. Anal. At. Spectrom., 2023, 38, 303–314
measurement by ISE which destroys the temporal information
encoded in teeth;62 or cutting micro sections from a tooth
sample to procedure that take a long processing time.63,64 Other
methodology used for mapping is PIGE/PIXE, however the
scanning areas going up 1 mm by 1 mm and makes the
mapping for a whole tooth area difficult and a long sample
preparation process.36,65 In this case, LIBS has as advantage that
is possible to map and quantify the uoride in the whole tooth
sample, no matter the dimensions.

In this work, we evaluate the use of CaF molecular emission
bands for the quantitative imaging of uoride in teeth by LIBS,
with the overall aim of using tooth CaF as a biomarker of
uoride exposure during early development. The effect of the
gas ow in the CaF formation, emission bands and other
method parameters were studied. In addition, method param-
eters were optimized using hydroxyapatite sintered pellets
standard material doped with uoride, and calibration curves
from CaF molecular emission bands were used to obtain
a quantitative image of uoride distribution in teeth. Finally,
this method was applied to an animal model of uoride expo-
sure and teeth collected from children residing in areas with
and without uoridated water.

2 Experimental
2.1 Hydroxyapatite in house standards

A series of hydroxyapatite (HA) calibration materials containing
uoride were prepared following the co-precipitation procedure
reported by Martinez et al.,66 with a nominal concentration
between 0 (i.e. blank) to 1000 mg g−1. This range is expected to
cover tooth-uoride concentrations from individuals
consuming uoridated and non-uoridated water and under
other sources of exposure. Briey, hydroxyapatite was precipi-
tate from pure calcium nitrate tetra hydrate (Ca(NO3)2$4H2O,
Acros Organic) and ammonium dihydrogen phosphate
(NH4H2PO4, Acros Organic). Aqueous solutions of NH4H2PO4

(0.48 M) and Ca(NO3)2$4H2O (1 M) were prepared in ultrapure
water (18 MUcm) and pH-adjusted to a value of 9 by adding
ammonium hydroxide (NH4OH, Fisher Scientic). Sodium
uoride (NaF2, Fisher Scientic) was added to the phosphate
solution at a concentration adjusted to achieve suitable
concentrations in the desired standard materials. The
Ca(NO3)2$4H2O solution was added dropwise and under
magnetic stirring to the NH4H2PO4 solution, then the mixture
was then aged for 5 days at 37 �C. The precipitate was subse-
quently ltered, washed with sodium hydroxide (0.05 M NaOH,
Fisher Scientic) and dried in an oven at 80 �C overnight. Later,
this powder was lightly ground in an agate mortar, and calcined
at 450 �C for three hours. The resulting powder was sieved until
200 Mesh to retain the smaller crystal grains. This new
hydroxyapatite crystalline powder was pelletized in a die
through uniaxial pressing at 0.5 MPa, following a cold isostatic
pressing at 200 MPa. The resulting samples were consolidated
by a sintering process in air at 1200 �C, using heating and
cooling rates of 2 �C min−1 and a holding time of 2 h.

Approximately 0.1 g of each pellet was dissolved with 1 mL of
nitric acid (HNO3, trace metal, Acros Organic) overnight and
This journal is © The Royal Society of Chemistry 2023
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1 mL of 15% sodium acetate solution (NaCH3COO, Acros
Organic) (1.8 M) was added to the digested sample and diluted
with deionized water with resistance less than 18 Ucm for the
determination of the uoride content by ISE. Tooth powder was
treated with the same procedure for the total uoride analysis
by ISE. A uoride Ion Selective combination: electrode (Orion
9609BNWP) and pH/ISE/mV Meter (Orion VersaStar) was used
for the determination of uoride in LIBS calibration material
and samples. Following the standard method, one part of
uoride standard or sample was mixed with three parts of total
ionic strength adjustment buffer (TISAB II). The ISE was cali-
brated with a set of uoride standards in the range of 0.1–
10 mg L−1 and then the individual sample analysis was per-
formed. To evaluate ISE accuracy and validity of applied
methods, samples were spiked with uoride standard solutions
and recoveries were measured in the range of 96.7–98.5%.
2.2 Animal model

Timed-pregnant Long-Evans hooded rats (Charles River Labo-
ratory, Raleigh, NC) were received on gestational day (GD) 4 and
individually housed in ventilated cages (Techniplast, West
Chester, PA) with autoclaved, hardwood bedding (PJ Murphy,
Montville, NY) within a semi-barrier room (40–60% humidity;
12 h light/dark cycle:6 : 00–18 : 00; 20–24 �C). All animals were
maintained on a low-uoride chow containing a conrmed level
of 3.24 ppm F− (Official Methods of Analysis Methods 944.08
and 978.03; AOAC International, Gaithersburg, MD; Covance,
Madison, WI) (Teklad Custom Diet TD.16017). Dams were
randomly assigned to exposure groups receiving either normal
reverse osmosis treated drinking water (RO-H2O) or water sup-
plemented with either 10 ppm F− (G3) or 20 ppm F− (G4).
Dosing solutions were prepared fresh weekly with sodium
uoride (NaF; lot #X0044851; 99.9%; Materion, Milwaukee, WI).
Fluoride levels in drinking water were conrmed [RO-H2O:
<0.2 ppm; 10 ppm and 20 ppm F−within 5% of target] (Analyt-
ical Method: EPA 300.0; Pace Analytical, Huntersville, NC). Food
and water were available ad libitum. Exposure to the dams began
on GD6 and continued throughout lactation. On postnatal day 4
(PND4) with day of birth PND0, pups within each group
[3.4 mg L−1 (DG2), 10 mg L−1 (DG3) and 20 mg L−1 (DG4)] were
fully cross-fostered to establish litters of 10 pups. Pups were
allowed free access to dose group drinking water, beginning
consumption around PND14, continuing until study termina-
tion (�PND80). Tissue used for analysis was selected to ensure
a sampling of only one pup per gestational and lactational litter.
Following CO2 euthanasia and decapitation, the entire head was
frozen on dry ice and stored at −20 �C and shipped to Icahn
School of Medicine. All animal procedures were conducted in
accordance with the policies on animal welfare of the National
Institutes of Health (NIH, “Guide for the Care and Use of
Laboratory Animals,” Institute of Laboratory Animal Resources,
National Research Council, 1996) according to protocols
approved by the National Institute of Environmental Health
Sciences (NIEHS) Animal Care and Use Committee within
Association for Assessment and Accreditation of Laboratory
Animal Care (AAALAC) approved animal facilities.
This journal is © The Royal Society of Chemistry 2023
So tissue adherent to the external surface of the jaw was
removed by scraping with a scalpel. Upper and lower incisors
were extracted using dental forceps and washed in Milli-Q water
prior to embedding in EpoxiCure 2 (Buehler) resin. The resin
block was ground using CarbiMet S 600 (P1200) paper (Buehler)
until the center axis of the incisor was exposed. The surface was
then polished with P1500 and P2500 paper and nally 1 mm
diamond paste (MetaDi Ultra Paste, Buehler). Resin blocks were
nally sonicated in Milli-Q water to remove any diamond paste
from the surface.
2.3 Human samples

One tooth from each of three cohorts based in Ohio, USA, Italy
and Massachusetts, USA, was analyzed to demonstrate the
applicability of this technique to human deciduous teeth.
Details of each cohort are provided below, and all teeth were
collected aer natural shedding.

The Communities Actively Researching Exposure Study
(CARES) is an ongoing community-engaged research study to
investigate the effects of environmental exposures, particularly
manganese (Mn) exposure, on neurodevelopment in children.67

The cohort has expanded to include communities experiencing
high levels of ambient Mn. Marietta CARES participants were
recruited from 2008–2014 from Marietta, OH and Cambridge,
OH and their surrounding area68 and East Liverpool CARES
participants were recruited between 2013 and 2014 from East
Liverpool, OH.69,70 Children were eligible to participate if they
were between the ages of seven and nine years, had resided in
the community for their entire lives, and had no plans to relo-
cate in the next year. The biological mother of the child must
have lived in the same community since the 16th week of
pregnancy with the participating child.

A detailed description of the Public Health Impact of
Manganese Exposure (PHIME) study was previously pub-
lished.71 Briey, 720 children ages 10–14 years were recruited
from three demographically similar but geographically distinct
sites in the province of Brescia, Italy. To be eligible for the study,
all participants must have been (1) born to families living in the
designated study area since the 1970s; (2) living in the study
area since birth, and (3) ages 10–14 years at enrollment.
Participants were excluded if they (1) had any diagnosed
metabolic, neurological, hepatic or endocrine diseases, or
clinically diagnosed hand/nger motor decits; (2) took any
prescription psychoactive drugs; (3) had clinically diagnosed
behavioral manifestations of cognitive impairment, or (4) had
inadequately corrected visual decits.

Project Viva is an ongoing prospective pre-birth cohort of
mothers and their children to study maternal and child health
in relation to prenatal diet and other factors. A detailed cohort
prole was previously published.72 Briey, women living in
eastern Massachusetts during 1999–2002 were recruited at their
initial prenatal visit across eight urban and suburban practices
of a multi-specialty group practice. Women were eligible if
pregnant with a singleton at <22 weeks gestation at time of
recruitment, could answer questions in English, and had no
plans to move out of the area before delivery. In person visits
J. Anal. At. Spectrom., 2023, 38, 303–314 | 305
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Fig. 1 LIBS spectrum for green system for CaF (black line), orange system for CaF (red line) and atomic emission from atomic fluorine (blue line).
Left axis is asociated with molecular emission (black and red lines) and right axis with atomic emission (blue line). Spectra were collected from
a 2500 mg g−1 hydroxyapatite standard using a gate width of 50 ms and gate delay of 10 ms for molecular emission and a gate width of 5 ms and
gate delay of 0.5 ms for atomic emission.

Fig. 2 LIBS signal optimization under argon flow of 1 L min−1 for 530 nm window using a 2500 mg g−1 hydroxyapatite standard. (a) Gate delay
optimization maintaining constant gate width at 50 ms, (b) LIBS spectrum for each gate delay change, (c) gate width optimization maintaining
constant gate delay at 20 ms, (d) LIBS spectrum for each gate width change.

306 | J. Anal. At. Spectrom., 2023, 38, 303–314 This journal is © The Royal Society of Chemistry 2023
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Fig. 3 LIBS signal optimization under helium flow of 1 L min−1 for 530 nm window using a 2500 mg g−1 hydroxyapatite standard. (a) Gate delay
optimization maintaining constant gate width at 50 ms, (b) LIBS spectrum for each gate delay change, (c) gate width optimization maintaining
constant gate delay at 10 ms, (d) LIBS spectrum for each gate width change.

Paper JAAS

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

4.
02

.2
02

6 
11

:3
0:

52
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
were performed during the rst and second trimesters, at
delivery, infancy, early childhood, mid-childhood, early
adolescence and mid/late adolescence. A total of 1279 mother–
child pairs provided data at the mid-childhood visit and teeth
were collected from 206 children.

Human incisors were cut along the labio–lingual plane using
a low speed saw (Isomet, Buehler) with a diamond encrusted
blade. One half of the tooth was then embedded in resin,
ground and polished following the same procedure as for the
rat incisors above.
2.4 LIBS analysis

LIBS experiments were performed using a commercially avail-
able LIBS J200 LIBS system (Applied Spectra Inc., Fremont, CA).
The instrument consists of a 266 nm Nd:YAG laser (5 ns), with
a shot repetition rate of 10 Hz, and variable energy and ablation
spot size available. Aer each laser pulse the emitted radiation
was collected using two different collection optics connected to
optical bers, one collection optic optimized for Visible-NIR light
and a second collection optic for UV-visible light. Collected light
was analyzed using either a Czerny-Turner spectrometer (Andor,
This journal is © The Royal Society of Chemistry 2023
Kymera193i) coupled with high performance NIR ICCD detector
(Andor, iStar ICCD) with a grating turret 1800 gmm−1 for VIS and
NIR coverage, and a 6-channel spectrometer covering a spectral
range from 190 to 1040 nm. LIBS parameters optimized were gate
delay (length of time between the laser pulse and the spec-
trometer detector turning on), gate width (length of time the
detector remains on), laser energy and gas used in the ablation
chamber. LIBS data were displayed using Axiom 2.0 soware
provided by the manufacturer that record the spectrum from
both spectrometers for any laser shot.

For the hydroxyapatite calibration material ve raster lines,
with a length of 2.5 mm and spaced every 0.1 mm, were
measured in each HA pellet. Each raster line generated 26 single
shot emission spectra, totaling 130 shots which were averaged.
Data treatment was performed using the net area of the emis-
sion signal. Integration of the signal was carried out using
MATLAB R2019b. For the 530 nm spectral window, intensity of
the CaF molecular bands were calculated aer drawing a base-
line between 528 to 542 nm and integrating the signal between
528 to 532 nm, just before the Ca I emission line. For the 600 nm
spectral window, the CaF molecular bands intensity was
calculated aer drawing a baseline between 591 to 607 nm and
J. Anal. At. Spectrom., 2023, 38, 303–314 | 307
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Fig. 4 LIBS signal optimization under argon flow of 1 L min−1 for 600 nm window using a 2500 mg g−1 hydroxyapatite standard. (a) Gate delay
optimization maintaining constant gate width at 50 ms, (b) LIBS spectrum for each gate delay change, (c) gate width optimization maintaining
constant gate delay at 20 ms, (d) LIBS spectrum for each gate width change.
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integrating the signal above the baseline between 591 and
607 nm. These parameters were chosen to avoid the inerference
form the Na I doublet at 589.0 and 589.5 nm. For tooth analysis,
sampling parameters were selected for a raster line pattern that
covered the entire sample area, with a spot size of 100 mm, no
gap between adjacent lines and using a raster speed of 1 mm s−1

that ensured laser spots were adjacent without overlapping.
3 Results
3.1 Spectral windows optimization

Two intense molecular systems from CaF have been identied
in the visible region. A band system in the orange region of the
spectrum, known as “Orange System” A2P − X2S, consisting of
strong emission bands between 602.43 nm to 608.69 nm (see
Fig. 1a); and a band system in the green region of the spectrum
known as “Green System” B2P − X2S, consisting of strong
emission bands between 529.10 nm to 542.19 nm41–43 (see
Fig. 1b). In addition, the spectral interval of 670–710 nm present
a clearly observed group of atomic emission lines from uorine
with a high peak at 685.6 nm corresponding to 2s22p4(3P)3s to
2s22p4(3P)3p transition (see Fig. 1c). Each of these transitions
308 | J. Anal. At. Spectrom., 2023, 38, 303–314
appears at different times during the plasma expansion and
cooling process. Therefore, we evaluated the change in signal in
each spectral window at different times aer the plasma forms,
to identify the signal maximum. The evaluation of plasma
conditions was developed with two different gas ows, argon
and helium. To compensate for the difference in hydroxyapatite
mineralization between standards and samples, and between
enamel and dentin within samples, the molecular CaF LIBS
signal was normalized to the atomic phosphorus signal at
214.91 nm corresponding the 3s23P3 to 3s23P2(3P)4s transition,
as an internal standard. Phosphorus is a major element in
hydroxyapatite matrix with calcium. Previous studies of teeth
have used calcium as an internal standard. However, calcium
was precluded as an internal standard in this study because it is
involved in the molecular reaction measured (formation of CaF)
and therefore signal may vary in relation to uoride content.

LIBS signal intensity is dependent on the laser wavelength,
matrix composition, temporal evolution of the signal intensity
and gas ow. The CaF LIBS signal has been studied with
different laser wavelengths, including 266,73 532 (ref. 40) and
1064.51,74 The plasma condition and its evolution in time has
been studied under different gas ows; as helium, argon or air;
This journal is © The Royal Society of Chemistry 2023
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Fig. 5 LIBS signal optimization under helium flow of 1 L min−1 for 600 nm window using a 2500 mg g−1 hydroxyapatite standard. (a) Gate delay
optimization maintaining constant gate width at 50 ms, (b) LIBS spectrum for each gate delay change, (c) gate width optimization maintaining
constant gate delay at 10 ms, (d) LIBS spectrum for each gate width change.
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and using different substrates.75–77 The CaF molecular forma-
tion has also been studied under helium,40,73,78 argon78 and air
gas ows.51,74,78 However, the effect of using 266 nm laser and
different gas ows on the CaF LIBS molecular signal from
a tooth substrate has not been studied. For all LIBS optimiza-
tion experiments, the laser spot size and energy were constant at
100 mm and 8 mJ. Fig. 2 shows the CaF signal change at 530 nm,
under an argon ow of 1 L min−1, when maintaining constant
gate width at 50 ms, while modifying the gate delay between 5 to
130 ms. In this case, the CaF signal decayed from 5 ms up 40 ms
with no emission collected aer that time. At 20 ms gate delay,
the accumulated signal is more precise compared to earlier
plasma formation times (5–10 ms). In addition, at 20 ms there is
less overlap from the calcium atomic emission on the CaF
region, as is show in Fig. 2b. Maintaining constant the gate
delay at 20 ms was then tested, while the gate width was modi-
ed between 10 to 100 ms, as is show in Fig. 2c. The CaF signal
increased, reaching a maximum at 70 ms gate width before
plateauing. This experiment was repeated using a helium ow
of 1 L min−1 under the same spectral window at 530 nm. Fig. 3a
shows the CaF signal change when maintaining constant the
gate width at 50 ms and increasing the gate delay from 5 to 27.5
This journal is © The Royal Society of Chemistry 2023
ms. In this case, the CaF signal decayed from 5 ms to 17.5 ms with
no emission collected aer that time. The timing of 10 ms
showed a considerable amount of emission signal with more
precision, compared to the earlier plasma formation times. In
addition, as is show in Fig. 3b, there is no overlap from the
atomic Ca signal with the CaF emission over the tested range.
Maintaining the gate delay constant at 10 ms, the gate width was
then tested between 10 to 100 ms. Fig. 3c shows the CaF signal
increasing and reaching a maximum at 30 ms.

The same experiments were carried out for the 600 nm
spectral window under an argon ow of 1 L min−1, optimal
parameters of 10 ms gate delay and 70 ms gate width were
identied (see Fig. 4). Under a helium ow of 1 Lmin−1, optimal
parameters of 7.5 ms gate delay and 60 ms gate width were
identied (Fig. 5). Overall, there was less overlap from calcium
atomic emission in the 600 nm spectral window compared to
the CaF emission at 530 nm. However, in this range there is
a CaO band that can interfere with the CaF emission bands. For
argon and helium gas ows, this band is small due the reduced
oxygen content in the chamber. In addition, as Aguilera et al.
studied in uranium targets,76 the faster decay of CaF signal
J. Anal. At. Spectrom., 2023, 38, 303–314 | 309
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Fig. 6 LIBS signal optimization under helium flow of 1 L min−1 for 689 nm window using a 2500 mg g−1 hydroxyapatite standard. (a) Gate delay
optimization maintaining constant gate width at 4 ms, (b) LIBS spectrum for each gate delay change, (c) gate width optimization maintaining
constant gate delay at 0.2 ms, (d) LIBS spectrum for each gate width change. Error bars on (a) and (c) are too small to be seen.

Table 1 Detection times optimized for CaF and F LIBS signal

Spectral window Gas ow Gate delay (ms) Gate width (ms)

530 nm Ar 20 70
He 10 30

600 nm Ar 10 70
He 7.5 60

685 nm He 0.2 6

Fig. 7 Calibration curve for CaF LIBS signal under argon gas flow for thr

310 | J. Anal. At. Spectrom., 2023, 38, 303–314
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occurs with a helium ow, and the highest and longer signal for
CaF was obtained in argon at atmospheric pressure.

The third spectral region analyzed was around 685 nm,
where the atomic emission from uorine is observed (see
Fig. 6). This emission could only be measured in helium ow of
1 L min−1, as no emission signal was observed under an argon
gas ow. The optimal conditions were identied as 0.2 ms gate
delay and 6 ms gate width. Fig. 6b shows a background tail for
ee different spectral windows, (a) 530 nm, (b) 600 nm and (c) 689 nm.

This journal is © The Royal Society of Chemistry 2023
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Table 2 Figures of Merit for fluoride calibration curves using hydroxyapatite standard materials

LIBS condition R2 CL LODa (mg g−1) 3s LODb (mg g−1) Reference LOD (mg g−1)

530 nm CaF, Ar 0.9719 18 22 49 (ref. 51)
120 (ref. 40)

600 nm CaF, Ar 0.9422 48 44 65 (ref. 40)
685 nm, He 0.9878 31 80 135 (ref. 33)

150 (ref. 40)

a LOD values obtained by condence limits. b LOD values obtained by 3s from the blank signal.

Fig. 8 Fluoride images of rat incisors from different exposure groups. (a and b) Rat exposed to 3.4 mg g−1 of fluoride, (c and d) rats exposed to 10
mg g−1 of fluoride and (e and f) rats exposed 20 mg g−1 of fluoride.
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short gate delays between 675 to 690 nm. The optimized
parameters for each spectral window and atmosphere are
summarized in Table 1.
Fig. 9 Comparison between average fluoride concentration for each
rat incisor vs. the fluoride exposure from diet/drinking water. The red
line represents themedian, the blue square represents the interquartile
ranger (IQR) between the 25th and 75th percentile and the whisker the
maximum and minimum value (t-test *p < 0.05).
3.2 Calibration curve and standard homogeneity

With the spectrometer conditions optimized, a calibration
curve over the range of 0 to 450 mg g−1 was built for each spectral
window. The laser energy was increased to 12 mJ and the ICCD
gain factor adjusted to 65 for optimal recording of signal
between the blank and the most concentrated standard mate-
rial without signal saturation of the detector. However, this was
only applied for the calibration curve under argon gas ow in
530 and 600 nm spectral windows. No signal was detected below
450 mg g−1 for the same spectral windows under helium gas
ow. Fig. 7 show the calibration curves for the green and orange
CaF emission, as well as for atomic uorine emission and
gures of merit are reported in Table 2. We note that the curves
do not cross through the origin. This is due to residual inter-
ference from CaOH (green band) and CaO (orange band) band
tailing that could not be completely removed with baseline
adjustment. However, this does not affect the linear range of the
calibration curve. The calibration curve with a high coefficient
of determination and lowest LOD was obtained using the
spectral region at 530 nm under argon gas ow (see Table 2).
The LOD was obtained using the condence limits as explained
by Mermet79 as a derivation from the calibration curve and
This journal is © The Royal Society of Chemistry 2023
a second method using the denition based on 3s from the
blank signal. The optimal parameters for uoride determina-
tion in a hydroxyapatite matrix were determined to be using the
530 nm spectral window under an argon gas ow.
J. Anal. At. Spectrom., 2023, 38, 303–314 | 311
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Fig. 10 Fluoride distribution in human incisor teeth followed by CaF formation by LIBS. (a) CARES cohort sample and (b) project VIVA cohort
sample, both from an area with fluoridated water, (c) PHIME Cohort sample, an area without fluoridated water. The black discontinued line
represents the neonatal line in each deciduous tooth demarcating regions before and after birth.
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3.3 Rat teeth imaging application

Using the optimized parameters (spectral window at 530 nm,
under argon gas ow) a set of teeth from rats exposed to uoride
through water, were analyzed. The crown of upper central inci-
sors were imaged using adjacent laser raster lines (no gap
between lines) with a distance between laser shots of 100 mm.
CaF signal was converted to F concentration using the calibra-
tion curve built using the doped hydroxyapatite standards. Fig. 8
includes example images of rat teeth from the different exposure
groups. In each map, pixels with concentrations below 18 mg g−1

were assigned white (below LOD). Average tooth concentration
was calculated from all pixels above the LOD per tooth and are
presented as a box plot across exposure groups in Fig. 9. The
tooth-uoride concentration increased with animal expose dose.
Median F concentrations were 55 mg g−1 for the group exposed to
3.4 mg L−1, 200 mg g−1 for the group exposed to 10 mg L−1 and
350 mg g−1 for the group exposed to 20 mg L−1. Applying a t-test
found that there are statistical differences between the group
exposed to 3.4 mg L−1 and the 10 mg L−1 (p < 0.05) and observing
the same with the group of 10 mg L−1 and 20 mg L−1 (p < 0.05).
Interestingly, the doubling of the exposure dose was directly re-
ected in a near doubling of tooth-uoride. This suggests a rapid
incorporation of uoride in the hydroxyapatite tooth structure
when the rat is exposed to uoride source.
3.4 Human teeth imaging application

To test whether the developed method could determine uoride
in human teeth, we applied the optimized method to teeth
collected from children residing in areas with and without
uoridated water. Human teeth were analyzed using the same
condition as that for the rat teeth. In each map, any pixels with
312 | J. Anal. At. Spectrom., 2023, 38, 303–314
concentrations below 18 mg g−1 were assigned white and not
included in average calculations. Images of uoride distribu-
tion are presented in Fig. 10. Higher uoride concentrations
were measured in teeth from CARES and VIVA samples, around
300 and 200 mg g−1 respectively. These teeth were collected from
locations with uoridated water systems, compared to a tooth
from PHIME, a location without a uorinated water system,
with uoride concentrations around 50 mg g−1. Of note, the
distribution of uoride in samples from uoridated areas show
variation in exposure that likely reect changes in pre- and post-
natal exposure sources. Fig. 10a shows the highest concentra-
tion of uoride just aer birth, and then a postnatal decline,
whereas Fig. 10b shows a sustained increase in uoride aer
birth. These results show that it is possible to obtain quantita-
tive uoride images from teeth, animal or human. Future
studies will investigate the use of tooth-uoride as a biomarker
of uoride exposure in humans. Such a biomarker could be
used to study the effects of uoride exposure and its correlation
with health outcomes. These open new opportunities for future
epidemiology studies.

4 Conclusion

The use of CaF molecular emission bands for the quantitative
imaging of uoride in teeth by LIBS were evaluated successfully.
In addition, the effect of the gas ow in the CaF formation using
266 nm laser has an important effect, showing that an Ar gas
ow is the best condition for this. Using hydroxyapatite sintered
pellets standard material doped with uoride the calibration
curve for the Green bands in 530 nm region show a good liner
behavior and the lower LOD for uoride in calcied material
such as teeth, 18 mg g−1. Under these conditions, it was possible
This journal is © The Royal Society of Chemistry 2023
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to obtain quantitative rat teeth maps from an animal model of
uoride exposure. Moreover, these maps reveal that the uoride
exposure has a proportional effect on the amount of uoride in
the tooth structure; that is, we showed a dose-response rela-
tionship between exposure and tooth concentrations. Finally,
the same method was applied to teeth collected from children
residing in areas with and without uoridated water showing
that children exposed to uoridated water have a high accu-
mulation of uoride aer birth and the non-uoridated water
show low levels of the halogenate ion in its structure. This
presents an opportunity to evaluate how uoride exposure
could affect health in children.
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