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 The use of lasers for dental applications, fi rst intro-
duced over 35 years ago, has been extensively evaluated 
for both soft and hard tissues. High-energy ruby lasers, 
originally tested for their effects on enamel and dentin, 
produced craters in enamel surfaces and  decreased per-
meability through surface fusion [Myers, 1991]. However, 
high fl uences (energy/surface area) were required, which 
resulted in elevated temperatures throughout the samples 
and undesirable effects, such as cracking, pitting and pulp-
al damage. CO 2  lasers, which emit in the IR region, proved 
equally effective without any signifi cant damaging side 
effects, provided care was taken to maintain temperatures 
at a safe level. Temperature changes within the pulp cham-
ber exceeding 5   °   C could result in permanent damage to 
the dental pulp [Zach and Cohen, 1965]. 

 Optimal irradiation conditions call for wavelengths 
strongly absorbed by the components of the tissue such 
that light scattering is negligible. For dental enamel, which 
is primarily carbonated apatite with  � 5% by weight of 
water and organic matrix, several absorption bands occur 
between 2 and 11  � m in the IR region. Water has a broad 
absorption band centered at about wavelength ( � ) = 
3.0  � m, while the hydroxyl groups in both water and apa-
tite absorb at 2.8  � m. Energy is absorbed most effi ciently 
by the apatite phosphate groups through the three P–O 
stretching modes at wavelengths of 9.2, 9.6, and 10.4  � m 
[Fowler et al., 1966; Kravitz et al., 1968; Fowler, 1974]. 

 Key Words 
 Constant composition  �  Dental enamel  �  Dissolution 
kinetics  �  Laser irradiation

  Abstract 
 The infl uence of 9.6  � m CO 2  laser irradiation on enamel 
dissolution kinetics was investigated using a constant 
composition method designed for rate measurements of 
enamel dissolution as a function of depth, on a micro-
meter scale. In contrast to lower irradiation intensities 
( ̂  1.0 J cm –2 ), which consistently showed reduced dis-
solution rates, higher fl uences (energy per surface area) 
resulted in initially increased dissolution rates, which 
rapidly decreased, after dissolution times corresponding 
to removal of a few micrometers, to rates similar to those 
acquired using lower fl uences. It was also demonstrated 
that surface damage during laser irradiation could be 
limited to the fi rst 1–2  � m by lowering the number of 
pulses per spot during the irradiation procedure. The 
constant composition method can be used to measure 
detailed kinetics of inhibition of acid dissolution of dental 
enamel that has been treated by low fl uence 9.6- � m CO 2  
laser irradiation. 
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Ablation is most effi cient if the pulse duration (PD) is less 
than the thermal relaxation time of the mineral (the time 
taken for the majority of the energy to be transformed into 
heat). The shorter the pulse duration the more localized 
the heat distribution, whereas longer durations would un-
necessarily distribute energy deeper into the tissue [Seka 
et al., 1996; Featherstone et al., 1998a, b]. 

 The primary use of lasers in hard tissue dentistry has 
been for the removal of carious tissue through ablation 
and the FDA has approved the use of Er:YAG ( �  = 
2.94  � m) and Er:YSGG ( �  = 2.79  � m) lasers for the re-
moval of tissue by heating subsurface water, causing abla-
tion [Fried et al., 1996]. Another potential use of lasers 
involves the treatment of enamel or dentin to render the 
surfaces more resistant to locally produced acids by either 
altering the composition of the mineral phase and/or de-
creasing the permeability, thus decreasing access of acid 
to the interior [Featherstone et al., 1998a, b]. 

 Through the application of laser energy, the mineral 
composition may be altered by expelling carbonate (400–
600   °   C), thereby improving the crystallinity, which may 
be further improved by sintering the tissue at 800   °   C, to 
increase crystal dimensions to as much as 10 times their 
original size [McCormack et al., 1995; Fried et al., 1998]. 
The permeability may also be decreased by heating the 
mineral to temperatures between 800–900   °   C, near the 
early stages of melting, in order to fuse the crystals slight-
ly without damaging the crystal integrity. This was dem-
onstrated by Kawasaki et al. [2000], using a pulsed
9.6- � m CO 2  laser to decrease surface porosity. 

 Since desirable thermally induced changes occur at or 
below 900   °   C, it was suggested [Featherstone et al., 1998a, 
b; Featherstone and Fried, 2001] that the ideal laser ir-
radiation temperatures should be around 800–900   °   C, 
taking care not to greatly exceed 900   °   C. Temperatures 
above 1,200   °   C result in apatite melting, which not only 
decreases the crystallinity, but may also lead to the forma-
tion of more soluble calcium phosphate phases such as 
tetracalcium diphosphate (TTCP) and tricalcium phos-
phate (TCP) which, although not stable at high tempera-
tures, may remain after transient temperature rises [Nel-
son et al., 1987]. 

 The aim of the present study was to use a constant com-
position dissolution method to study in detail the poten-
tial acid resistance imparted to dental enamel by irradia-
tion with low fl uences of laser light at 9.6  � m, the wave-
length most strongly absorbed by dental enamel. Several 
previous studies have shown this to be effective in inhib-
iting the progression of artifi cial subsurface dental caries 
in human enamel [Featherstone et al., 1998; Featherstone 

and Fried, 2001]. We chose to examine in detail the sur-
face dissolution rates under constant composition condi-
tions of dental enamel to eliminate the complication of 
subsurface diffusion and thereby provide direct informa-
tion about the mechanism of dissolution inhibition by la-
ser irradiation. Our previous studies [Featherstone et al., 
1998] used a pulse duration of 100  � s and showed inhibi-
tion of subsurface lesion progression with irradiation in-
tensities of 1.25, 2.5 and 5.0 J cm –2 , with better results at 
2.5 and 5.0. Therefore we used a fl uence of 3.0 J cm –2  and 
pulse duration of 100  � s as one of our sets of conditions 
in the present study. 

 Recent work has examined the use of shorter pulse 
durations closer to the thermal relaxation time (approxi-
mately 1–2  � s) of dental enamel at this wavelength since 
more effi cient ablation can be achieved [Fried et al., 
2001]. Ideally, conditions that could be used for both ab-
lation and for reduction of enamel solubility would be 
most useful clinically. We found that best ablation condi-
tions were achieved by using pulse durations of 5–8  � s as 
this produced less plasma formation and effi cient abla-
tion [Fried et al., 2001]. In this study examination of sur-
faces by FTIR analysis also showed that with a pulse du-
ration of 2  � s almost total removal of carbonate from the 
carbonated apatite mineral was achieved with a fl uence 
of 0.5–1.0 J cm –2 , which should logically translate into 
reduced acid solubility. Therefore in the present study we 
examined pulse durations of 5 and 8  � s together with 
varying fl uences of 0.5, 1.0, 1.5 and 3.0 J cm –2 . Further, 
we expected that by using a pulse duration intermediate 
between 5 and 100  � s we would achieve the best compro-
mise between ablation possibilities (with a high fl uence) 
and inhibition of acid dissolution. We therefore included 
pulse durations of 20 and 100  � s. 

   Materials and Methods 

 Laser Irradiation Conditions 
 All laser irradiation was carried out at a wavelength of 9.6  � m. 

For pulse durations of 5 and 8  � s we used a custom-built 9.6- � m-
long pulsed TEA carbon dioxide laser (Argus Photonics Group, 
Jupiter, Fla., USA) with a special gas mixture to produce a stretched 
pulse. Fluences used for these conditions were 0.5, 1.0, 1.5 and 
3.0 J cm –2 . For the 20- and 100- � s pulse durations we used carbon 
dioxide lasers from Pulse Systems Inc. (N. Mex., USA). The pulse 
duration of approximately 20  � s, which when measured had a tail 
to about 30  � s, will be termed a 20- to 30- � s pulse duration, and 
for this condition we used fl uences of 1.0 and 2.0 J cm –2 , expecting 
the best conditions to be intermediate between the two boundaries 
described above for longer and shorter pulse durations. The full set 
of laser irradiation conditions is listed in  table 1 . 
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 Bovine enamel blocks 4 mm  !  4 mm were prepared as de-
scribed previously [Fried et al., 2002] from bovine incisors, cemen-
tum removed, and the enamel surface serially polished to a 1- � m 
fi nish. Each block was irradiated with one of each of the above sets 
of conditions with either 10 or 25 pulses per spot, a repetition rate 
of 10 Hz, with a 1-mm diameter beam and with spots overlapping 
at 250- � m intervals to give complete coverage of the surface. Three 
blocks were prepared for each set of conditions. 

 The enamel samples were painted with an acid-resistant var-
nish, so as to expose to the dissolution media only the laser-irradi-
ated surfaces (4 mm  !  4 mm) having a total surface area of the 
0.16 cm 2 . For this study, dissolution was monitored using a con-
stant composition method specifi cally designed for very small sur-
face areas. The precision of the technique allowed for the monitor-
ing of changes in dissolution rates as a function of depth at less than 
1- � m intervals. 

   Constant Composition Dissolution 
 Undersaturated solutions were prepared in 65-ml double-walled 

cells, thermostated, at 37. 0  8  0.1   °   C, by mixing calcium chloride, 
T Ca  = 3.30 m M , and potassium dihydrogen phosphate, T P  = 
1.98 m M , where T Ca  and T P  are the total calcium and phosphate 
concentrations, respectively. The ionic strength was adjusted to 
0.15  M , and the pH to 4.50 using sodium chloride and hydrochlo-
ric acid, respectively, yielding a relative undersaturation,  � , of
–0.72.  �  is defi ned as 

  �  = S – 1 = [IP/K sp ] 1/n  –1                                                        (1) 

 where S is the HAP undersaturation ratio, n is the number of ions 
in a formula unit of the dissolving phase, and IP and K SP  are the 
ionic and solubility products, respectively. The value for K SP  used 
was 2.35  !  10 –59  [McDowell et al., 1977]. 

 Dissolution experiments were initiated by suspending the irra-
diated enamel samples in the magnetically stirred dissolution cells 
and were monitored using the Constant Composition technique 
[Tomson and Nancollas, 1978; Ebrahimpour et al., 1991]. Dissolu-
tion was monitored using an Orion 720A potentiometer with a glass 

electrode (Orion No. 91-01) and reference electrode (Orion 90-01). 
Any increase in pH detected by the electrode triggered the addition 
of titrant designed to maintain ion activities at their original levels. 
Titrant concentrations were calculated on the basis of hydroxyapa-
tite (HAP) dissolution at pH = 4.5. 

 Ca 5 (PO 4 ) 3 OH (s) + 6H 2 O (l)  ]  5Ca 2+  (aq) +
3H 2 PO 4 

 –  (aq) + 7OH –  (aq)                                                      (2) 

 In order to maintain constant activities and pH, the titrant con-
tained NaCl to adjust the ionic strength and hydrochloric acid 
where [H + ] = 7/5 T Ca . Reaction rates, R d , expressed as moles
of equivalent HAP dissolved per minute, were calculated using 
Eq. 3: 

 R d  = 0.143 [H + ] (dV t /dt)                                                          (3) 

 where (dV t /dt) is the volume of titrant added per minute. 
 Depth of total dissolution, d, was estimated from Eq. 4, assum-

ing an enamel density equal to that of HAP,  �  = 3.15 g cm –3 , 

 d = (V t  [H + ] MW)/( � A)                                                            (4) 

 In Eq. 4, V t  is the volume of titrant added, A is the area of exposed 
enamel (0.16 cm –2 ), and MW is the molecular weight of HAP. 

 During the reactions, solution samples were withdrawn and an-
alyzed for total calcium (atomic absorption: Perkin Elmer 3100 
spectrophotometer) and phosphate (spectrophotometrically as the 
vanadomolybdate complex: Varian Cary 210 spectrophotometer) 
[Tomson et al., 1977] to verify constancy of composition. 

   Results 

 The experimental mean enamel dissolution data are 
presented in  table 1  as initial and fi nal dissolution rates 
corresponding to the linear portions of the curves in  fi g-
ures 1, 2 . The average profi les of moles of equivalent HAP 

Fluence
J cm–2

Pulse
duration1, �s

Pulses
per spot

Initial rate
10–2 �m/min

Final rate
10–2 �m/min

Control NA NA 1.6580.01 1.6580.01
A-1.0 1.0 20–30 25 1.2680.33 1.2680.33
A-2.0 2.0 20–30 25 3.3280.55 0.72480.04
A-3.0 3.0 100 25 4.7580.47 0.74180.09
B-0.5 0.5 5 25 1.4080.13 1.4080.13
B-1.0 1.0 5 25 1.0180.54 1.0180.54
C-0.5 0.5 8 10 0.97580.08 0.97580.08
C-1.0 1.0 8 10 0.82380.22 0.82380.22
C-1.5 1.5 8 10 2.6680.36 0.86680.15
C-3.0 3.0 8 10 2.2580.24 0.76480.08

NA = Not assessed. All samples irradiated at wavelength of 9.6 �m with the exception 
of the control samples, which were not lased. 

1 Pulse durations of 5–8 and 20–100 �s were attained using an ARGUS and PSI CO2 
laser, respectively.

Table 1. Dissolution rates, averaged
for 2–3 replicates, for each set of laser
irradiation conditions
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 Fig. 1.  Average amount of mineral (as HAP) 
dissolved as a function of time. Pulses per 
spot = 25; pulse duration (PD) = 5–
100  � s.

  
  Fig. 2.  Average amount of mineral (as HAP) 
dissolved as a function of time. Pulses per 
spot = 10; pulse duration (PD) = 8  � s. 
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dissolved and depth of dissolution for the irradiation con-
ditions in groups A and B, treated with 25 pulses per spot, 
are plotted versus time in  fi gure 1 . It can be seen that fl u-
ences  ̂  1.0 J cm –2  yielded linear time plots of dissolution 
rates, but with as much as a 39% decrease in rate com-
pared to the nonirradiated control group. Fluences 
 1 1.0 J cm –2  resulted in considerably greater initial disso-
lution rates than the control by a factor of 2–2.5 over 
depths of several micrometers. These dissolution rates 
subsequently decreased with time, as the acid dissolved 
more mineral, until an approximately constant ‘fi nal’ dis-
solution rate, 44–76% that of the nonirradiated control 
samples, was achieved. 

 As described above in the rationale for the choice of ir-
radiation conditions we also investigated a pulse duration 
of 8  � s with 10 pulses per spot (group C,  table 1 ). Results 
for group C rates of dissolution are listed in  table 1  and 
the average dissolution profi les are plotted in  fi gure 2 . 

 Dissolution trends for group C were similar to groups 
A and B, at all fl uences  ̂  1.0 J cm –2  with approximately 
constant rates that were appreciably less than those for 
the nonirradiated enamel. Irradiation at fl uences  1 1.0 J 
cm –2  again resulted in initial dissolution rates markedly 
greater than the control, followed by a steady decrease 
until rates again were approximately 50% inhibited in 
comparison with the controls. 

 Although all samples irradiated at 1.0 J cm –2  resulted 
in decreased dissolution rates, those irradiated with pulse 
durations of 8  � s showed the most inhibitory effect, 
 � 50%, with 5- � s inhibition  � 39%, and pulse durations 
of 20–30  � s producing inhibition of  � 24%. 

 We calculated the depths at which the total extents of 
dissolution were the same as those for the nonirradiated 
control surfaces. Rapid removal of enamel by the acid 
was limited to less than 2  � m for group C ( � ,  � ,  fi g. 2 ), 
whereas the group A samples showed markedly elevated 
dissolution rates for the fi rst 7 and 15  � m for fl uences of 
2.0 and 3.0 J cm –2 , respectively ( � ,  	 ,  fi g. 1 ). Subsequent 
microscopic examination of fresh samples irradiated un-
der the same conditions showed neatly arranged indenta-
tions or pits on the surfaces coinciding with the position-
ing of overlapping spots during the laser irradiation pro-
cedure. 

   Discussion 

 The results of this study are consistent with the ther-
mal measurements and simulations of Zuerlein et al. 
[1999] for 9.6- � m laser pulses and our experiments 

showed signifi cantly accelerated dissolution rates for 
enamel irradiated at only 3.0 J cm –2  at the same pulse 
duration, and microscopic examination showed surface 
alteration, pits and deposits. 

 In a study comparing different pulse durations for the 
same total energy, McCormack et al. [1995] determined 
that the longer pulse duration unnecessarily distributed 
energy deeper into the tissue, barely affecting the surface, 
whereas short durations led to surface fusion and the for-
mation of large octahedral crystals. It was therefore con-
cluded that greater surface damage should be seen for 
short pulse durations. Nevertheless, in the present work, 
samples irradiated with longer pulse durations also 
showed the most accelerated initial dissolution rates. 

 The combined effect of pulse per spot and pulse dura-
tion is clearly demonstrated by comparing the average 
dissolution rates listed for all the samples irradiated at 
1.0 J cm –2  (pulse durations 5, 8, or 20–30  � s) shown in 
 table 1 . Lowering the pulse duration from 20–30 to 5  � s 
decreased the dissolution rate by an additional 15%, 
whereas the lowering of both pulse duration to 8  � s and 
pulses per spot to 10 further decreased the dissolution rate 
by more than  � 25%. 

 If the initial dissolution surges refl ected surface dam-
age, the effect of pulses per spot and pulse duration may 
also be seen by comparing the total surface damage at 
3.0 J cm 2  ( fi g.   1 ). This was limited to the fi rst 2  � m for 
sample C-3.0 as opposed to  � 10  � m for sample A-1.0, 
where net inhibition did not occur for the fi rst 15  � m. 
The observed rate decrease to  � 50% that of the control 
with initial rates 2–3 times greater than the control can 
probably be related to the inherent heat dissipation fol-
lowing surface ablation. It has previously been suggested 
that the optimal temperature for inhibition of acid dis-
solution was about 900   °   C [Featherstone and Fried, 2001]. 
Since this is close to the early melting point of enamel
it would probably lead to fusing and increased crystallin-
ity [McCormack et al., 1995]. Temperatures exceeding
900–1,000   °   C would result in excessive melting and abla-
tion, but the ensuing temperature decrease as a function 
of depth would result in temperatures favoring maximum 
inhibition deeper in the mineral. This appears to be the 
case for fl uences  1 1.0 J cm –2 . 

 Fluences  ̂  1.0 J cm –2  gave quite different results. The 
rates were considerably lower than those of the nonirradi-
ated control samples throughout the dissolution experi-
ments. However, surfaces irradiated at higher fl uences 
gave similar dissolution rates to those of the 1.0 J cm –2  
samples after the initial surge. Since heat dissipation after 
irradiation at these higher fl uences would ultimately re-
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and therefore, lower mineral solubility, (2) fusion induced 

lowering of the specifi c surface area and (3) inhibition of 
ionic diffusion through the surface since dental caries is 
a subsurface dissolution process. 

   Acknowledgment 

 We thank the NIH/NIDCR for support of this work through the 
grant numbers DE03223 and DE09958. 

  

D
ow

nl
oa

de
d 

by
: 

Is
ra

el
 In

te
r-

U
ni

v.
Li

br
.  

   
   

   
   

   
   

   
   

   
   

14
7.

23
3.

25
0.

20
0 

- 
12

/2
5/

20
14

 1
2:

41
:1

0 
P

M


