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Fluoride uptake by human tooth enamel: Topical application versus 
combined dielectrophoresis and AC electroosmosis 
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ABSTRACT: Purpose: To compare fluoride uptake by enamel after applying 1.23% acidulated phosphate fluoride gel to 
human tooth enamel topically (n=12) or with combined dielectrophoresis and AC electroosmosis (DEP/ACE) at 
frequencies of 10, 400 and 5,000 Hz (n=12) for 20 minutes. Methods: DEP/ACE induced nonuniform electrical fields with 
three alternating current frequencies to polarize, orient, and motivate fluoride particles. Fluoride concentrations were 
measured at various enamel depths using wavelength dispersive spectrometry. Data were analyzed by ANOVA/Student-
Newman-Keuls post hoc tests (���0.05). Results: Fluoride concentrations in the diffusion group were significantly higher 
than baseline readings at 10, 20 and 50 �m depths. Fluoride concentrations in DEP/ACE-treated teeth were significantly 
higher than the diffusion group at 10, 20, 50, 100, 200 and 300 �m (ANOVA/Student-Newman-Keuls post hoc, P< 0.05). 
Fluoride uptake with DEP/ACE was substantially higher than diffusion at 10, 20, 50, 100, 200 and 300 �m depths (paired t 
test, P< 0.05). DEP/ACE transported fluoride up to 300 �m deep, whereas conventional fluoride application was 
comparatively ineffective beyond 20 �m depth (P< 0.05). Compared to passive diffusion, fluoride uptake in enamel was 
significantly higher in the DEP/ACE group at 10, 20, 50, 100, 200 and 300 �m depths (P< 0.05). DEP/ACE drove fluoride 
substantially deeper into human enamel with a difference in uptake 1,575 ppm higher than diffusion at 100 �m depth; 6 
times higher at 50 �m depth; 5 times higher at 20 �m depth; and 7 times higher at 10 �m depth. Fluoride levels at 100 �m 
were equivalent to long-term prophylactic exposure. (Am J Dent 2013;26:166-172).      

CLINICAL SIGNIFICANCE: Fluoride uptake with dielectrophoresis/AC electroosmosis (DEP/ACE) was significantly 
greater than topical fluoride application alone (diffusion) and enhanced penetration and absorbed concentration up to 
300 �m depth. On average, fluoride concentration with DEP/ACE was 1,575 ppm greater than the diffusion group at 
100 �m, reaching appreciable levels (375 ppm) at a depth of 300 �m. 
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Introduction      

 The ability to actuate and control fluid in small amounts 
with high precision and flexibility is critical to safe and 
efficient drug delivery. Several micropumping concepts in 
microfluidics1,2 could potentially be used to improve drug 
delivery in dentistry. These systems generate flow by inducing 
strong electromechanical forces on the fluid element. The 
forces can be classified as electrohydrodynamic,3 electroos-
motic,4 and AC electroosmotic,5-7 among others. More complex 
fluids, such as colloidal suspensions containing a second phase, 
including solid/soft particles, can also be manipulated by 
dielectrophoresis (DEP) upon the application of an external 
electric field.8,9 

 DEP is the motion of small particles in colloidal suspen-
sions when exposed to non-uniform electric fields, arising from 
the interaction of the induced dipole on the particle with the 
applied field.8-12 DEP has been employed extensively for 
manipulating particles in biological research, such as in 
separation,13-15 trapping,16 sorting17,18 and translation17-22 of 
cells, viruses, proteins and DNA. DEP research to date has 
focused on controlling the electromechanical response of the 
solid particles, but also includes the hydrodynamic interactions 
between the particles and the surrounding fluid.23-32  
 AC electroosmosis (ACE) is based on the ion migration 
within a nanometer layer of charges/ions at the interfaces of 
electrolytes and solids (double layer). This layer of charges will 
migrate under electric fields tangential to the interface, and 

because of fluid viscosity, the ion movement carries along its 
surrounding fluids, leading to fluid motion. The charges in the 
double layer are induced by AC potentials, and tangential electric 
fields are also from the same voltage source. Therefore, the 
changes of polarities in charges and field directions are simul-
taneous and cancelled out, maintaining steady ion migration and 
fluid motion. By adjusting the amplitude and frequency of AC 
signals, a variety of directed surface flows are produced on 
electrodes to manipulate and transport particles.24-27,33,34    
 These electrokinetic phenomena can be used in combination 
both to drive fluid flow and manipulate particles. AC electro-
osmosis can be used to create flow, while DEP can be used to 
manipulate particles.33 The phenomenon occurs due to the inter-
action of induced dipoles with electric fields, and can be used to 
exhibit a variety of motions including attraction, repulsion and 
rotation by changing the nature of the dynamic field.    
 In previous studies, the investigators showed that combined 
dielectrophoresis and AC electroosmosis (DEP/ACE) could 
enhance diffusion of fluoride and other agents to penetrate 
deeper into tooth enamel and in higher concentrations than 
traditional topical application.35-37 Wavelength dispersive 
spectrometry showed that after one 20-minute application of 
1.23% acidulated phosphate fluoride (APF) (12,300 ppm 
fluoride) gel to bovine enamel, DEP/ACE enhanced penetration 
and increased uptake of fluoride on average by 500% at the 
depth of 100 μm.35,36 The amount of fluoride delivered at 50 
μm  was  equivalent  to  a  long-term  prophylactic  exposure  to  
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fluoride, adding further clinical relevance to the development of 
a DEP technique as a viable delivery model for dentistry. 
 In the current study, the investigators explored the efficacy 
of DEP/ACE to deliver fluoride into human teeth. DEP is used 
to separate fluoride particles from fluoride gel excipients, 
concentrate fluoride particles at the enamel surface, and 
enhance fluoride’s diffusion into the enamel. Current diffusion 
methods are inadequate for effectively transporting therapeutic 
agents deeper than 20 �m into enamel.38 Studies have shown 
that enamel has an approximate 100-250 �m-thick electrical 
resistant surface layer with very low permeability.39-41 By 
applying an AC electrokinetic force, while selectively polar-
izing and motivating particles with DEP, DEP/ACE may 
effectively overcome this surface barrier. 
 

Materials and Methods 
 
Electrode design - The DEP/ACE diffusion cell consisted of 
two arrays of interdigitated (IDE) electrodes fabricated by 
photolithography. Each IDE array contained 14 pairs of parallel 
finger microelectrodes, each 35 mm long, 250 �m wide, and 30 
�m-thick. The fingers were separated by intervals of 1 mm 
containing interstitial spaces 0.5 mm wide. The interdigit gaps 
reduce electrical leakage between electrodes and allow a 
passage for drug flow. A polyimide coating (thickness 500 nm) 
prevents electrolysis and corrosion of the electrodes when the 
device is in contact with the particle suspensions. 
 A stationary set up was used in which the applied electric 
signals were controlled by a multi-channel function generator 
(TGA1244a). The applied voltage was 5Vpeak, with frequencies 
continuously cycling at 10, 400 and 5,000 Hz. A digital oscillo-
scope (Tektronix TDS 3032Bb) was used to monitor the 
frequency and waveform of the applied signals during the 
experiments. The current generated was 0.01-0.03 mA. 
 
Four-point conductivity analysis - The conductivity of the 
fluoride gel was measured against a range of alternating current 
frequencies (0.1 to 100,000 Hz) using four-point conductivity 
analysis.42 Critical high and low frequencies were then chosen 
from a Debye plot of the log conductivity (S/cm) values against 
log frequency (Hz).35-37 The applied high frequency (5,000 Hz) 
separates the fluoride particles from the gel excipients and 
orients the fluoride crystals along the electrode. The optimal 
low frequency (10 Hz) provides an electromotive force to push 
the fluoride particles away from the electrode assembly and 
concentrate the fluoride particles at the enamel surface. An AC 
electroosmotic frequency (400 Hz) increases the flow of 
fluoride toward the enamel subsurface by convection.35,36 
 
Tooth preparation and fluoride treatment - Twelve virgin 
human third molars, stored in normal saline solution at 37°C, 
were cut longitudinally into two halves for a total of 24 
specimens. Both halves were coated with nail polish, except for 
the treatment windows on the buccal enamel. APF gel 
(PediaGelc 1.23% acidulated phosphate fluoride topical fluoride 
gel) was applied onto the treatment window of both halves. One 
group of samples was subjected to passive diffusion, while the 
other was wrapped in the diffusion cell and subjected to 
DEP/ACE at frequencies of 10, 400 and 5,000 Hz at 37°C and 
100% humidity for 20 minutes and wiped with Kimwipe.d 
 
Fluoride content analysis - The specimens were cut through the 
window  area,  embedded  in  acrylic  resin  and  polished.   The 
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Fig. 1. Wavelength dispersive spectrometry map analysis of fluoride (F) and 
calcium (Ca) for DEP/ACE and diffusion. The color bar index indicates 
relative concentrations in arbitrary units within each panel.  
 
sectioned surface was coated with carbon film, approximately 
200 Å thick and subjected to wavelength dispersive spectro-
metry (WDS) analysis, using a JEOL JXA-8600fe electron 
probe micro-analyzer with 15 nA probe current and 15 kV 
accelerating voltage. Quantitative analysis of calcium and 
fluoride was carried out at 10, 20, 50, 100, 200 and 300 �m 
from the enamel surface. Four measurements with 10 �m spot 
size were made to obtain an average value at each depth. 
Quantitative analysis was done in conjunction with atomic 
number, absorption, and fluorescence matrix correction and 
calibrated standards, which determined the absolute elemental 
concentration (weight %) of the elements at designated spots. 
The standard for both calcium and fluoride was a fluoroapatite 
(obtained from Durango, Mexico). Two areas were analyzed in 
each specimen: within the treatment window to determine 
fluoride content in the treated enamel, and under the nail polish 
to determine the baseline fluoride content. Fluoride concen-
tration (ppm) at each measurement site was calculated based on 
weight percent of fluoride and calcium oxide, assuming 37 
weight % calcium content in enamel.43 Baseline fluoride 
concentration was averaged from both halves. Fluoride uptake 
was calculated by subtracting the baseline fluoride concen-
tration from the treated site. 
  
Statistical analysis - One-way ANOVA followed by Student-
Newman-Keuls post hoc was used to compare the fluoride 
concentrations between the baseline, diffusion, and DEP/ACE 
groups at each depth (significance level 0.05). Paired t-test was 
used to compare the fluoride uptake between the diffusion and 
DEP/ACE groups at each depth (significance level 0.05).   

Results 
 
 Spatial distributions of calcium and fluoride from two 
treatment areas (diffusion and DEP/ACE) with 1 �m step size 
are shown in Fig.  1,  indicating  higher  fluoride  content  in  the  
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Fig. 2. Fluoride concentrations (mean and standard deviation; ppm) ��� �	
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Significant differences in concentration between DEP/ACE and diffusion groups are indicated at each depth 
(ANOVA/Student-Newman-Keuls post-hoc; significance level 0.05).    
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���		��� depths. Significant differences in uptake 
values between DEP/ACE and diffusion groups are indicated at each depth (paired t-test; P< 0.05). 
 

 
Discussion 

 
 The dielectrophoretic force, FDEP, 
exerted by the field on a polarizable 
(dielectric) particle in a surrounding 
medium, may be approximated by 
the equation: 
 

   (1) 
 
where �m is the permittivity of the 
suspending medium;  is the 

root mean square value of the 
gradient of the squared electric field; 
Re[fCM] is the real part of the 
"Clausius-Mossotti" factor  given by 
the equation: 
 

    (2) 
 

where  and  are the complex 

permittivities of the particle and the 
suspending medium, respectively, 
defined as  where 

� and � are the conductivity and 
angular frequency of the applied 
electric field, respectively, and 

.8,12,44  
  
 The frequency dependence of 
Re[fCM] indicates the force acting on 
the particle varies with the frequen-
cy. Depending on the relative polar-
izability of the particle with respect to 
the surrounding medium, the particle 
will be induced to move either 
towards a region where the electrical 
field gradients are the strongest 
(Re[fCM] > 0) (positive DEP), or 
towards a region where the electrical 
field gradients are the weakest 
(Re[fCM]  <  0)  (negative  DEP).  The   

DEP/ACE group at every depth up to 100 �m. Quantification of 
fluoride concentration shows that DEP/ACE delivered fluoride 
up to 300 �m deep, whereas conventional topical fluoride 
application effectively delivered fluoride to 20 �m depth (P< 
0.05). Compared to passive diffusion, fluoride uptake in enamel 
was significantly higher in the DEP/ACE group at 10, 20, 50, 
100, 200 and 300 �m depths (P< 0.05) (Fig. 2). DEP/ACE 
drove the fluoride substantially deeper into the enamel with a 
difference in uptake 1,575 ppm higher than diffusion at 100 �m 
depth (baseline readings were undetected at 100 �m depth); 6 
times (582%) higher at 50 �m depth ([��]=2,892 ppm/409 ppm); 
5 (515%) higher at 20 �m depth ([��]=3,692 ppm/600 ppm); and 
7 times (720%) higher at 10 �m depth ([��]=9,467 ppm/1,154 
ppm) (Fig. 3). Average fluoride uptake with DEP/ACE was 742 
ppm at 200 �m depth and reached 375 ppm at 300 �m depth 
during the allotted treatment time. 

equation applies to both AC and DC fields.8,12,44 These dipoles 
can affect the movement of fluoride molecules in a nonuniform 
���!���!�����������
��
!����������"�����
�������
����
�����   
 The DEP and ACE forces were simulated using COMSOLf 
Multiphysics finite element analysis software version 4.2. 
Figure 4 shows two sets of simulation results obtained for 
coplanar and cross-planar excitation of 5Vpeak. The periodic 
nature of the IDE configuration was exploited to simulate a 
two-dimensional section of the DEP/ACE device consisting of 
IDE arrays. The simulation region (1.25 mm × 1 mm) is a 
cross-section of a pair of electrode assemblies (shown midway 
down both sides of the simulation plots) with interstitial space 
in the middle region. Each electrode assembly is composed of a 
top and bottom electrode, separated by a layer of polyimide. 
The remaining simulation region is filled with water. 
 The integrated material database was used to  induce  excita-  
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Fig. 4. A. Electric potential, DEP force and electric field with coplanar normalized static excitation. B. ACE velocity magnitude and field 
with coplanar normalized static excitation. C. Electric potential, DEP force and electric field with cross-planar normalized static excitation. 
D. ACE velocity magnitude and field with cross-planar normalized static excitation. 

 
Table 1. Calculated DEP forces (N) for 5Vpeak excitation. 
_______________________________________________________________________________________________________________________________________________________________________________________________________________ 

 Coplanar excitation Cross-planar excitation 
Probing point measured relative to _________________________________________________________ _____________________________________________________________________ 

corner of top electrode assembly f = 10 Hz f = 5 kHz f = 10 Hz f = 5 kHz 
_______________________________________________________________________________________________________________________________________________________________________________________________________________ 

Vertically 1 μm away -9.190x10-12 9.586x10-10 -4.103x10-12 4.279x10-10 
Vertically 5 μm away -8.123x10-13 8.473x10-11 -9.026x10-13 9.415x10-11 
Vertically 100 μm away -4.513x10-15 4.707x10-13 -9.846x10-15 1.027x10-12 
Horizontally 1 μm away -1.142x10-11 1.191x10-9 -4.308x10-12 4.493x10-10 
Horizontally 5 μm away -1.083x10-12 1.130x10-10 -2.002x10-12 2.088x10-10 
Horizontally 100 μm away -6.203x10-15 6.471x10-13 -1.805x10-14 1.883x10-12 
_______________________________________________________________________________________________________________________________________________________________________________________________________________ 

 
tion at the boundaries of the electrodes, assigning the top and 
the bottom boundary of the simulation region as terminals, and 
specifying the boundaries on both sides as periodic. Electric 
current and fluidic flow physics are included in the simulation 
with general physics controlled extra fine mesh settings. Plots 
A and C in Fig. 4 show the electric potential distribution, DEP 
force and the developed electric fields, while plots B and D 
depict the ACE velocity magnitudes and fields with the 
application of a normalized excitation potential between 
coplanar or cross-planar electrodes. 
 DEP forces are primarily dominated by conductivity at 
frequency ranges below 50 MHz.45 Conductivities of the 
fluoride gel, measured with a four-point probe instrument, were 
determined to be 4.4 × 10-4, 5.5 × 10-3, and 7.27 × 10-3 (S/cm) at 

10, 400 and 5,000 Hz. The corresponding conductivities of 
water medium were 4.5 × 10-4, 6.2 × 10-4, and 6.3 × 10-4 (S/cm), 
respectively.46 Assuming the radius of fluoride particles is 5 �m 
and relative permittivity of the water medium is 80.1,47 the DEP 
forces were calculated for an applied potential of 5Vpeak using 
the simulation results for a number of probing points with 
respect to the corner of the top electrode in both vertical and 
horizontal directions as shown in Table 1. As ACE velocities 
become zero at low and high frequencies, and reach their peak 
at certain mid-range frequencies,25 this effect is expected to be 
most prominent at 400 Hz. 
 Other electrochemical delivery systems have occasionally 
been tested to load fluoride into tooth enamel. Until now the 
results have been disappointing. Although it  has  been  reported 
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Table 2. Summary of concentrations and net uptake of fluoride at depths 10, 20, 50, 100, 200, and 300 �m with respect to baseline and percent changes within 
and between DEP/ACE and diffusion groups. 
_______________________________________________________________________________________________________________________________________________________________________________________________________________ 

 Fluoride concentration and standard deviation (ppm) at depths 10-#		��� 
_______________________________________________________________________________________________________________________________________________________________________________________________________________ 

Sample  �	��� �	��� �	��� �		��� �		��� �		��� #		��� 
Baseline (n=24) 490 (152) 310 (158) 190 (130) 200 (141) 0 0 0 
DIF20 (n=12) 1,644 (665) 910 (313) 599 (104) 200 (0) 0 0 0 
DEP/ACE20 (n=12 ) 9,977 (1,676) 4,002 (2,067) 3,082 (2,599) 1,775 (820) 742 (654) 375 (382) 33 (115) 
 
 Mean fluoride uptake (ppm) at depths 10-#		��� 
 
Sample  �	��� �	��� �	��� �		��� �		��� �		��� #		��� 
DIF20 (n=12) 1,154 600 409 0 0 0 0 
DEP/ACE20 (n=12)  9,467 3,692 2,892 1,575 742 375 33 
$�%&'�()*'-DIF) 8,313 3,092 2,383 1,575 742 375 33 
$&'�()*'+$&,� 720% 515% 582% n/a n/a n/a n/a 
$&,�+-��� 236% 197% 215% - - - - 
$&'�()*'+-��� 2,136% 1,191% 1,522% 798% n/a n/a n/a 
_______________________________________________________________________________________________________________________________________________________________________________________________________________ 
  
 
that electrophoresis may increase the fluoride content in 
superficial enamel,38,48 the advantage over passive diffusion has 
been inconclusive. While Gedalia et al49 reported higher 
fluoride uptake with iontophoresis, Kim et al50 found no signi-
ficant difference and Lee et al38 reported better results with 
passive diffusion. Based on the results of Gedalia et al,49 ionto-
phoresis would enhance uptake of fluoride by enamel at 50 �m 
depth no more than 60% higher than topical application alone. 
In the current study, DEP/ACE drove the fluoride significantly 
deeper with an uptake 1,575 ppm higher than diffusion at 100 
�m depth and maximum penetration at depth 300 �m. While 
topical application effectively delivered fluoride up to 20 �m 
deep, fluoride uptake was 600% higher in the DEP/ACE group 
at that depth.  
 Since the validity and significance of the results of this 
study depend on accurate and relevant measurements, wave-
length dispersive spectrometry was used to analyze the ele-
mental compositions of the treated specimens. The detection 
limit is typically 100 ppm by weight with ± 2% overall analy-
tical accuracy with spatial resolution in the micron range.51 This 
technique has previously been used for quantitative analysis of 
fluoride in residual carious dentin and for calcium and 
phosphate in demineralized or stained enamel.35,36,52-54    
 Comparison of enamel fluoride concentration between dif-
ferent studies must be carried out with caution, since outcomes 
may depend on factors like species, tooth stage, and previous 
fluoride exposure. Nevertheless, it can be noted that the base-
line fluoride concentrations in this study were in the same range 
as values found in the literature. The literature reports that at 10 
�m depth, fluoride concentrations range from approximately 
170 ppm in porcine enamel to 1,000 ppm in human enamel for 
a low fluoride area.55,56 At 20 and 100 �m depths, reported 
values range between approximately 100-400 and 30-100 ppm 
respectively.56,57 This investigation used virgin third molars to 
overcome contributing factors such as availability of extracted 
human teeth, as well as natural variations due to age, source, 
and previous carious experience. Their large size also allowed a 
paired study design. A 20-minute application time was chosen 
to assure that the fluoride concentration in the enamel would be 
measurable.   
 The diffusion group in the experiments showed a fluoride 
uptake of 1,154 ppm at 10 �m depth, which decreased to 600 
ppm at 20 �m depth. This is comparable with values reported 
by Wei & Hattab58 who measured 1,196-1,982 ppm at 10 �m 

and 565-1,240 ppm at 15 �m in human premolars after 4 
minutes gel or foam application. However, fluoride uptake 
values in the literature vary widely and lower values have also 
been reported.56,59 The baseline and passive diffusion results 
obtained in this study correspond with the same range of values 
reported in the literature, and thus validate the experimental 
model used to test the efficacy of DEP/ACE.   
 Using the DEP/ACE technique, fluoride uptake by human 
tooth enamel was substantially increased over passive diffusion 
(Table 2), and significantly higher than both the 351 to 409 
ppm fluoride uptake with iontophoresis within the first 50 �m 
enamel layer, as well as the 113 to 178 ppm uptake by the 50-
100 �m enamel layer.49 The levels of fluoride content after 
DEP/ACE (Fig. 3) were comparable to, or higher than, concen-
trations found in enamel after prolonged fluoride exposure in 
areas with optimally or naturally fluoridated water60,61 or in 
mild fluorosis.62 The substantial difference in fluoride uptake 
compared to passive diffusion or iontophoresis suggests that 
DEP/ACE can transport fluoride or other agents significantly 
better than other existing delivery methods. It is conceivable 
that the efficacy of DEP/ACE in enamel can be further 
improved.   
 The flexible electrode developed for the current application 
is easily adapted for intraoral use (Fig. 5), adding further 
clinical relevance to this technique as a viable delivery model 
for dentistry. Current topical treatments are readily soluble in 
saliva, quickly dissolving and exhausting their efficacy within 
24 hours. DEP/ACE could, however, enhance fluoride delivery 
into enamel to extend the efficacy window of in-office treat-
ments, promote remineralization and prevent caries. DEP/ACE 
could potentially transport fluoride into human tooth enamel to 
����
�����/�!�������������!�����
�������/����		���-thick in one 
20-minute application.  
 In conclusion, fluoride uptake with DEP/ACE was signifi-
cantly better than diffusion and enhanced penetration and ab-
sorbed concentration up to 300 �m depth. On average, fluoride 
concentration with DEP/ACE was 1,575 ppm greater than the 
diffusion group at 100 �m, reaching appreciable levels (375 
ppm) at depth 300 �m. Topical application was comparatively 
ineffective beyond 20 �m during the allotted treatment time. 
Additional research is needed to better understand the optimal 
conditions and variables that affect the efficacy of DEP/ACE. 
However, the study confirmed the hypothesis that DEP/ACE 
could  transport  more  fluoride  into  human  tooth  enamel,  re- 
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Fig. 5 A. DEP/ACE intraordal fluoride delivery system with flexible printed circuit board and polymeric gel tray. B. 
The polymeric tray with embedded electrode is modeled on a conventional fluoride tray. C. The tray and electrode 
conform substantially to shape of the teeth and arch. D. DEP/ACE diffusion cell used for bench top lab setting. 

 
sulting in deeper penetration than the diffusion process. The 
difference of up to a 15-fold increase at depth 100 �m is highly 
significant when put in the context of existing active delivery 
methods. Further studies should evaluate the clinical effective-
ness of DEP/ACE in enhancing the remineralizing effects of 
fluoride on human enamel. 
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