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Purpose: To assess dental erosion caused by 0.1% and 1.0% citric acid in vitro and to estimate the pro-
tective influence of experimentally formed salivary pellicle.

Materials and Methods: Bovine enamel slabs (n = 80) were polished and embedded in epoxy resin. For
the formation of pellicle layer 40 specimens were immersed for 24 h in pooled human saliva. Erosion
was caused by immersion in citric acid solution for 1, 5, 10 and 30 min. Erosive alterations on the pel-
licle-covered and non-covered enamel specimens were scored as a change (∆) of surface roughness pa-
rameters Ra, Rt and RzDIN using contact profilometer and observed in scanning electron microscope.

Results: Profilometric analysis of eroded enamel specimens emphasized the aggressiveness of even
low concentrated citric acid with a short period of challenge. The change of roughness parameters after
1-min immersion in 0.1% citric acid were 16.4, 182.6 and 132.2 nm for ∆Ra, ∆Rt and ∆RzDIN, respec-
tively, and 54.8, 516.6 and 258.2 nm after 1-min immersion in 1.0% citric acid. Changes of the surface
roughness were dependent on the exposure time and concentration of acidic solution. Pellicle layer
significantly reduced the extent of erosive destruction, which was additionally documented on SEM-mi-
crographs. Residual pellicle-like structures were detected after 5 min of immersion in 0.1% citric acid.
However, there were no significant differences in pellicle-covered and non-covered enamel slabs mea-
sured profilometrically for 1.0% citric acid with 10 min and 30 min exposure time.

Conclusion: The findings confirm the property of pellicle layer to resist against erosive influence of
organic acids, which is, however, limited by duration of acidic treatment and concentration of erosive
agent.
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ince pathological tooth wear has been recog-
nized as an increasing oral health problem (Im-

feld, 1996), continuous attempts have been made
S to assess erosive alterations on the enamel sur-

face using microhardness tests, microradiographic
measurements, calcium release analysis or micro-
morphological observations (Grando et al, 1996;
Lussi et al, 1997; Amaechi et al, 1999). The etiol-
ogy of dental erosion is usually attributed to exces-
sive consumption of dietary acidic products and
beverages or to gastrointestinal disorders and dys-
functions (Scheutzel, 1996). Long-lasting cumula-
tive influence of these factors leads to the irrevers-
ible loss of dental hard tissue. Numerous studies
underline an erosive potential of acidic foodstuffs,
juices and so-called sport drinks (Grobler et al,
1989; Larsen and Nyvad, 1999).
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On the other hand, it is known that human saliva
offers buffering and neutralization of acids as well
as dilution and clearance of erosive agents (Len-
denmann et al, 2000). Salivary proteins, especially
glycoproteins and prolin-rich proteins cover the
enamel surface and form an organic film called ‘ac-
quired salivary pellicle’. This protein layer, formed
within a short period of time on the enamel sur-
face, is supposed to protect the underlying struc-
tures against destructive influences of organic ac-
ids (Hannig, 2002). Recently published results
demonstrate the protective nature of salivary pelli-
cle in case of the erosive attack caused by such ag-
gressive organic agents as citric or lactic acid (Han-
nig, 1998; Hannig and Balz, 2001; Nekrashevych
and Stösser, 2003).

A diversity of modern quantitative and qualitative
techniques offers the opportunity for an accurate
assessment of erosion, but at the same time pro-
duces some difficulties when choosing the ade-
quate and most sensitive method or combination
of methods (Grenby, 1996). The present study fo-
cuses on the quantitative methodology of erosive
destruction because, as yet, only a very few au-
thors have described the changes of roughness on
the enamel surface (Nieuw Amerongen et al, 1987;
Rytömaa et al, 1998). Moreover, there is no profilo-
metric analysis made on the enamel surface in re-
spect of the pellicle layer. Therefore, the purpose of
the present study was to perform roughness exam-
inations and to combine this technique with scan-
ning electron microscopy in order to analyze micro-
morphological alterations on enamel surface after
erosive attack of citric acid and to evaluate the pro-
tective effect of the experimentally formed salivary
pellicle on the erosive process.

MATERIALS AND METHODS

Preparation of Enamel Samples

Freshly extracted bovine permanent incisors were
used for the preparation of enamel specimens. The
teeth were rinsed with tap water and thoroughly
cleaned using a dental brush to remove remnants
of periodontal tissues and plaque. Only non-dam-
aged teeth without pigmentation were used in the
current study. The dentine-enamel blocks (approx.
4 x 4 x 2 mm) were separated from the labial sur-
faces using an ultra-thin dental diamond disk with
water cooling. Subsequently, enamel slabs were

fixed in mounting cups, embedded in self-curing ep-
oxy resin (Epofix Resin, Struers, Denmark) and wet
polished with silicon carbide grinding paper (grit
size 1200 and 4000) using the ‘Metasinex’ polish-
ing device (Rathenow Werke, Germany). The super-
ficial enamel layer of 100 – 120 µm determined
with a micrometer was removed by the polishing
procedures. After polishing the enamel samples
were ultrasonically cleansed for 10 min in distilled
water and separately preserved in 0.1% thymol so-
lution pending the following investigations.

Pellicle Formation

Saliva was collected between 8.00 and 8.30 into
ice-chilled vials from 6 human volunteers who were
caries free, had no salivary gland dysfunction, and
were not on any drug therapy. Secretion of saliva
was stimulated by chewing a block of paraffin.
Whole mixed saliva was centrifuged for 10 min at
4°C and 2000 g (Biofuge 22 R, Heraeus Sepatech
GmbH, Germany) and filtered (0.2 µm RC25, Sarto-
rius, Germany). Pooled supernatant was used for
pellicle formation. Pellicle formation was performed
on 40 enamel samples which were separately im-
mersed in clarified saliva (3 ml saliva per each
specimen) for 24 hours at 37°C. The second group
of 40 specimens without pellicle layer was used as
a control.

Erosion of Enamel

Enamel specimens with and without pellicle layer
were immersed in 5 ml 0.1% or 1.0% citric acid
over the periods of 1, 5, 10 or 30 min. Each of the
16 subgroups comprised 5 enamel samples. After
acid treatment enamel specimens were rinsed with
distilled water, ultrasonically cleansed, air dried
and mounted on the microscopic slides with sili-
cone based impression material (putty) for the fol-
lowing surface roughness analysis.

Profilometric Analysis

Measurements of the surface roughness of non-
pellicle-covered control specimens and pellicle-
covered specimens were performed before (as a
baseline) and after erosive treatment using a
computerized contact profilometer Hommel Tester
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T 1000 (Hommelwerke GmbH, Germany). Three
surface roughness parameters were used for the
characterization of the recorded profiles: arithmetic
roughness Ra, maximum roughness depth Rt and
average roughness RzDIN. Five tracings were made
on each specimen using a sampling length of
1.5 mm. The evaluation of registered surface
roughness parameters was performed with Turbo
Datawin Software for Windows (Hommelwerke
GmbH, Germany).

Micromorphological Observations

Randomly selected enamel specimens (n = 48; 3
samples per subgroup) were thoroughly washed
with distilled water, cleansed in an ultrasonic bath,
air dried, mounted on the metal stubs, gold sput-
tered and examined in a scanning electron micro-
scope XL 30 ESEM FEG (FEI, The Netherlands) op-
erating at 10 kV. Four differently localized areas
were documented on each enamel sample using up
to 20,000-fold magnification.

Statistical Analysis

Surface roughness parameters were registered
fivefold per enamel specimen before and after aci-
dic treatment and the average of the difference re-
presented the change of surface roughness. Mean
values per subgroup were calculated and statistical
testing of between group differences with respect
to pellicle layer and duration of acid challenge was
performed with two-way ANOVA using SPSS (Version
10.0 for Windows). The mean values for each of the
tested exposure intervals were additionally ana-
lyzed by unpaired Student t-test if the result with re-
spect to the effect of pellicle was statistically sig-
nificant. This was done for the two acid concentra-
tions separately. If p value was less than 0.05, dif-
ferences were considered as statistically signifi-
cant.

RESULTS

Profilometric Measurements

Representative surface profiles of the control spec-
imens and pellicle-covered enamel specimens after
erosive treatment are exemplarily summarized in

Fig 1. Significant alterations on the enamel surface
were registered even after short exposure to 0.1%
citric acid when compared with non-acid-treated
polished enamel surface; the mean values of
change of roughness parameters were 16.4, 182.6
and 132.2 for ∆Ra, ∆Rt and ∆RzDIN, respectively
(Table 1). The 1 min immersion in 1.0% citric acid
increased the surface roughness, which was regis-
tered as 54.8 nm for ∆Ra, 516.6 nm for ∆Rt and
258.2 nm for ∆RzDIN. The extent of erosive alter-
ations increased after the prolongation of immer-

Fig 1 Profiles of pellicle-non-covered (b, d) and pelli-
cle-covered (c, e) enamel surface eroded with 0.1% (b, c) and
1.0% (d, e) citric acid for 1-min immersion time in compari-
son with uneroded polished surface (a).
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sion time for both acid concentrations (Table 1). In
particular, the 1.0% citric acid led to the consider-
able change in surface roughness after 10 and
30 min of immersion; mean ∆ values of roughness
parameters Ra, Rt and RzDIN underlined destruc-
tive process on the enamel surface.

Experimentally formed pellicle layer protected
the enamel surface against erosion caused by
low-concentrated citric acid and at the initial stages
of erosion challenged by more concentrated solu-
tion. In fact, there was a significant protection of
the enamel surface for all immersion time groups
treated with 0.1% acid (Table 1). Pellicle-induced
protection was registered in all specimens shortly
immersed in 1.0% citric acid. However, pellicle layer
did not reduce the change of surface roughness af-
ter 10 min or 30 min of acidic treatment. There
were no significant differences in changes of sur-
face roughness due to acid treatment between pel-
licle-covered and non-covered samples in these
groups (Table 1).

Surface Morphology

Superficial demineralization of non-pellicle-coated
enamel surfaces was detected after 1 min immer-
sion in 0.1% citric acid when compared to uneroded
polished surfaces (Fig 2a, b). Higher concentrated
acid solution caused definitely stronger enamel
erosion (Fig 2d). The 5 min exposure caused mod-
erate erosive destruction of the non-pellicle-cov-
ered specimens that progressed after 10 min and
30 min of immersion to severe erosion character-
ized by dissolution of the enamel prism sheaths
and cementing interrod substance (Fig 2e, f).

In terms of morphology, there were no erosive al-
terations on the pellicle-covered enamel samples
after 1 min exposure to 0.1% citric acid. Usually vis-
ible traces, remaining after polishing procedures,
were covered by pellicle layer. Pellicle reduced ero-
sive alterations in all groups eroded with 0.1% citric
acid. The pellicle-induced protection of the enamel
surface eroded by 1.0% citric acid was recorded in
the specimens treated for 1 min or 5 min (Fig 2c).
However, pellicle-covered enamel samples investi-
gated after 30 min of immersion in 1.0% acid were
characterized by surface pattern, usually typical for
the manifest form of dental erosion. Strongly erod-
ed prism crystallites and affected interprismatic
spaces were detected on the most SEM-micro-
graphs.Ta
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DISCUSSION

The application of surface roughness analysis,
which was one of the primary objectives of this
study, contributed to the already described assess-

ment methods of dental erosion (Grenby, 1996).
Modern profilometric technique used in our investi-
gations provides an accurate measurement with a
sensitive registration of surface roughness. This
study has also definitely shown that the extent of

Fig 2 SEM-micrographs (magn. 5,000 fold with exception of 2f – magn. 12,000 fold) of erosive alterations on the enamel
surface with (c) and without (b, d, e, f) pellicle caused by 0.1% (b) and 1.0% (c, d, e, f) citric acid after 1 min (b), 5 min (c, d),
and 30 min (e, f) min of immersion in comparison with non-eroded polished enamel surface (a).
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erosive alterations on the enamel surface could be
reduced by salivary pellicle.

Surface topography of sound enamel varies indi-
vidually due to its micromorphological structure
(Arends et al, 1980). This feature can usually have
an influence on the conducted measurements.
Therefore, the enamel specimens were polished
with an ultra-fine wet grinding paper in order to
standardize the enamel surfaces for baseline
tests. Furthermore, the diamond stylus of the pro-
filometer was always traversed from the cervical
margin towards the incisal margin of the sample.
Surface roughness was characterized by arithmetic
roughness Ra, which is the arithmetic average
height of roughness irregularities registered from
the mean line within the sampling length. This most
commonly used parameter was supported by maxi-
mum roughness depth Rt and average roughness
RzDIN. The first parameter reflects the deepest
points of the registered profile; the second one rep-
resents the average distance between the five high-
est peaks and five deepest valleys within the sam-
pling length. According to Mummery (1993), the av-
erage roughness RzDIN is more sensitive to occa-
sional peaks and contributes to the exactness of
usually reported parameter Ra. Because of differ-
ences in applied profilometric techniques and in
the nature of the tested samples, the findings of
our study could not be compared with previously
published results. 

Moreover, there are no published profilometric
investigations in dental research applied according
to the international guidelines to surface rough-
ness analysis and concerning the influence of pel-
licle layer on the erosive processes. Al-Omari et al
(2001) investigated the surface roughness and
wettability of dentine after the preparation proce-
dures with dental burs, while Davis and Winter
(1980) or Ganss et al (2000) exclusively measured
the erosion depth. Rytömaa et al (1988), who ob-
served the changes on enamel surface caused by
commonly used acidic drinks and milk products,
have scored the maximum depth of erosive lesions
by Dektac profilometer. Finally, the attempts of
West et al (1998) and of Hughes et al (1999) to
record dental erosion profilometrically were not
based on the systematic profile analysis.

Surface roughness values registered after ero-
sive attack have clearly demonstrated the high de-
structive potential of citric acid. The increase of
surface roughness was dependent on acid concen-
tration and immersion time (Table 1). In contrast to

the minor variations in the baseline roughness val-
ues, some values registered after erosive treat-
ment were characterized by relatively high standard
deviations. It could be supposed that enamel
zones with different level of mineralization were re-
sponsible for this phenomenon due to the irregular
substance loss from the affected enamel surface.
Subsequently, stronger mineralized zones were
less affected after acidic attack, which was sup-
ported by micromorphological observation (Fig 2).
The SEM-documentary of shortly immersed speci-
mens showed initially eroded enamel surface with
regularly localized non-eroded areas.

Erosion progressed readily in non-pellicle-cov-
ered specimens. Most of micrographs showed dis-
solution in prism sheet areas already after 10 min
immersion in 1.0% citric acid. This finding is in ac-
cordance with previously obtained micromorpholog-
ical observations (Meurman and Frank, 1991).

Furthermore, the results of this study support
the postulate of protective function of acquired sal-
ivary pellicle. Profilometric findings contribute to
the number of recently published data on the pro-
tective nature of pellicle that were obtained by ap-
plication of such investigative techniques as micro-
hardness measurements, microradiography or ana-
lytical methods (Amaechi et al, 1999; Hannig and
Balz, 2001). However, it must be recognized that in
vitro formed pellicle layer, which was used in the
present study, varies from the in vivo pellicle forma-
tion and from the conditions existing in the oral cav-
ity. The formation conditions as well as the duration
of pellicle maturation could have an influence on
the efficacy of pellicle-induced protection (Zahrad-
nik et al, 1976). On the other hand, recently pub-
lished findings support the suggestion that pellicle
layer formed in vivo within 1 h (Amaechi et al, 1999)
or already within a few minutes (Hannig, 2002) can
protect the enamel surface. In our study 24 h in vit-
ro pellicle effectively suppressed acidic challenge
of both 0.1% and 1.0% citric acid concentrations.
However, erosive alterations caused by 1.0% after
10 or 30 min of immersion were not significantly re-
duced by pellicle layer (Fig 2). It is also appropriate
to consider the influence of centrifugation and filtra-
tion on the protective properties of saliva. Nieuw
Amerongen et al (1987) showed that the ultracen-
trifugation procedures removed mucins from hu-
man whole saliva, which subsequently reduced the
protective potential of in vitro pellicle by up to 70%.
Usage of the micropore filter in our study could be
also a reason that leads to the isolation of salivary
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mucins and partial reduction of pellicle-induced pro-
tection. As a result, maximum protection against
1.0% citric acid at the final stages of immersion
was not achieved. Nevertheless, the most present-
ed findings have definitely reflected a considerable
protective potential of salivary pellicle.

In conclusion, profilometric technique presented
in this study appears to be a sensitive way to quan-
tify destructive alterations caused by erosion and
could be systematically applied in the further stu-
dies on pathological loss of dental hard tissues.
The results of this study strongly suggest that the
extent of erosive destruction could be definitely re-
tarded by pellicle.
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