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ABSTRACT 
 
  In situ atomic force microscopy (AFM) was used to investigate the kinetics of 
demineralization of human dentin collagen fibrils. Individual dentin collagen fibrils 
containing intrafibrillar mineral were isolated, transferred onto a glass slide and exposed 
to water for a day prior to demineralization studies. The fibrils then were exposed to 
trypsin for removal of non-collagenous proteins and subsequently demineralized in 10 
vol % citric acid. Topographic images showed a gradual increase in gap-overlap depth of 
the fibril. The gap-overlap depth varied linearly with the square root of time before 
saturation at 7 nm in approximately sixty minutes, suggesting a diffusion process for 
demineralization of intrafibrillar mineral. Micro Raman studies of partially demineralized 
dentin revealed the existence of a phosphate peak at wave number close to 960 cm-1. The 
peak gradually disappeared in 60 minutes as the samples were exposed to 10% citric acid, 
supporting the notion that AFM topography may be correlated to the degree of 
intrafibrillar mineralization. 
 
 
INTRODUCTION 
 

Dentin is a calcified tissue that forms the internal bulk of the tooth, lying between 
the enamel and pulp chamber. It has a composition of approximately 50 wt% mineral 
phase, 40 wt% organic phase, and 10 wt% aqueous fluid. More than ninety percent of the 
organic phase in dentin is collagen type I (1, 2), formed in a three-dimensional fibril 
network which builds the dentin matrix. In dentin and related calcified tissues such as 
bone and cementum, collagen type I fibrils are mineralized to provide the fundamental 
building blocks of the calcified tissue. It is believed that collagen and non-collagenous 
proteins are required for proper biomineralization of dentin. The major non-collagenous 
proteins of dentin are dentin sialoprotein (DSP) and dentin phosphoprotein (DPP) (3), 
which are encoded by the dentin sialophosphoprotein (DSPP) gene (4). Non-collagenous 
proteins (NCP’s) are believed to associate at specific sites on the collagen molecule to 
promote the nucleation and growth of apatite crystals (5). Collagen fibrils are formed by 
self assembly of triple helical collagen molecules that have a distinctive arrangement in 
which the adjacent molecules are arranged with a regular staggered off-set of ¼ the 
length of the triple helical molecule (6). This leads to the formation of typical banding or 
repeat patterns along the length of collagen fibrils that have a normal 67 nm repeat 
distance. Each repeat is further subdivided into overlap (27 nm.) and gap zones (40 nm.) 
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based on the periodic staggering of the molecules (7). The gap zones are thought to be the 
key site for the initiation of biomineralization.  
  The extracellular matrix of calcified tissues such as dentin is composed of 
a network of mineralized collagen fibrils with additional mineral external or between the 
fibrils. These two components for mineralization are often called the intrafibrillar and 
extrafibrillar compartments. The existence of intrafibrillar mineral (with a plate-like 
structure) in addition to extrafibrillar (with a needle-like structure) have been previously 
recognized on avian tendons using high resolution scanning electron microscopy (SEM) 
(8-10) and atomic force microscopy (AFM) (11). The proportion of mineral in each site 
has not been firmly established, and may vary with tissue type and location. Similar to 
avian tendons, high-resolution synchrotron radiation computed tomography and small 
angle x-ray scattering on normal and dentinogenesis imperfecta type II (DI-II) teeth 
suggested the existence of intrafibrillar mineral in normal  teeth while it was 
predominantly missing in DI-II teeth, which are known to have defective biomechanical 
properties (12).  Recent work has shown that the lack of intrafibrillar mineral results in a 
dramatic reduction in the elastic modulus and hardness of hydrated dentin (13). 
    
  In recent work our group has been evaluating demineralization and 
deproteinization treatments of dentin by high resolution AFM (14, 15). In the present 
work, AFM was used to associate the intrafibrillar mineral content with the topography of 
individual dentin collagen fibrils. The association is confirmed by micro-Raman 
spectroscopy performed on a sample with extrafibrillar mineral removed. The rate of 
demineralization is estimated and compared to the rate of extrafibrillar demineralization. 
 
MATERIALS & METHODS  
 
The samples were obtained from the UCSF Dental Hard Tissue Specimen Core. They 
were sterilized with gamma irradiation (16) and stored intact in de-ionized water at 4 ºC. 
For single fibril AFM studies, the samples were slightly etched in 10% citric acid to 
remove the extrafibrillar mineral to a depth of about a micrometer. Then single dentin 
collagen fibrils were isolated by slicing a 200 nm section shaved by an ultramicrotome 
diamond blade. The section was then transferred onto a glass slide and exposed to water 
for a day prior to imaging by AFM and further exposure to acid. For Raman 
microspectroscopy studies, the samples were polished down to 0.1 µm diamond paste, 
etched in 10% citric acid for extrafibrillar demineralization to the depth of about 10 
micrometers, and finally washed with DI water. This stage was assumed to be the starting 
point for demineralization of intrafibrillar dentin. 
 
The AFM studies were conducted with MultiMode scanning probe microscopy (Veeco, 
Santa Barbara, CA) with PicoForce capability. All images were acquired in contact mode 
by a silicon cantilever in a fluid cell with a typical spring constant of 0.03 N/m (NT-
MDT). The Raman spectra were recorded on a HR 800 Raman spectrophotometer (Jobin 
Yvon, Horiba, France) using monochromatic radiation emitted by a He-Ne laser (632.8 
nm), operating at 20 mW of power. 
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RESULTS 
 
Atomic Force Microscopy (AFM) 
An isolated human collagen fibril from dentin on a glass slide in DI water is shown in 
Fig. 1a. There is little evidence of periodicity in this figure. In-situ exposure of the same 
fibril to trypsin at 37 ºC for 2hrs (to remove possible non-collagenous proteins) showed 
no appreciable changes in topography (Fig. 1b).  
 

 
 
 
Fig. 1 a) An isolated collagen fibril on a glass slide.  b) The fibril after exposure to 
Trypsin at 37 ºC for 2 hrs.   
 
 
However, replacing trypsin (by washing with DI water) with 10% citric acid in-situ 
revealed the periodicity over time such that beyond 30 minutes there was a clear 
distinction between overlap and gap zones (2a-c).  

 
Figure 2.  Topographic changes of a single human fibril exposed to 10% citric acid. 
 
Line profiles along the long axial position on the fibril at different acid exposures are 
shown in Fig. 3.  
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Fig. 3. Cross-sectional height profiles of a single fibril with acid exposure shown in Figure 
2 
 
 The measured periodicity was close to 67 nm and did not change appreciably with acid 
exposure. The cross sectional height profile; however, changed with time (Fig. 3). For 
short time exposure, the profile was nearly sinusoidal. After 15 minutes, a trapezoidal 
shape with a near flat base appeared. The base length along the axis of the collagen fibril 
increased with time until an hour of exposure. After one hour, the profile did not change 
appreciably with acid exposure.  
 Unlike TEM, in AFM, the collagen fibril repeat pattern is revealed by topographic 
differences. We hypothesize that the removal of the intrafibrillar mineral causes the 
structure to change to a new low energy state that enhances the topographic features of 
gap and overlap zones. The gap height shows an approximately linear dependence with 
the square root of time. Assuming the gap-overlap height is associated with the 
demineralization process of intrafibrillar minerals, the data suggests the kinetics is mainly 
controlled by either inward diffusion of acid to the intrafibrillar mineral or diffusion of 
the dissolved mineral outward from these sites. However, by assuming a diameter of 200 
nm and diffusion time of 3640 s, the estimate of the diffusion coefficient (D=d2/t) is 10-13 
cm2/s, which is extremely low. This suggests other limiting processes are involved in 
addition to the diffusion process.  
 We have previously reported that polished dentin exposed to 10% citric acid 
demineralized the sample, leaving behind the extracellular matrix consisting 
predominantly of fibrous type I collagen. At this stage, collagen fibrils were not resolved 
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