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1 Introduction

Abstract. Failure of endodontic treatment is commonly associated
with the presence of Enterococcus faecalis. Studies have highlighted
that E. faecalis can form a calcified biofilm in tough environmental
conditions, such as within root canals. The aims of this study were to
investigate the effects of chemicals used in root-canal disinfection on
the adherence of E. faecalis to collagen, as well as to estimate the
force of adhesion between E. faecalis and collagen after such treat-
ment. The number of adhering bacteria after chemical treatment was
determined using confocal laser scanning microscopy-based adher-
ence assay. It was found that the calcium hydroxide-treated group
had a statistically significant (p=0.05) increase in the population of
bacteria adhering. The adhesion force between bacteria and collagen
of the treatment group with the highest number of bacteria adhering
was determined by using optical tweezers (1064 nm) and Equipartiti-
tion theorem-based stiffness measurements. The presence of calcium
hydroxide was found to significantly increase the bacterium-collagen
adhesion force. These experiments highlighted the potential advan-
tage of using optical tweezers to study bacteria-substrate interactions.
The findings from the present study suggests that the presence of cal-
cium hydroxide increased the adhesion force and adherence of E.

faecalis to type-I collagen. © 2008 Society of Photo-Optical Instrumentation Engi-
neers. [DOI: 10.1117/1.2957972]
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apical portion of the root canals of teeth with periapical
pathology.* Studies have shown that Enterococcus faecalis in

The organic phase of dentine, among other proteins, consists
of both type-I and -III collagen. However, type-I collagen
forms the bulk of the matrix of dentine.' The inorganic phase
of dentine is composed of a carbonate-rich but calcium-
deficient hydroxyapatite and forms ~50 vol % of the sub-
stance of dentine.” In many types of dental treatment where
dentine is exposed to chemicals, removal of the inorganic cal-
cified phase by chemicals such as ethylenediamine tetra-acetic
acid (EDTA), exposes the organic phase (mostly type-I col-
lagen). The propensity for bacteria to adhere to surfaces may
determine the likelihood of biofilm-mediated infection, be-
cause adhesion is the first step to colonization and biofilm
formation. Much effort has gone into attempts to reduce bac-
terial adhesion to medical devices so as to reduce the rates of
biofilm-mediated infections.’ Biofilms have been found in the
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biofilm can survive starvation for extended durations.” It has
also been shown that E. faecalis adhere to dentine in the pres-
ence of serum and collagen.6 Several other studies have also
shown that E. faecalis is the most prevalent microorganism
associated with root canals with posttreatment periapical
lesions.””

The atomic force microscope has become an accepted tool
to measure interaction forces between bacteria and
substrates.'™!! However, use of positively charged polymers,
such as poly-ethyleneimine and poly-L-lysine, is necessary to
securely attach bacteria onto the cantilever tips. In addition,
glutaraldehyde is often used to treat the bacteria as a
cross-linker.'? The physical attachment of bacterial cells using
positively charged polymers may promote structural rear-
rangements in bacterial cell surface structures,’ while glut-
araldehyde treatment has been shown to induce physico-
chemical as well as mechanical alterations to bacterial cell
surfaces.'* These chemical treatments can alter the forces
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Table 1 Treatment groups of collagen membranes.

Group 1 Saturated solution of calcium hydroxide
(24 h)

Group 2 Chlorhexidine 0.2% (1 h)

Group 3 0.05% NaOCI (1 h).

Group 4 Control

measured and compromise the results. In contrast, laser
tweezers' is a noninvasive and noncontact tool that can probe
interaction between microscopic objects (such as bacteria and
collagen) with sub-pN sensitivity.

Understanding the effect of different chemicals, used clini-
cally during root-canal treatment (RCT), on the adherence of
E. faecalis to type-I collagen, would contribute to the further
understanding of how this bacterium forms biofilm on dentine
substrate and survive the tough environmental conditions pre-
vailing in a root-canal treated tooth. Chemicals, however,
have many effects on collagen, and the increase in bacterial
adherence may just be mere physical retention of bacteria on
the substrate. Further collagen membranes are meshlike net-
works of collagen fibrils, and alterations in the number of
bacteria adhering on a treated membrane may be linked to the
variations in the mesh densities of membranes after chemical
treatment and may not be due to an increase in adhesion force.
Therefore, it is imperative to measure the adhesion force be-
tween bacteria and substrate after a chemical treatment to be
able to attribute the increase in adherence directly to an in-
crease to adhesion force. The aims of our experiments are (1)
to examine E. faecalis adherence to type-I collagen after treat-
ment with chemicals commonly employed in RCT using con-
focal laser scanning microscopy (CLSM)-based bacterial ad-
herence assay and (2) to measure the force of adhesion,
between E. faecalis and type-I collagen, in the group with the
highest number of bacteria adhering using laser tweezers—
based trap stiffness measurement.

2 Experiments
2.1 Sample Preparation

The eggshell membrane type-I collagen model was used in
this study. Eggshells obtained were cleaned with detergent,
and the eggshell membrane was carefully removed. The
cleaned eggshell was placed in 1 M hydrochloric acid. After
1 h, the decalcified collagen membrane is carefully removed
and washed in distilled water. The membrane was then soaked
overnight in an acid solution of bovine pepsin (Roche, Swit-
zerland) to remove all noncollagenous proteins.'® The col-
lagen membrane was carefully cut to size, about 10X 8 mm
using sterile surgical scissors, and then placed under ultravio-
let (U'V) light for 1 h to kill any bacteria. The prepared mem-
brane pieces were then treated by various chemicals com-
monly used in RCT as shown in Table 1. The membranes
were soaked in saturated calcium hydroxide solution (Fluka,
Switzerland) for 24 h, in chlorhexidine (10% diluted Hibis-
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crub, Regent Medical, UK) for 1 h and 0.05% sodium hy-
pochlorite (Chlorox, USA) for 1 h.

The prepared membranes were then thoroughly rinsed in
distilled water for 1 min and put into an overnight culture of
E. faecalis ATCC 29212 in All Culture (AC) broth (Sigma
Aldrich, USA), with number of E. faecalis cells adjusted to an
optical density equivalent to 10 cells/ml. After 1 h, the
membranes were removed and vortexed at 3000 rpm (Barn-
stead Maxi Mix II, Type 37600, USA) in a 20 ml falcon tube
containing 10 ml of PBS for 1 min to remove any loosely
adherent cells. The maximum relative centrifugal force ex-
erted by the vortex mixer was calculated to be 450 G. The
membranes were carefully spread onto a microscope slide and
stained with LIVE/DEAD BacLight bacterial viability stain
(Molecular Probes, USA), following manufacturer’s instruc-
tions and then covered with a coverslip for further examina-
tion in a CLSM.

2.2 CLSM-Based Bacterial Adherence Assay

The specimens were examined in a CLSM (Olympus FV 500,
Japan) set to monitor fluorescein isothiocyanate and pro-
pidium iodide. Confocal illumination was provided by a
Kr/Ar laser excitation (488 nm) fitted with a long-pass
514 nm emission filter. A 580 nm beamsplitter was used to-
gether with a long-pass 520 nm filter (green fluorescent sig-
nal) and a long-pass 590 nm filter (red fluorescent signal).
Simultaneous dual-channel imaging using pseudocolor was
used to display green and red fluorescence. Specimens were
imaged using 60X oil immersion objective (Olympus, Japan).
When a field was viewed, it was digitally captured, after op-
timizing the image into a computer, and the image stored.
Then, the XY table, which is equipped with a micrometer, was
turned at least two and a half turns. This moves the stage by
~250 pum in each of the X and Y axes, clearly onto a new
field of view. A total of nine fields were examined for each
treatment, and the bacteria present were counted. The nine
fields were made up of three fields each from three similarly
treated samples, inoculated by bacteria from the same culture.
Only bacteria in focus of each optical section were counted.
The counting was carefully done by one operator using a
manual digital counter so that the same bacterium was not
counted twice. The different treatment groups of collagen
membranes, studied using CLSM, are listed in Table 1.

2.3 Laser Tweezers Experimental Setup

A schematic of the laser micromanipulation setup is shown in
Fig. 1. The output of a 1064 nm CW Nd:YAG laser (SSLD,
CAT, India) operating in fundamental Gaussian mode was ex-
panded using a beam expander (BE) and coupled to the ob-
jective of an inverted microscope (Axiovert 135TV, Carl
Zeiss) through its base port via a folding mirror (M2) that
retains its regular fluorescence imaging configuration and ca-
pability. Another convex lens (SL, f=200 mm) was placed
into the optical path of the beam external to the microscope.
This lens along with the tube lens of the microscope behaves
as a 1:1 telescope, and thus, a collimated beam is sent to the
100X microscope objective. A 100X Plan Neofluor oil immer-
sion phase objective was used to focus the laser beam to a
diffraction-limited spot. The dichroic mirror reflects the UV-
visible light from the excitation source (mercury lamp, HBO)
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Fig. 1 Schematic of the experimental setup. BE: beam expander;
NDF: neutral density filter; MO: 100 X Plan Neofluor phase objective;
SL: spherical lens; TL: tube lens; HAL: halogen lamp; DBS: dichroic
beam splitter; HBO: mercury lamp; DM: dichroic mirror; EX: excita-
tion filter; EM; emission filter; CF: IR cutoff filter; and FG: frame
grabber.

through the excitation filter and transmits the fluorescence.
The dichroic beamsplitter transmits the cw 1064 nm and re-
flects the emitted fluorescence through the emission filter to
the CCD. An infrared cutoff filter was placed before the CCD
to reject the backscattered laser light. The fluorescence images
were captured using a cooled CCD and processed using
Q-Fluoro standard image analysis software (Leica). The
bright-field trapping sequences were recorded using video
CCD onto a VCR, and digitized using a frame grabber.

The CW Nd:YAG laser-trapping beam power was adjusted
to attain powers up to 200 mW at the focal plane of the ob-
jective. The trapping laser beam power at the back aperture of
the objective was monitored with a power meter (Scientech,
USA). Furthermore, for estimating the transmission factor of
the objective, the dual-objective method was adapted in order
to correct for the total internal reflection losses at the
objective-oil-glass-water interfaces. The transmission factor
of two cascaded objectives was found to be 0.33. From this,
the transmission factor of a single 100 X Plan Neofluor phase
objective (Carl Zeiss, Germany) was estimated to be (0.33)!2
(i.e., 0.57).

To determine the position of a bacterium in a video frame,
the method of centroid detection was used. Software program
on LabView platform (National Instruments, USA) was devel-
oped for quick analysis of a large number of images. The
region of interest selection and thresholding was carried out in
order to reject background images of other objects (such as
collagen fiber) outside the trap. For determination of tracking
resolution, a bacterium was fixed on the coverslip and the
position of its center was measured using the software for
~1000 time-lapse (40 ms) digitized frames. For E. faecalis
bacterium, a tracking resolution of better than 50 nm (stan-
dard deviation of position histogram) was obtained. For force
measurements using optical tweezers, eggshell membranes
were obtained as described in Section 2.1. E. faecalis was
grown overnight and diluted using AC broth to ~10* cells per
milliliter. The prepared collagen membrane, whether treated
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by calcium hydroxide or not, was carefully spread onto a
clean glass slide and the edges teased under magnification to
obtain frayed edges with single strands of collagen fibers. A
small volume of AC broth with the adjusted bacteria concen-
tration, ~200 ul, was applied onto the membrane and a cover
clip was placed over it and the entire system was sealed. A
single bacterium was trapped and moved in order to measure
the trapping force and stiffness. Then the bacterium was
brought to the single collagen fibers with the optical tweezers
and manipulated to check to see if it was in plane with the
fiber. The bacterium was then held in place for varying dura-
tions, and then, its mean position was measured in order to
estimate the interaction force. At the end of ~10 min, the
rupture force was measured by pulling the trapped bacterium
away from the fiber using the optical tweezers of varying laser
power. For this experiment, type-I collagen membrane was
soaked for 5 min in a media that contained 50% AC broth and
50% saturated Ca(OH),. The membrane was spread onto a
glass slide, onto which diluted bacterial suspension was
added. The force of laser tweezers on the bacteria was esti-
mated at different trap power levels using the escape force
method, and trapping stiffness was calculated using the Equi-
partition theorem method. Different treatment groups of col-
lagen membranes, studied using optical tweezers, are listed in
Table 2.

2.3.1 Force calibration using escape force method

In this method of force calibration,l‘c”17 a single bacterium was

trapped at different power levels and translated. The velocity
was progressively increased until it escaped from the optical
trap. The limiting velocity was derived using the method de-
scribed above, and the corresponding viscous drag force was
calculated. The E. faecalis bacterium was assumed to be
spherical in shape with a diameter of ~0.5 um."® When the
bacterium is more than a few diameters away from the sample
cell walls, the viscous drag exerted by moving the stage or the
bacterium (of diameter d) at a velocity v and is given by
Stoke’s law

F=3mndv. (1)

Here, 7 is the viscosity of the medium (0.001 Kgm™'s7!).
For a specified laser power, the critical velocity at which the
trapped bacterium comes out of the trap determines the trap-
ping force. For a trapping power of 50 mW, the limiting ve-
locity was found to be 90 wm/s and this corresponds to a
viscous drag force of 0.52 pN. Repeating this experiment for
other laser powers gives a “force versus laser power” calibra-
tion curve and it scales linearly (Fig. 2) with the laser power
for a particular size and refractive index of the object (bacte-
rium). The slope of the linear fit (Fig. 2) provides an estimate
of the trapping efficiency for E. faecalis bacterium.

The trapping efficiency of the optical tweezers is described
in terms of a dimensionless parameter Q, the fraction of mo-
mentum transferred to the trapping force from the trapping
laser beam, which is related to the force on the bacterium F,
the power of the laser P, and the refractive index of the sur-
rounding medium (n=1.33), through
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Table 2 Treatment groups of collagen membranes for studying adhesion using optical tweezers.

No. of
Bacteria Treatment Groups Result
3 Collagen soaked with 75% calcium No attachment up to 20 min
for 15 min
4 Collagen soaked with 50% calcium Firmly attached in 6.5 min
for 15 min
4 Collagen soaked with 50% calcium+ Two are firmly attached in 5 min
50% AC media for 5 min and other two could be pulled
apart by optical tweezers
5 Collagen not soaked with calcium No attachment up to 15 min
3 Collagen overnight with 50% Calcium Attached in 10 min, but could
and 50% AC media be detached at laser power of
180 mW
4 Collagen overnight with 25% Calcium No attachment upto 5 min
and 75% AC media
F=nQP/c. (2) applied to the E. faecalis bacterium was limited to ~2 pN at

Using the slope of the linear fit [~0.0123 (Fig. 2)], the lateral
trapping efficiency of optical tweezers Q (lateral) for the E.
faecalis bacterium was found to be as low as ~0.3%. For
dielectric particles, the trapping force (hence, efficiency) has
been seen to decrease as linearly with r as particle size in-
creases beyond the focused spot size (~0.8 wm). For Ray-
leigh (size of particle <\) particles, trapping efficiency de-
creases more rapidly (~73) because the gradient force is
proportional to polarizability («), which depends on the par-
ticle radius (r) as 7>. In addition to very small radius of the E.
faecalis bacterium (~0.25 um), because the relative refrac-
tive index of the bacterium with respect to the surrounding
medium is also quite small, the theoretical values for Q is
expected to be very small. Because of this small value of
trapping efficiency, the maximum trapping force that can be
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8 b ///
5 1.0
[ -

0.5 %

004 - }

—7r r 1+ rrrrrr-rr1rrrrrtr 1T
0 20 40 60 80 100 120 140 160 180 200
Power(mw)

Fig. 2 Power versus trapping force on E. faecalis bacterium. The error
bars represent standard deviation from measurements on four E.
faecalis bacteria.
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the maximum trapping power of 180 mW. Application of
larger trapping power was limited, because it can lead to loss
of viability of the bacterium.

2.3.2 Measurement of trap stiffness using
equipartition theorem method

Forces acting in a trap are described by Hooke’s law:
F==K;,pX. Using the trap to determine the force exerted by a
bacterium therefore required calibration of its stiffness K.
The trap stiffness was determined by use of the equipartition
theorem,

%Ktrap<x2> = %KBT’ (3)

where K3 is the Boltzmann constant and 7 is the temperature
of the medium in which the bacterium was suspended. Mea-
suring the variance of the position of the trapped bacterium
provides an estimate of trap stiffness,

K\ap = KT/ Var(x). 4)

The chief advantage of this method is that knowledge of
the viscous drag coefficient is not required and, therefore, of
the bacterium shape as well as fluid viscosity. The transverse
positions of a bacterium in the trap are detected using the
centroid detection method, and a representative track over 50
frames (i.e., for 2 s) is shown in Fig. 3(b). The bacterium can
be seen to be around one most probable position, which is the
center of the trap focus (here, pixel number 11). Frequency
count at different positions of the bacterium inside the trap is
done, and the variance of the position of the trapped bacte-
rium is calculated. The stiffness of the optical trap was then
calculated using Eq. (4), and this experiment was repeated at
different trapping power levels. The stiffness versus laser
power graph was plotted [Fig. 3(c)].
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Fig. 3 (a) Trapping of E. faecalis bacterium (arrow marked) and (b) timetrack of the trapped bacterium over 50 frames. The x axis in (b) is in units
of CCD pixels and y axis is the frame number. The timetrack in (b) is generated by integrating the intensities in one direction (say Y) in each image
frame and displaying it as one line for each frame. (c) Trapping stiffness is shown as a function of laser power for E. faecalis bacterium. The error
bars represent standard deviation from measurements on four E. faecalis bacteria.

3 Results
3.1 CLSM-Based Bacterial Adherence Assay

The histogram depicting the bacterial count for different treat-
ment groups is shown in Fig. 4(e). Using one way ANOVA
with multiple comparisons, significantly more bacteria were
found adhering to the samples treated with calcium hydroxide
[Ca(OH)2 group) than control, as well as those treated by
NaOCl and chlorhexidine (P=0.05). The chlorhexidine-
treated group had the least bacteria adhering and had signifi-
cantly less bacteria than all the other groups. There was no
significant difference between the NaOClI-treated group and
control. CLSM images of collagen membranes treated with
the different chemicals and inoculated with bacteria are
shown in Fig. 4(a)-4(d).
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3.2 Optical Tweezers-Based Study on Interaction
Between Bacteria and Collagen

Figure 5 shows digitized images of bacteria on the collagen
matrix. Large numbers of adhering bacteria were found [Fig.
5(b)] on collagen membranes treated with calcium as com-
pared to those collagen without calcium treatment [Fig. 5(a)].
In order to assess the adhesion of bacteria with collagen under
various treatment conditions, use of optical tweezers was em-
ployed. During experiments with the use of the optical twee-
zers, a single bacterium was brought near a collagen fibril and
the time taken by the bacterium to attach with the collagen
fibril was measured. Studies on the different treatment groups
listed in Table 2 (based on a varying fraction of calcium,
duration of soaking, etc.) showed that maximum bacterial ad-
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Fig. 4 Collagen treated with various chemicals: (a) Calcium hydrox-
ide (arrows pointing to plaquelike masses), (b) chlorhexidine, (c) con-
trol, (d) NaOCI, (e) graph showing average number of bacteria
adhering.

hesion occurs for collagen soaked with 50% calcium hydrox-
ide as compared to 0% or 25% or 75% calcium hydroxide.

3.2.1 Force measurement using laser tweezers

Because the collagen was soaked with 50% calcium for
15 min, the bacteria was found to firmly attached in
~6.5 min, detachment of the bacterium could not be accom-

Fig. 5 Overnight culture of bacteria on collagen fibre matrix: (a) with-
out calcium treatment and (b) with overnight calcium treatment.
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plished at the highest laser power used (180 mW). Therefore,
instead of rupture force measurement, continuous measure-
ment on the interaction of bacteria was made using laser twee-
zers. Figure 6 shows the time track of interaction of E. faeca-
lis bacterium with collagen. After a duration of interaction,
the mean position [black lines in Fig. 6(b)] of bacterium was
found to shift toward the collagen fibril. A cartoon depicting
interaction force measurement using the displacement (Ax) of
the bacterium from its mean position in the presence of col-
lagen is shown in Fig. 7. From the predetermined stiffness of
trap (Ktrap) for E. faecalis bacterium in the absence of col-
lagen (see Fig. 3), the interaction force was determined using

F = KpAx. (5)

For a fixed interaction period of 5 min, the interaction force
was found to increase from 0.03 pN when the collagen is not
treated with calcium to 0.9 pN in case of calcium treated
collagen fibers. Furthermore, in calcium-treated collagen, the
interaction force increased with increase in the time of inter-
action of bacterium with collagen (Table 3). In some cases, at
small interaction durations, the bacterium could be detached
from the collagen fibril by increasing the laser power to
180 mW and, thus, rupture force could be measured for short
interaction durations (~5 min). These results are listed in
Table 3. The mean rupture force was significantly lower
(0.38 pN, corresponding to a trap beam power of 36 mW,
obtained from Fig. 2) in absence of calcium as compared to
the case of the calcium-treated ones (2.1 pN, at 180 mW, see
Fig. 2).

4 Discussion

Recently, MTAD, an acidic proprietary irrigant (pH 2.2), has
shown promising results as an antimicrobial cleaning agent to
remove smear layer as the final rinse.'” Though it had not
been reported that this acidic solution would remove the cal-
cified phase of dentine to expose collagen, it is reasonable to
believe that any acid would likely decalcify dentine and lead
to collagen exposure. It had been reported that up to 3.8% by
volume of a liquid irrigant, EDTA, remained in the root canal
after irrigation.20 It is reasonable and logical to believe that a
similar volume of MTAD may not be completely removed
from the tooth when it is used as an irrigant; the acidic rem-
nants would continue to remove calcium until the chemical is
spent. Hence, any practitioner who uses either of these chemi-
cals as the last irrigants would likely expose collagen. Ex-
posed collagen is a substrate for many species of oral bacteria,
including E. faecalis.*" After RCT, bacteria may be left behind
in the dentinal tubules (residual bacteria).22 These can reseed
the chemically treated root-canal dentine and make use of the
collagen to adhere and survive the tough environmental con-
ditions prevailing in an endodontically treated tooth.

In addition to residual bacteria, microleakage (fluid leak-
age between dentine and the restoration) can also allow bac-
terial reentry into the root-canal space. Because dentine col-
lagen is largely type-I collagen and our hypothesis was that
chemical alteration of collagen by endodontic irrigating solu-
tions and medicaments causes an increase in bacterial adhe-
sion, in this study we used a model of type-I collagen mem-
brane to study their effects on collagen.
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Fig. 6 Interaction of E. faecalis bacterium with collagen: (a) A trapped E. faecalis bacterium was brought in the vicinity of a collagen fiber from a
direction indicated by arrow, (b) timetrack of the trapped bacterium over 138 frames. The x axis in (b) is in units of CCD pixels and the y axis is
the frame number. The timetrack in (b) is generated by integrating the intensities in one direction (say Y) in each image frame and displaying it as
one line for each frame. The change in mean position [black lines in (b)] toward collagen present in the right-hand side can be noted.

Eggshell membrane normally is coated with a layer of
type-X collagen on type-I collagen, which forms the bulk of
the membrane. After treating the eggshell membrane in pepsin
overnight, the type-X collagen was removed and only type-I
collagen remained.”> We therefore used this as a model to
study bacterial interaction with chemically treated type-I col-
lagen. CLSM showed that bacteria adhered to all samples of
type-I collagen membrane treated by chemicals commonly
used in RCT. Very few bacteria were detected on specimens
treated with chlorhexidine. We observed that in those mem-

Trap
Trapped: bacterium
Km,p Ktrap
(A)
Trapped Bacterium
g
Collagen N

(B)

Fig. 7 Drawing depicting measurement of interaction force of trapped
E. faecalis bacterium with collagen substrate: (A) Stiffness of trap for E.
faecalis bacterium in absence of collagen is determined using equi-
partition theorem method and (B) displacement Ax of the bacterium
from its mean position (dotted line) in presence of collagen is a mea-
sure of the interaction force.
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branes treated by calcium hydroxide (group 1), there were
more thick plaquelike masses [arrowed in Fig. 4(a)] aggregat-
ing on the surfaces of the collagen fibrils. These plaques were
bigger than individual E. faecalis cells. However, it was not
possible for us to clearly say that these plaques comprised
only bacteria, though it seems clear that they are of bacterial
origin. It was also not possible for us to clearly count the
number of bacteria cells in each of these aggregates. Some
species of bacteria have been observed to secrete extracellular
polymeric substances (EPS), which aid in biofilm formation.*
We do not know that E. feacalis produces EPS, but we do
know that it forms biofilms.”> Note that the irrigants we used
in these experiements were 0.2% chlorhexidine and 0.05%
NaOCl and saturated calcium hydroxide solution, instead of
the commonly used concentration of 2% and 5.25% and a
paste, respectively, in the clinical setting. This was because
the membrane is a thin mesh of collagen fibrils and is easily
penetrated by these chemicals, and using a strong concentra-
tion of NaOCI(5.25%) would completely dissolve the mem-
brane in a short time.

Calcium hydroxide has a high pH. Its high pH is normally
used to kill bacteria in the root canal and is used in-between
visits during RCT as an intracanal medicament. There may
have been remaining effects of calcium hydroxide which were
not fully removed by vortexing the membranes. The collagen
membranes treated by calcium hydroxide may have altered
the pH of collagen sufficiently to alter adhesion of E. faecalis.
It is known that a slightly alkaline pH encourages E. faecalis
adhesion.”® An increase in the number of bacteria adhering to
the membranes could also arise because of the presence the
divalent calcium ions. Previous studies have shown that cal-
cium ions can aid in the formation of metallic ion bridges
between oral bacteria.”’ Statistical analysis by one-way
ANOVA, using multiple comparisons with p=0.05, showed
that there was significant difference between the calcium
hydroxide—treated group and all other groups. It is interesting
to note that although sodium hypochlorite denatures collagen,
the adherence of E. faecalis to it was much less than calcium
hydroxide—treated collagen. Why this is so is not clear to us,
but it seems that denaturation was not the only reason for an
increase in bacteria adhering to the treated substrate.
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Table 3 Effect of treatment of collagen membranes with calcium on interaction force. Mean and stan-
dard deviation was calculated from four measurements.

Mean displacement Power

Condition of Bacteria (um) (mW) Force (pN)
After 5 min near collagen (No Ca) 0.26 22 0.03+0.02
Rupture of bond after 5 min near Away from collagen 36 0.38+0.11
collagen (No Ca)

After 1 min near collagen (50% Ca) 0.25 22 0.04:0.01
After 5 min near collagen (50% Ca) 0.43 22 0.9+0.17
Rupture of bond after 5 min near Away from collagen 180 2.1+1.05

collagen (50% Ca)

Although the definite sequence of irrigation during RCT is
not yet established, clinicians may use demineralizing or
chelating agents as the final irrigant to remove the smear
layer. In so doing, collagenous surfaces are likely left ex-
posed. If any E. faecalis is left alive in the root canal after
treatment, then subsequent placement of calcium hydroxide
may improve their chances of survival by biofilm formation
because our results have indicated that the force of adhesion
in the presence of calcium hydroxide is increased, and adhe-
sion is the first step to biofilm formation.

The chlorhexidine-treated group had the least bacteria
adhering. Chlorhexidine [chemical name: 2-[amino-[6-
[amino-[amino-(4-chlorophenyl)amino-methylidene Jamino-
ethylidene Jaminohexylimino]methyl]- 1-(4-chlorophenyl)
guanidine; 2,3,4,5,6-pentahydroxyhexanoic acid] is a com-
monly used antibacterial compound used in health care for
cleaning wounds®® and in dentistry, in various forms, for con-
trolling periodontitis.29 The chlorhexidine molecule is a sym-
metrical di-cationic molecule, which has two charged centers
that are at a relatively large distance apart. In an aqueous
environment, the compound forms small aggregates (four
monomers)30 and had been shown to remain adsorbed on
tooth surfaces.”’ In combination with calcium hydroxide, it
was found to reduce the intracanal microbiota significantly
and subsequently of periapical biofim formation.** Chlorhexi-
dine is known to have substantivity—the persistence of a re-
sidual activity on a surface for a period of time after applica-
tion. Chlorhexidine, when used on oral tissues, including in
root-canal dentine, has been reported to have substantivity for
up to 12 weeks.*® In our experiment, substantivity is likely to
have contributed to why much fewer bacteria were adhering
on the membranes soaked in chlorhexidine. Chlorhexidine
substantivity clearly resides on the collagen despite our hav-
ing vortexed the membranes at 450 G. Reduction of E. faeca-
lis adherence would contribute to lower propensity for subse-
quent bacterial biofilm growth as well as eventual invasion
and spread of infection.

Optical tweezers—based experiments highlighted that cal-
cium hydroxide treatment increases adherence and adhesion
forces of E. faecalis to type-I collagen. However, more studies
are required to understand why there seems to be a maximum
increase in the adhesive attraction between E. faecalis and
type-I collagen in the presence of 50% saturated calcium hy-
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droxide solution. The effects of differing root-canal disinfec-
tion regimes should also be investigated in the future.

5 Conclusions

Within the limitations of these experiments, we conclude that
chlorhexidine is effective in preventing adhesion of E. faeca-
lis ATCC 29212 to a type-I collagen membrane obtained from
eggshells. The CLSM-based adherence assay showed that the
treatment of the collagen type-I membrane with calcium hy-
droxide increased the adhesion of E. faecalis. The optical
tweezers—based measurements show that presence of calcium
hydroxide increased the force of attraction between the micro-
organism and type-I collagen.
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