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Bacterial biofilms and dentin structural changes are some of the major challenges in the management of infected dentin tissue.
This study characterized a photosensitizer-conjugated chitosan with enhanced photodynamic efficacy against dental biofilms, as
well as the ability to reinforce the postinfected dentin matrix in order to improve its mechanical and chemical stability. Rose
Bengal-conjugated chitosan (CSRB) was synthesized using a chemical cross-linking method and characterized for photophysi-
cal, photobiological, and cytotoxicity properties. Its potential as an antibacterial and matrix-reinforcing agent on dentin colla-
gen was also evaluated. Enterococcus faecalis as planktonic and in vitro biofilms was treated with CSRB and photodynamically
activated with 5 to 60 J/cm” green light. Dentin collagen was used for the CSRB cross-linking experiments and evaluated for
chemical changes, resistance to enzymatic degradation, and mechanical properties. CSRB was a photosensitizer with efficient
singlet oxygen yield. In vitro photoactivation gave higher fibroblast cell survival than did RB alone. CSRB showed significant
antibiofilm photoinactivation (P < 0.01). The CSRB-cross-linked dentin collagen showed higher resistance to collagenase degra-
dation and superior mechanical properties (P < 0.05). In summary, the photoactivated CSRB particles synthesized in this study
may be a synergistic multifunctional treatment approach with lower cytotoxicity and effective antibiofilm activity as well as the
ability to reinforce the dentin collagen to enhance resistance to degradation and improve mechanical properties. This may be a
targeted treatment strategy to deal with infected dentin hard tissues in a clinical scenario, where both disinfection and structural

integrity need to be addressed concomitantly.

acterial biofilms and dentin structural changes are major chal-

lenges in the management of infected dentin tissue. Antimi-
crobials are traditionally used for noninvasive management of in-
fected hard tissue. Although chemical-based disinfectants are
important to reduce microbial loads and remove infected smear
layer from root dentin, they have only a limited ability to eliminate
biofilm bacteria, especially from root dentinal complexities (8,
28). The chemical treatment of root dentin is known to produce
irreversible hard tissue alterations, such as demineralization or
surface degradation (29). The combination of ultrasonic agitation
with chemical irrigants further increased the degree of surface
degradation on root dentin (9). In addition, degradation of the
dentin matrix is also caused by host and bacterial proteases (14).
Therefore, pathologically and iatrogenically modified dentin may
compromise the mechanical integrity of bulk dentin (22). The
search for alternative antimicrobial approaches able to achieve
effective biofilm elimination from root dentin has received con-
siderable interest in recent times.

Photodynamic therapy (PDT) in under investigation for vari-
ous purposes such as antimicrobial disinfection (15, 18), antican-
cer therapy (19), and tissue welding and tissue engineering ap-
proaches (6, 45). The combination of an effective photosensitizer,
the appropriate wavelength of light, and ambient oxygen is the key
factor in PDT (18). The singlet oxygen generated during the in-
teraction of these three factors has been reported to have a broad
range of antibacterial activity. The chances of developing micro-
bial resistance to PDT are low, as the oxygen-based free radicals
act on multiple targets within the bacterial cell (15, 18, 36). Pho-
todynamic inactivation of a wide variety of both Gram-positive
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and Gram-negative species in both planktonic and biofilm forms
has been reported in the literature (12, 15, 16, 36). We had previ-
ously shown that modifying a photosensitizer with a cationic poly-
mer resulted in much better photodynamic killing of bacterial
biofilms than that with either the xanthene dye Rose Bengal (RB)
or the phenothiazinium dye methylene blue (36). Tissue-specific
optimization of PDT using modified methylene blue delivery me-
dium improved elimination of bacterial biofilms from root canals
(16). A single-step treatment to achieve effective biofilm elimina-
tion as well as to stabilize dentin tissue would provide an excellent
strategy in the management of infected root dentin. Modifying
photosensitizers with bioactive polymers appears as an attractive
option to achieve this objective. Immobilization of photosensitiz-
ers on polymeric supports avoids the problem of removing resid-
ual photosensitizers and provides advantages of reduced toxicity
and improved stability in physiologic environments (4, 26, 41).
Although photosensitizers have been conjugated with various
readily available synthetic polymers, biocompatibility becomes a
significant limiting factor when applied in vivo. Use of a naturally
occurring biopolymer such as chitosan has been proposed to
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FIG 1 Schematic of the chemical reaction during conjugation of chitosan with RB in the presence of N-ethyl-N’-(3-dimethylaminopropyl)carbodiimide (EDC).
The formation of chemical bonds between the NH group of chitosan and photosensitizers is highlighted with a dashed circle.

counteract the biocompatibility issues of synthetic polymers
(26, 30).

Chitosan is a derivative of chitin, the second most abundant
natural biopolymer, and has received significant interest in the
biomedical literature (10, 47). It shows a broad range of antimi-
crobial activity and has biocompatible and biodegradable proper-
ties (24, 37). Chitosan has been subjected to numerous chemical
modifications and grafting procedures due to its large number of
free hydroxyl and amino groups (4, 24). The polymer is hydro-
philic (wettable), which favors intimate contact between the pho-
tosensitizer functionalized surface and the aqueous environment
of microorganisms. We formed a hypothesis that Rose Bengal-
conjugated chitosan (CSRB) could perform the dual function of
enhancing antibiofilm photoinactivation efficacy and improving
structural stability of dentin collagen due to the synergistic effect
of CSRB and singlet oxygen generated after photoactivation. In
the present study, we carried out characterization of CSRB and
evaluated its potential application as a dual-function antibacterial
and cross-linking agent on dentin collagen. We hypothesized that
CSRB could be a light-activated dual-action synergistic photosen-
sitizer delivery vehicle that enables enhanced antibiofilm efficacy
as well as the ability to induce cross-linking of collagen matrices by
photoactivation.

MATERIALS AND METHODS
All the chemicals used in this study were of analytical grade and were
purchased from Sigma-Aldrich (St. Louis, MO) unless noted otherwise.
Synthesis and characterization of CSRB. The CSRB was synthesized
using chemical cross-linking by a carbodiimide [N-ethyl-N'-(3-dimeth-
ylaminopropyl)carbodiimide; EDC] based on a modified published pro-
tocol (26, 36). In brief, a 1% solution of chitosan was prepared in HCI (0.1
M) and stirred at room temperature in a shaker for 4 h to obtain a clear
solution. After the chitosan dissolved completely, pH was increased to 5
by adding 1 M NaOH and the mixture was stirred at room temperature
using a magnetic stirrer for 12 h. A solution of RB (0.05 g) was prepared in
10 ml of aqueous EDC (50 mM) and added dropwise to the chitosan
solution over 30 min. The mixture was stirred for 12 h under dark condi-
tions. The conjugated product was then dialyzed against deionized water
using a dialysis membrane (Sigma; cellulose tubing; cutoff, 12,000 to
14,000 g/mol). The water was replaced daily, and dialysis was carried out
for a period of 1 week. The UV-absorption spectrum (550 nm) of the
deionized water used in dialysis was monitored for the presence of RB
(UV-visible spectrophotometer; Shimadzu 1100; Japan). The dialysis was
stopped when no RB absorption was detected in the dialysate. The poly-
mer solution was then freeze-dried at —80°C. The CSRB powder obtained
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was stored in a cool and dark place until further use. The chemical struc-
tures of the reagents and product are shown in Fig. 1 (26).

Photophysical characterization of conjugated (CSRB) and unconju-
gated (RB) photosensitizer solutions was conducted by using UV-visible
absorption spectroscopy. The ratio of monomer absorbance at 560 nm to
dimer absorbance at 528 nm for different concentrations was calculated to
assess aggregation in water. The effective concentration of CSRB was de-
termined based on the highest monomer/dimer ratio. Chemical charac-
terization of the conjugated CSRB was done using a Fourier transform
infrared (FTIR) spectrophotometer (Shimadzu, Kyoto, Japan). The pre-
pared CSRB was mixed with potassium bromide (1:100, wt/wt) to prepare
pellets for the FTIR spectroscopy. The experiments were conducted in
transmission mode (16-cm ™" resolution, 32 scans per sample).

Photo-oxidative characterization was conducted to assess the ability of
CSRB to generate singlet oxygen. These experiments were conducted in
24-well plates according to a procedure described previously (17). The
generation of singlet oxygen from photoactivated RB and CSRB was as-
sessed spectrophotometrically using 1,3-diphenylisobenzofuran (DPBF),
which reacts with singlet oxygen. Two milliliters of DPBF (200 pM in
ethanol) was added (corresponding to an absorbance at 410 nm of 2) to
100 pl of different photosensitizer solutions. A Lumacare lamp (Lumac-
are Inc., Newport Beach, CA) with a 540- £ 15-nm band-pass fiber optic
probe was used as a light source (power, 50 mW/cm?). In this experiment,
the rate of singlet oxygen production was related to the rate of decrease of
DPBF absorbance at 410 nm (slope of linear trend line, k value) as a
function of irradiation time. The decrease in absorbance was monitored as
a function of time using a UV-visible microplate reader (Epoch; Biotek).

Evaluation of cytotoxicity and phototoxicity of CSRB. The cytotox-
icity of CSRB was assessed quantitatively using a mitochondrial activity
assay (spectroscopic) and qualitatively using a trypan blue exclusion assay
(light microscopic). Approximately 1 X 10° NIH 3T3 mouse fibroblast
cells (American Type Culture Collection, Manassas, VA; CCL 1) were
seeded into 24-well plates in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum and antibiotics and
incubated for 48 h in a 5% CO, incubator (Thermo Scientific, Waltham,
MA). After incubation, the cells were treated with either CSRB or RB in
DMEM at 37°C for 15 min in the dark. The cells were irradiated with
540-nm light with a total fluence of 20 J/em?. RB and CSRB were also
tested without light irradiation (dark toxicity). The cells were incubated in
the medium for 24 h before evaluation for cytotoxicity.

The supernatant medium was removed without disturbing the cells
and washed with 1 ml of phosphate-buffered saline (PBS). Cell survival
was determined by the standard 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphe-
nyltetrazolium bromide (MTT) assay that determines the mitochondrial
activity (27). MTT was added at a concentration of 0.5 mg/ml in medium
and incubated for 4 h. After the incubation period, MTT medium was
removed, and 1 ml dimethyl sulfoxide was added to dissolve the insoluble
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formazan crystals. The absorbance at 540 nm was measured photometri-
cally by using a UV-visible microplate reader. Percent survival of cells was
calculated based on the control samples without any treatment as 100%.
All analyses were repeated three times in triplicate (total of 9 observa-
tions), and the statistical significance was analyzed by one-way analysis of
variance. The fibroblasts were also subjected to a trypan blue exclusion
assay to assess their morphology following treatment. Trypan blue, a vital
dye, is excluded from the living cells but stains the dead cells (48). In this
assay, the treated cells were washed with PBS and stained with 1 ml 0f 0.4%
(wt/vol) trypan blue. After 5 min of incubation at room temperature, the
excess dye was washed with PBS and examined by bright-field microscopy
(Leica DM; IRB, Wetzlar, Germany).

Evaluation of antibacterial efficacy of CSRB. Enterococcus faecalis
(ATCC 29212) was used to test the antibacterial efficacy of RB and CSRB
in both planktonic and biofilm forms. E. faecalis is a Gram-positive, fac-
ultative aerobic bacterium found at a high prevalence in persistent infec-
tions following root canal treatment (31). Overnight cultures of E. faecalis
in brain heart infusion (BHI) broth were centrifuged (3,000 rpm, 10 min)
and washed with deionized water, and the optical density was adjusted to
0.7 at 600 nm (approximately 10° CFU/ml). Cell pellets from 1 ml of the
above suspension were collected by centrifugation, treated with 1 ml of
either RB (10 uM) or CSRB (0.3 mg/ml) at 37°C for 15 min, and protected
from ambient light. Dark toxicity was evaluated after 15 min of sensitiza-
tion with the two treatment solutions. The control group consisted of
bacterial cells without any photosensitizer or light treatment. In the case of
PDT, bacterial cells were centrifuged and excess photosensitizers were
removed. The sensitized planktonic bacteria were irradiated using a
540-nm fiber with doses of 5 and 10 J/cm?. After treatment, cell pellets
were resuspended in sterile deionized water (1 ml) and 100 pl of the
suspension was plated on freshly poured BHI agar after serial dilution.
Colonies were counted after 24 h of incubation at 37°C and expressed as
log CFU per ml.

In order to test the antibacterial efficacy of photosensitizers on bacte-
rial biofilms, 7-day-old biofilms of E. faecalis were grown in 24-well-
plates. One milliliter of overnight culture in brain heart infusion (BHI)
broth was added into each well and incubated at 37°C and 100 rpm. Fresh
medium was replenished every 48 h to provide a constant supply of nu-
trients and to remove dead bacterial cells. On the 8th day, the medium was
removed from the wells, and the biofilm was carefully washed once with
sterile deionized water to remove the dead cells. The biofilm was sensitized
with 1 ml of RB (10 uM) or CSRB (0.3 mg/ml) at 37°C for 15 min and
irradiated at different doses (20, 40, and 60 J/cm?). Dark toxicity was
evaluated after the sensitization period with the two photosensitizers. Af-
ter PDT treatment, the biofilms were washed gently, 1 ml of sterile PBS
was added, and the biofilms were disrupted mechanically and plated on
freshly poured BHI agar following serial dilutions. Control wells were
maintained in sterile PBS. Colonies were counted after 24 h of incubation
at 37°C and expressed as log CFU per ml. The experiments were carried
out twice in triplicate, and the mean values were calculated.

Evaluation of CSRB to induce photodynamic cross-linking of den-
tin collagen. Sixteen noncarious human incisors and eight bovine incisors
were collected according to a protocol approved by the University of To-
ronto ethical guidelines committee (protocol no. 26363) and stored in
0.9% saline at 4°C until use. The bovine teeth were used for mechanical
testing while the human teeth were used to assess chemical composition
and enzymatic degradation. Bovine teeth were used for the mechanical
test, to avoid the difficulty of obtaining freshly extracted uniformly sized
human incisors and to standardize the specimens for tensile testing (46).
During experiments, dentin sections of 0.5-mm thickness were prepared
from either side of the root canal using a low-speed diamond-wafering
blade (Buehler, Coventry, United Kingdom) under continuous water ir-
rigation (5). The sections were further ground into dimensions of 12 by 2
by 0.5 mm (human) and 16 by 2 by 0.2 mm (bovine) using wet emery
paper of grit sizes 400, 800, and 1,000 under continuous water irrigation.
The dentin sections were demineralized in 1 M EDTA (pH 7.4) for 7 days.
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The resulting dentin collagen specimens were rinsed for 10 min in deion-
ized water to remove residual EDTA and subsequently stored in sterile
deionized water at 4°C.

Demineralized dentin collagen specimens, human (n = 32) and bo-
vine (n = 16), were divided into four treatment groups with human (n =
8) and bovine (n = 4) giving a total of 12 samples per group: 1, control
group (no treatment); 2, glutaraldehyde group (2.5%); 3, RB group (10
pwM); and 4, CSRB group (0.3 mg/ml). The dentin collagen samples were
cross-linked with glutaraldehyde for a period of 6 h. In photodynamic
cross-linking, collagen samples were placed in a 24-well plate (area of 2
cm?/well) and immersed in 1 ml of RB or CSRB solution for 15 min. After
the sensitization period, excess RB and CSRB were removed, and the
photosensitized collagen was activated with 540-nm light for 6.5 min (20
J/cm?). Cross-linked specimens were thoroughly washed in deionized wa-
ter three times, stored in a vacuum desiccator overnight, and then tested
for chemical analysis. For the enzymatic degradation analysis, the speci-
mens were lyophilized for 24 h. The bovine dentin collagen specimens
were maintained in deionized water for mechanical testing and used
within a week. The control group in mechanical testing included bovine
dentin collagen specimens without any treatment.

Chemical characterization. The vacuum-desiccated collagen speci-
mens were treated with liquid nitrogen, ground, and mixed with potas-
sium bromide (1:100, wt/wt) for the FTIR spectroscopy (16-cm™" reso-
lution, 100 scans per sample).

Enzymatic degradation. Enzymatic degradation analysis was con-
ducted to quantify the amino acid release using the ninhydrin assay as
described by Mandl et al. (25). In brief, the dentin collagen specimens
were subjected to enzymatic degradation using collagenase from Clostrid-
ium histolyticum with an activity of 125 collagen digestion units/mg solid
(P/N C-0130; Sigma). Desiccated collagen specimens (5 mg) were added
into 5 ml of buffer solution (50 mM HEPES containing 0.36 mM CaCl,)
and incubated at 37°C for 30 min. An 0.1-ml amount of collagenase en-
zyme (0.1 mg/ml in HEPES buffer) was added into the collagen-contain-
ing buffer solution and incubated at 37°C in an orbital incubator (100
rpm). After 1, 2, 3, 7, and 14 days of degradation, 200 .l of the solution
was added into ninhydrin reagent (2 ml), mixed well, and kept in boiling
water for 30 min. The containers were allowed to cool to room tempera-
ture, and 10 ml of 50% isopropanol was added. The amount of free amino
acids released following degradation of collagen specimens after heating
with ninhydrin was proportional to the optical absorbance (560 nm) of
the solution (39). The total amounts of amino acids released from the
cross-linked and non-cross-linked dentin collagen specimens were quan-
tified using a standard curve with r-leucine.

Determination of mechanical properties. The fully hydrated bovine
dentin collagen specimens from all four test groups were used for tensile
testing (Instron 5544; Instron Corp., Canton, MA) with a 100-N load cell.
The specimens were positioned in the loading jig by gripping the two ends
(4 mm) and subjected to tensile load at a crosshead speed of 1 mm/min
until failure occurred. Care was taken to keep the samples hydrated at all
times during the test. The stress-strain curve per sample was plotted for all
the four groups. The ultimate tensile strength and toughness were calcu-
lated using OriginPro 8.1 software (OriginLab Corporation, MA). Tough-
ness (MPa) was represented by the area under the stress-strain curves of
each collagen sample, and percent change was used to compare cross-
linking of collagen before and after.

Statistics. Averages and standard deviations were collected for each
group and analyzed using one-way analysis of variance (ANOVA) and the
post hoc Tukey test to compare groups at the 95% confidence interval.

RESULTS

Characterization of CSRB. The absorption spectra obtained for
CSRB displayed peaks characteristic of RB (Fig. 2A). Approxi-
mately 10 nmol of RB molecules was attached to 1 mg of chitosan.
Thus, the concentration of RB in 0.3 mg/ml of CSRB was calcu-
lated to be 3 WM. The absorption bands for CSRB were broader
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FIG 2 (A) Typical graph showing absorption spectra of RB and CSRB. The
absorption peak at 549 nm of RB shifted to 560 nm and became broader
following conjugation with chitosan. (B) Ratio of monomer (560-nm) to
dimer (528-nm) peak decreased linearly with increase in the concentration of
CSRB (R*> = 0.95) in the solution, suggesting aggregation/dimerization. (C)
FTIR spectra of chitosan and CSRB (400 to 4,000 cm ™' wave number).

and red-shifted compared to that of RB alone. These spectral
changes confirmed that RB was attached to the polymer chain of
chitosan (26). The monomer-to-dimer ratio showed a concentra-
tion-dependent response (Fig. 2B). With the increase in the con-
centration of CSRB, the monomer-to-dimer ratio decreased lin-
early. A concentration of CSRB above 0.5 mg/ml showed a dimer
peak almost equal to that of monomer with a ratio near 1, indicat-

September 2012 Volume 56 Number 9

Photosensitizer-Conjugated Chitosan for PDT

RB 10uM- y =-0.6953x + 104.6
RB 50uM- y = -2.6679x + 164.07
CSRB 0.Img/ml- y =-0.469x + 117.24

CSRB 0.3mg/ml- y = -1.3426x + 145.46

Concentration of DPBF (uM)
I
=)
S

80

60

40 1

20 -~ A o -

0 i ) - i *A-‘ - = —A X
0 50 100 150 200 250 300 350
Time (sec)

—&—RB 10uM - 8- RB 50uM
—4A= CSRB 0.1mg/ml —#—CSRB 0.3mg/ml

FIG 3 The oxidation of 1,3-diphenylisobenzofuran (DPBF) due to singlet
oxygen generation following photoactivation of RB and CSRB measured as the
reduction of DPBF absorbance.

ing dimerization or aggregation. The FTIR spectra of conjugated
CSRB showed bands, which could be assigned to the amide bonds
between chitosan and RB (Fig. 2C). Two characteristic peaks at
1,651 (amide I, carbonyl stretching vibration) and 1,558 (NH,
bending) cm ™' were prominent in chitosan and CSRB spectra
(26). However, the ratio of intensities at 1,558 and 1,652 cm ™' was
higher in CSRB than in chitosan, suggesting the reduction of
amide I bonds due to utilization of the free amine groups of chi-
tosan to form bonds with the carboxyl group of RB. The peak (900
to 1,100 cm ") corresponding to the saccharide group of chitosan
was also prominent in the CSRB. The 1,388-cm™' peak (-CH,
bending) characteristic of the glucosamine units of chitosan was
reduced in CSRB.

Figure 3 shows the decrease in the DPBF concentration with
oxidation, which indicated the rate of singlet oxygen production
upon photoactivation of CSRB and RB. It was observed that the
singlet oxygen release was high enough to convert all the available
DPBF for both the photosensitizers by 5 min. However, singlet
oxygen release in CSRB was faster in the first 1 min, followed by a
lower rate. The rate of singlet oxygen generation increased with an
increase in the concentration of both the photosensitizers used.
CSRB at 0.3 mg/ml (k = 1.342) showed a rate of production of
singlet oxygen twice that of RB at 10 uM (k = 0.695). Based on the
monomer-to-dimer ratio and singlet oxygen yield, CSRB at the
concentration of 0.3 mg/ml was used in all the subsequent exper-
iments.

Evaluation of cytotoxicity and phototoxicity of CSRB. Figure
4 shows the percent cell survival after different photosensitizer
treatments under both dark and light conditions. CSRB at a lower
concentration (0.3 mg/ml) showed cell survival of 75% in the dark
and 48% in the light. At a higher concentration of CSRB (0.5
mg/ml), the dark toxicity was higher (60% survival) but pho-
totoxicity was unchanged. RB showed higher dark toxicity but
similar levels of phototoxicity. Under microscopic examina-
tion, cells were observed to take up CSRB into the cytoplasm
(Fig. 5A), whereas RB showed aggregation at the cell membrane
(Fig. 5C). Following irradiation, almost all the cells showed
uptake of trypan blue. However, RB-plus-PDT-treated cells
showed altered cell morphology and a dark blue nucleus
(Fig. 5D) compared to the CSRB-plus-PDT-treated cells.
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FIG 4 Graph showing cell survival following treatment with RB and CSRB with
and without photodynamic treatment (PDT). PDT resulted in significantly in-
creased cytotoxicity compared to CSRB treatment without PDT (P < 0.05).

CSRB-plus-PDT-treated cells showed a pinkish hue in the cy-
toplasm, and the morphology was maintained in most of the
cells (Fig. 5B).

Evaluation of antibacterial efficacy of CSRB. Figure 6 shows
the antibacterial efficacy of RB and CSRB on planktonic and bio-
film bacteria under both dark and light conditions. CSRB showed
amuch higher level of dark killing of planktonic bacteria than did
RB (Fig. 6A), as expected from the antibacterial properties of chi-
tosan. There were more than 7 logs of killing at 0.1 mg/ml CSRB
and complete eradication at 0.3 mg/ml. In contrast, RB showed
dark toxicity of only an 0.5-CFU log reduction. After illumination,
complete eradication was obtained with both CSRB concentra-
tions and both fluences, while surviving bacteria were seen with
RB and 5 J/cm?®.

In the case of biofilm bacteria, both CSRB and RB showed at
least 3 logs of PDT-mediated bacterial killing, but in the case of
CSRB, the killing was fluence dependent and was significantly
higher than that by RB at 40 and 60 J/cm” (Fig. 6B). The biofilms
with only light irradiation did not show any bacterial killing.
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FIG 5 The trypan blue staining pattern of the cell line subjected to CSRB (A and B) and RB (C and D) treatment with and without photodynamic treatment
(PDT). The cells subjected to CSRB showed the presence of photosensitizer (pink) within the cytoplasm (arrow) of the viable cells with clear round nuclei (A).
RB did not show any uptake into the cells and was found outside as dark pink aggregates (arrow) (C). Following PDT, cells from both groups showed increased
uptake of trypan blue uptake (nuclei of cells are stained dark bluish-purple). However, RB plus PDT (D) resulted in disruption of cell morphology and an
irregular cell membrane, which was less in cells subjected to CSRB plus PDT (fibroblast cells with extensions) (B).
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Evaluation of CSRB to induce photodynamic cross-linking
of dentin collagen. Figure 7A shows the FTIR spectra obtained
from dentin collagen. The amide I bands (1,666 cm '), amide II
bands (15,58 cm ™ '), and CN bands (1,458 cm™ ') were analyzed to
assess the presence of cross-linking (33). Amide I bands (1,666
cm™ ") were attributed to C=0 stretching vibrations coupled to
N-H bending vibration. The amide II bands (1,566 cm™") were
due to the N-H bending vibrations coupled to C-N stretching
vibrations (43). Following cross-linking of collagen, the amide I
bands decreased compared to the amide II bands in all the cross-
linked samples. The conversion of the free -NH, groups in colla-
gen to N-H groups would result in a reduced amide I peak relative
to the amide II peak. Cross-linking between COOH and NH,
groups would also result in an increase in C-N bands relative to
amide I bands (43).

The amounts of amino acids released following enzymatic
degradation of the cross-linked and non-cross-linked dentin
collagen were significantly different as a function of time (P <
0.05) (Fig. 7B). After 7 days, the control group specimens disin-
tegrated nearly completely and released 9.8 pmol/ml of amino
acid. Further degradation till day 14 did not show any significant
increase in the amino acid release. The glutaraldehyde group
showed the highest resistance to collagenase degradation even on
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FIG 7 (A) FTIR spectra of dentin collagen; (B) amino acid released following
enzymatic degradation of dentin collagen; (C) stress-strain curve after me-
chanical testing of dentin collagen following cross-linking. GD, glutaralde-
hyde.

Control

the 14th day (0.41 pmol/ml). In the case of RB photodynamically
cross-linked dentin collagen samples, resistance to degradation
was comparable to that of the glutaraldehyde group till day 7 and
showed a slight increase on day 14 (1.58 wmol/ml). CSRB-cross-
linked dentin collagen showed a gradual increase in the release of
amino acid compared to cross-linking with RB.

The stress-strain curves demonstrated increased ultimate ten-
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sile strength of all the cross-linked dentin collagen samples com-
pared with the non-cross-linked control samples (Fig. 7C). The
toughness was calculated for each sample as described in Materials
and Methods. The glutaraldehyde-cross-linked dentin collagen
samples showed a higher increase in ultimate tensile strength;
however, the percent elongation of the collagen samples decreased
drastically, indicating a brittle behavior. The average initial tough-
ness of demineralized dentin collagen was 17 MPa. The glutaral-
dehyde cross-linking reduced toughness by almost 28% (10.74 =
2.6 MPa). CSRB cross-linking reinforced the dentin collagen com-
pared to the RB photo-cross-linking. The toughness of CSRB
(66.67 £ 13.41 MPa) (281%)-cross-linked samples was signifi-
cantly higher than that of the RB (51.95 * 1.52 MPa) (196%)-
cross-linked samples (P < 0.05).

DISCUSSION

Conjugation of chitosan with RB showed properties of both a
bioactive polymer and a photosensitizer as determined by the
FTIR and UV-visible absorption spectra of CSRB. Due to the pres-
ence of chitosan, the CSRB conjugates would be cationic in nature
(abundant free amine groups). The net charge of CSRB was posi-
tive (+15mV) but was lower than that of the unmodified chitosan
particles (+20 mV) as determined previously in our lab (36).
Since a higher concentration (>0.5 mg/ml) of CSRB showed ag-
gregation as judged by the low monomer-to-dimer ratio, a con-
centration of 0.3 mg/ml was used in the present study. The pres-
ence of a saccharide peak in FTIR and the decreased amide I peak
indicated chemical conjugation of chitosan with RB (26). Under
neutral- or basic-pH conditions, chitosan with free amino groups
was insoluble in water (1), but under low-pH conditions, the
amino groups were protonated, thus making chitosan water solu-
ble. Therefore, the solubility of chitosan depends on the balance
between free amino and N-acetyl groups (1, 23). Conjugation of
reactive amino groups with RB resulted in CSRB conjugate that is
soluble in water (pH 7.2) (24). The ability of CSRB to produce
singlet oxygen was confirmed by the indirect method of the DPBF
consumption assay. The rate of singlet production by CSRB was
higher than and biphasic compared to that of RB.

Increases in the uptake of photosensitizers by colorectal cancer
cells following conjugation with cationic molecules have been re-
ported in the past (11). Similarly, CSRB particles synthesized were
cationic and were therefore taken up into the cytoplasm of the
fibroblasts in contrast to RB, which is anionic. The biocompati-
bility of RB is somewhat unclear, as the dye has been described by
certain groups as cytotoxic (20, 38) and by other groups as non-
cytotoxic (6, 7). Unmodified chitosan has been reported to favor
cell growth (10, 43), and preliminary tests conducted in our lab
also showed 100% fibroblast cell survival in the presence of chi-
tosan (data not shown). In the present study, RB showed higher
dark toxicity that did not increase significantly following PDT.
However, the conjugation of RB with chitosan decreased the dark
cytotoxicity of RB, and even after PDT, there was 50% cell sur-
vival. In another study, photosensitizer-doped conjugated poly-
mers have been shown to show lower cytotoxicity even though
they entered the cells via endocytosis (34). The polymer conjugate
reduced the aggregation at the cell surface and reduced dark cyto-
toxicity. If CSRB were applied to decontaminate the root canal
dentin, even if CSRB extruded into the apical tissues, because the
fiber optic delivery system would be confined within the root
canal, the amount of light energy penetrating beyond the apical
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foramen would be insufficient to release a harmful amount of
singlet oxygen to damage apical cells. Furthermore, the presence
of proteins in tissue fluids at the apical region may also lead to
lessening of PDT-mediated host damage (3).

Chitosan is highly reactive toward anionic particles/surfaces
such as bacteria and biofilms (32). The bacterial membrane is
negatively charged owing to the lipopolysaccharide (Gram nega-
tive) and lipoteichoic acid (Gram positive) present on the surface.
In the case of bacterial biofilms, the extracellular polysaccharides
of the biofilm matrix are negatively charged, favoring cationic
molecules to have higher binding and uptake. The hydrophilic
nature of chitosan further favors the intimate binding of photo-
sensitizer to bacterial cells. Although both chitosan and its modi-
fications have been shown to have antibiofilm properties, they
work somewhat slowly; the time taken for effective elimination
was a minimum of 48 h (37). Conjugation of a photosensitizer
with a positively charged molecule would allow photosensitizer
molecules to enter the bacterial cells and has been shown to result
in a rapid and increased killing efficiency at a lower concentration
than that with the neutral and anionic photosensitizer molecules
(12, 36). CSRB combined with PDT completely eliminated the
biofilm bacteria, which could be due to the better uptake of pho-
tosensitizer into the bacterial cells. Subsequent photoactivation
will result in the production of singlet oxygen. The slower singlet
oxygen release by CSRB as seen in the biphasic pattern could pro-
vide an advantage, giving deeper penetration of singlet oxygen by
not exhausting all the available ambient oxygen. The high antibac-
terial effect could be due to the synergistic activity of chitosan and
PDT. Even though complete elimination of planktonic bacteria
was observed with CSRB treatment alone, biofilm showed a much
higher degree of resistance. A previous study has shown that RB
could not completely eliminate biofilm bacteria (36).

The findings from this study demonstrated that cross-linking
delayed the enzymatic degradation of dentin collagen and at the
same time increased the overall ultimate tensile strength and frac-
ture toughness. The chemical composition and presence of colla-
gen cross-linking were confirmed using FTIR spectroscopy (33,
43). During PDT, the singlet oxygen produced by the activated
photosensitizers is known to facilitate formation of inter- and
intramolecular covalent cross-links in collagen molecules and
other available reactive sites (6, 35, 38). Coupling between the free
amino groups and photo-oxidized amino acids has been proven
by the decrease in both reactivity and available free amino groups
following photodynamic cross-linking (42). The tensile testing
provided information on the mechanical properties after
chemical/photodynamic cross-linking of dentin collagen (2,
41). Chitosan from the CSRB could form additional bonds with
the collagen and act as spacers to prevent undesired zero-
length cross-linking, subsequently reinforcing the mechanical
properties (13). The bacterial collagenase enzyme degraded colla-
gen by hydrolyzing the peptide bond on the amino-terminal side
of glycine (—X-Gly-Pro) (44). Use of a commercially available pu-
rified bacterial collagenase has been used previously to degrade
collagenous tissues (25, 40). Following cross-linking of collagen,
the sites of collagenase attack may be hidden or modified, and this
contributes to the significant difference in the release of amino
acid residues following enzymatic degradation (21). Degrada-
tion of dentin collagen is a time-dependent, slow process as
long as there is a fluid-tight seal. The cross-linking of dentin
collagen is expected to further delay any type of degradation in
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the case of interfacial leakages. In this study, untreated control
specimens showed the highest overall release of amino acid at
all time points in the degradation analysis.

The CSRB particles synthesized and characterized in this study
may present a synergistic multifunctional treatment approach
with lower cytotoxicity to effectively eliminate bacterial activity as
well as the ability to cross-link and reinforce the dentin collagen
matrix to enhance resistance to degradation and improve its me-
chanical properties. CSRB may provide a potential single-step
treatment strategy to deal with infected hard tissues in a clinical
scenario where both disinfection and structural integrity need to
be addressed concomitantly.
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