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Abstract

Treatment of infected teeth presents two major challenges: persistence of the bacterial-biofilm
within root canals after treatment and compromised structural integrity of the dentin hard-tissue.
In this study bioactive polymeric chitosan nanoparticles functionalized with rose-bengal, CSRBnp
was developed to produce antibiofilm effects as well as stabilize structural-integrity by
photocrosslinking dentin-collagen. CSRBnp was less toxic to fibroblasts and had significant
antibacterial activity even in the presence of bovine serum albumin. CSRBnp exerted antibacterial
mechanism by adhering to bacterial cell surface, permeabilizing the membrane and lysing the cells
subsequent to photodynamic treatment. Photoactivated CSRBnp resulted in reduced viability of
Enterococcus faecalis biofilms and disruption of biofilm structure. Incorporation of CSRBnp and
photocrosslinking significantly improved resistance to degradation and mechanical strength of
dentin-collagen (p<0.05). The functionalized chitosan nanoparticles provided a single-step
treatment of infected root dentin by combining the properties of chitosan and that of
photosensitizer to eliminate bacterial-biofilms and stabilize dentin-matrix.
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Introduction

Approximately 60% of human infections are associated with bacterial-biofilms, which
include both implant-related infections and chronic non-implant related infections. 1
Likewise the rate of root canal treatment failure of infected teeth has not decreased below
18-26% even with advanced therapeutic options to improve the treatment outcome. 23 The
widespread recognition of biofilm as the main factor in dental infection has led research
towards improved antimicrobial treatment strategies. 4 Another significant issue in
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antimicrobial treatments is that the agents need to be selective in eliminating bacteria while
sparing the adjacent mammalian cells, which allows targeted antibacterial activity. Targeted
antibacterial activity is an advantageous feature in infected hard tissue management.
Compromised mechanical integrity and chemical stability due to disease-mediated
degradation of the dentin hard tissues caused by host/bacterial proteases ®, and treatment-
associated tissue changes have been reported. 8 However, little attention has been paid
towards improving the chemical stability and mechanical properties of these previously
infected hard tissues. Thus the two major challenges in the management of infected dental
hard tissue are (1) decontamination of bacterial-biofilm from the root canals and (2) repair
of disease-mediated hard tissue changes. Although approaches that counter these challenges
should lead to improved treatment outcomes, currently there is no treatment in dentistry that
would produce significant antibiofilm efficacy and at the same time enhance the
ultrastructural integrity of dentin tissue in infected teeth.

PDT has been applied in biomedicine owing to its broad-spectrum antimicrobial activity ’
and ability to produce crosslinking of proteins and collagen. 82 The singlet oxygen produced
facilitates the formation of inter- and intra-molecular covalent cross-links in collagen
molecules and other available proteinaceous active sites in the presence of appropriate
photosensitizers such as rose bengal (RB). 9 Incorporation and crosslinking of biopolymers
such as elastin and chitosan with collagen has been reported to reinforce the collagen
scaffolds. 10-12

Chitosan (CS) is a derivative of chitin, the second most abundant natural biopolymer, and
has received significant interest in the fields of biomedicine, food industries, agriculture and
environmental science. 13 It shows a broad range of antimicrobial activity, and has
biocompatible and biodegradable properties. 14-16 This hydrophilic biopolymer with a large
number of free hydroxyl and amino groups has been used for numerous chemical
modifications. 1217 CS polymers have also been considered structurally similar to
extracellular matrix components. 18 CS nanoparticles showed marginal reduction of
bacterial-biofilm counts following prolonged interaction time. 1°

Functionalized nanoparticles containing various reactive molecules and decorated with
peptides or other ligands have led to new possibilities of combating antimicrobial
resistance. 1920 These modified nanomaterials offer unique physicochemical properties,
such as ultra-small sizes, large surface area/mass ratio and increased chemical reactivity.
Immobilization of photosensitizers on polymeric supports avoided the toxic side effects of
residual photosensitizers and provided an added advantage of stability in the physiologic
environment. 1721 Although photosensitizers have been conjugated with different readily
available synthetic polymers and liposomes, naturally occurring biopolymers such as CS
provide clear advantage of biocompatibility when applied in vivo. 17-21 Nanoparticles either
encapsulated or surface modified with photosensitizer have been proposed to enhance
antimicrobial photodynamic therapy (PDT). 2223 However, the compromised antibacterial
efficacy of PDT in the presence of protein rich media or serum 2425 needs to be addressed
prior to in vivo application. The aim of the current work was to synthesize, characterize and
assess the antibacterial/antibiofilm efficacy and dentin-collagen stabilization effect of a RB
functionalized CS nanoparticles (CSRBnp). CSRBnp is expected to eliminate bacterial
biofilms as well as stabilize the dentin-collagen matrix due to the synergistic effect of
polycationic bioactive chitosan nanoparticles and singlet oxygen produced by the
photosensitizer fraction upon photoactivation.
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Methods

All the chemicals used in this study were of analytical grade and were purchased from
Sigma-Aldrich (St. Louis, USA) unless noted otherwise.

Synthesis of CSRBnp

CSRBnp was synthesized by conjugating CSnp with RB (Figure 1, A). CSnp was
synthesized according to the method reported in an earlier work 14 and chemically
crosslinked to RB using N-ethyl-N’-(3-dimethyl aminopropyl) carbodiimide (EDC 5 mM)
and N- Hydroxysuccinimide (NHS 5 mM). The CSRBnp formed was dialyzed (Sigma,
cellulose tubing, cut off 12000-14000 g/mol) for 1 week, the filtrate was then freeze-dried
starting at =80 °C.

Characterization of CSRBnp

Size of the synthesized CSRBnp was determined using transmission electron microscopy
(TEM). Absorption spectra for conjugated (CSRBnp) and unconjugated (RB)
photosensitizer solutions were recorded using UV-Visible spectroscopy (Epoch, Biotek,
USA). Photophysical characterization of CSRBnp to determine the ratio of monomer to
dimer (absorbance at 550 nm to 528 nm) at different concentrations was also carried out. 26
The effective concentration of CSRBnp was determined based on the highest
monomer:dimer ratio (least aggregation). The conjugated CSRBnp was analyzed for their
chemical composition using Fourier Transform Infrared (FTIR) spectrophotometer
(Shimadzu, Kyoto, Japan) (16 cm™ resolutions, 32 scans/sample). Photo-oxidative
characterization was conducted to assess the ability to generate singlet oxygen by CSRBnp
as described previously. 27 A broad-spectrum Lumacare (LumaCare Inc., NewPort Beach,
CA, USA) lamp fitted with a 540+/-15 nm filtered fiber (output power= 50 mW) was used
as a light source.

Cytotoxicity of CSRBnp

Approximately 10° NIH 3T3 mouse fibroblast cells (American Type Culture Collection
CCL 1, Rockville, MD) were seeded into 24 well plates in Dulbecco’s Modified Eagle
medium (DMEM) supplemented with 10% bovine serum and antibiotics and incubated for
48 h in 5% CO,. After incubation, CSRBnp and RB dissolved in DMEM were added to the
cells and incubated for 15 minutes in dark. The cells were irradiated for a total dose of 20 J/
cm?2. RB and CSRBnp were also tested without irradiation. Cell survival was determined by
the standard 3-(4, 5-dimethylthiazol- 2-yl)-2, 5-diphenyltetrazolium bromide (0.5 mg%
MTT) assay that determines the mitochondrial activity. 28 Percentage survival was
calculated based on control sample without any treatment as 100%. All analyses were
repeated three times in triplicate, and the statistical significance was analyzed by one-way
analysis of variance.

Mechanism of antibacterial effect of CSRBnp

Bacterial membrane damage was assessed after treatment with CSRBnp using absorbance at
260 nm and transmission electron microscopy (TEM). Overnight cultures of Enterococcus
faecalis (ATCC 29212) was washed twice in sterile deionized-water (4000 rpm, 10 minutes,
4 °C) and adjusted to 108 CFU/mL (optical density ~ 0.7) at 600 nm. E. faecalis is a Gram-
positive, facultative anaerobic bacteria found in high prevalence in persistent infections
following root canal treatment. 2% Aliquots of cell suspension (1 mL) were then centrifuged
and the cell pellets were treated with different photosensitizer solutions (37 °C for 15
minutes), protected from ambient light. Once the bacterial membrane is compromised,
release of cytoplasmic constituents such as DNA and RNA can be monitored through the
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detection of absorbance at 260 nm (ODgg). 30 The release kinetics of intracellular contents
was measured using the absorbance of the bacterial cell filtrate. For PDT, the
photosensitized cells were centrifuged and cell pellets irradiated (5 J/cm?2, 540 nm). The %
change in ODyg at 15 minutes post sensitization and after PDT was calculated with respect
to the ODygq of the sample measured at 0 minute. The time dependent effect of CSRBnp
without light activation was also monitored at different time intervals. All specimens for the
TEM were prepared following previous protocol. ® The bacterial cells were pelleted and
fixed in 2.5% glutaraldehyde (0.1 M phosphate buffer) (overnight). The 90 nm thick
sections were prepared and examined under TEM (Hitachi H-7000, Tokyo) at 80 kV.

Uptake of CSRBnp by bacterial-biofilm

Uptake of RB and CSRBnp by 7 day old biofilms of E. faecalis was evaluated to compare
the affinity of anionic RB and cationic CSRBnp. Biofilms were grown in 24 well plates by
adding 1 mL of E. faecalis culture into each well and incubated at 37 °C, 100 rpm (media
was replenished every 48 h). Different concentrations of CSRBnp (0.3, 0.5 & 1 mg/mL) and
RB (10, 25, 50 & 100 pM) were added to the biofilm and incubated at 37 °C for 15 minutes,
protected from ambient light. Three samples were used for each concentration. Excess
CSRBnp and RB were removed leaving behind the bound photosensitizers in biofilm,
washed once and the cell-bound photosensitizers extracted using 2% sodium dodecyl
sulfate. Quantification of photosensitizer was done spectrophotometrically at the absorption
maxima of the RB (550 nm). Uptake values were expressed as the total RB concentration
(M) extracted from biofilm bacteria.

Effect of BSA on the antibacterial efficacy of CSRBnp

RB and CSRBnp were evaluated for the antibacterial efficacy in the presence and absence of
2% bovine serum albumin (BSA). 31 Two concentration of CSRBnp (0.1 and 0.3 mg/mL)
was tested with PDT dosage of 2 and 5 J/cm?2. The BSA effect was tested by adding BSA
into 1 mL of RB and CSRBnp and incubated at 37°C for 1 h. The photosensitizers with and
without BSA were added to the cell pellets of E. faecalis (108 CFU/mI) and photosensitized
for 15 minutes in dark. Following the photosensitization, bacterial cells were centrifuged to
remove the unbound photosensitizers and subjected for PDT (5 and 10 J/cm?2). The samples
were quantified immediately after PDT and continued incubation for 24 h. Bacterial survival
was quantified by plating 50 pL of samples onto freshly poured BHI agar plates.

Assessment of antibacterial/biofilm efficacy of CSRBnp

Monospecies biofilms of E. faecalis were grown for 21 days as mentioned above. The
biofilm-bacteria was sensitized either with CSRBnp (0.1 & 0.3 mg/mL) or RB (10 pM) for
15 minutes and exposed to PDT with different doses. In case of PDT, the sensitized biofilm
bacteria were irradiated using 540 nm fiber, with dosage of 20, 40 and 60 J/cm?; and
fractionated dosage of 10 and 20 J/cm? twice. After treatment, biofilm bacteria were
disrupted mechanically and quantified using culture method. Colonies were counted after 24
h of incubation at 37 °C and expressed as log CFU/mL. The experiments were carried out in
triplicates and the mean values were calculated.

The structure of the biofilms following CSRBnp treatment was assessed using confocal laser
scanning microscopy (CLSM) (Olympus 1X81 inverted fluorescence microscope SU X1
with spinning disk confocal scan head, Tokyo, Japan). The biofilm-structures were assessed
after staining with Live/Dead Baclight stain (Molecular Probes, Eugene, OR) in the dark for
10 minutes. Diode-pumped solid state laser lines (Spectral Applied Research,) was the
source of illumination with 491 nm excitation and long-pass 525 nm +/-50, and 700 nm +/
=75 emission filter settings for green and red signals respectively. Nine different areas were
imaged from each sample using a 60x oil immersion objective. The optical sections of the
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biofilm-structure were recorded and analyzed using velocity software. Student t-test was
used to compare the thickness of the biofilm before and after nanoparticles treatment.

Effect of CSRBnp on photodynamic crosslinking of dentin-collagen

Results

Sixteen freshly extracted human incisors and eight bovine incisors were stored in 0.9%
saline until use. Bovine teeth were used for mechanical testing (n = 4) while human teeth
were used for chemical and enzymatic-degradation analysis (n = 8). Dentin sections of
12x2x0.5 mm3 (human) and 16x2x0.2 mm3 (bovine) were prepared from either side of the
root canal lumen. 32 The dentin sections were demineralized in 1M
ethylenediaminetetraacetic acid (EDTA, pH = 7.4) for 7 days. The demineralized dentin-
collagen specimens (total- 48) were randomly divided into four treatment groups (n = 12):
1) No-treatment - (Control); 2) 2.5% glutaraldehyde (GD) (positive control); 3) RB 10 uM
(RB); and 4) CSRBnp 0.3 mg/mL (CSRBnp). The dentin-collagen samples were crosslinked
with GD for a period of 6 h. In photodynamic crosslinking, collagen-samples were
immersed in 1 mL of RB or CSRBnp solution for 15 minutes and the photosensitized
collagen was photoactivated (20 J/cm?). Crosslinked specimens were thoroughly washed in
deionized-water three times and lyophilized for 24 h, for the enzymatic degradation analysis.
The bovine dentin-collagen specimens were maintained in deionized-water to be used for
mechanical testing.

Enzymatic degradation of the dentin-collagen specimens using collagenase from
Clostridium histolyticum with an activity of 125 CDU mg™? solid (P/N C-0130; Sigma) was
conducted to quantify the amino acid release using a ninhydrin assay as described by Mandl
etal. 33 at 1, 7 and 14 days. The fully hydrated bovine dentin-collagen specimens from all
four test groups were used for tensile testing (Instron 5544, Instron corporation, Canton,
MA) with a 100 N load cell, at a crosshead speed of 1 mm/minute until failure occurred.
Care was taken to keep the samples hydrated at all times during the test. The ultimate tensile
strength and toughness (MPa), were calculated using OriginPro 8.1 software (OriginLab
Corporation, MA). Four specimens from each group were fixed in 2.5% glutaraldehyde and
processed for TEM evaluation. ©

Synthesis and characterization of CSRBnp

Figure 1, B showed the aggregates of spherical CSRBnp under TEM. The absorption spectra
obtained for CSRBnp displayed bands characteristic of RB (Figure 1, C). The amount of RB
bound in the conjugated CSRBnp was calculated to be 14 pM per 0.1 mg/mL. Based on the
absorption spectra the monomer to dimer ratio was calculated for various concentration of
CSRBnp. CSRBnp at 0.3 mg/mL concentration showed least aggregation with highest
monomer to dimer ratio. FTIR spectra of conjugated CSRBnp showed bands, which could
be assigned to the amide bonds between CS and RB (Figure 1, D). Two characteristic peaks
at 1651 (amide I, carbonyl stretching vibration) and 1558 cm™1 corresponding to (NH,
bending) were prominent in the CS spectra. 17 The ratio of intensities at 1558 and 1652
cm~1 was lower in CS as compared to the ratio at 1446 and 1582 cm™! in CSRBnp, which is
suggestive of the utilization of free amine groups of CSnp to form bonds with CO- group of
RB. The peak (900-1100 cm™1) corresponding to the saccharide group of CS was also
prominent in the CSRBnp. The presence of saccharide peak and decreased amide | peak
indicated chemical conjugation of RB with CSnp. A shift from 3348 to 3459 cm™?, and a
sharper peak in the CSRBnp indicated that the hydrogen bonding was enhanced. The
CSRBnp possessed a zeta potential of +30+0.8 mV as a result of the free amine groups from
the CSnp. CSRBnp produced singlet oxygen upon photoactivation similar to RB, as
observed by the decrease in the DPBF concentration (Figure 1, E).

Nanomedicine. Author manuscript; available in PMC 2015 April 01.
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Cytotoxicity of CSRBnp

CSRBnp did not exhibit dark toxicity after 15 min exposure with 95.5£12% cell survival.
However, following irradiation cell survival reduced to 72.86+9%. As reported previously,
the microparticles of CSRB showed higher toxicity (<50%) after PDT. 34 RB showed
significantly higher dark toxicity (55.8+2% cell survival) and further reduction of cell
survival (51.23+3%) after PDT.

Mechanism of antibacterial effect of CSRBnp

Following PDT with both RB and CSRBnp bacterial suspensions showed increased
absorbance at 260 nm compared to the dark value (Figure 2, A). Interaction of CSRBnp and
bacteria in the dark resulted in bacterial membrane damage and subsequent leakage of
cellular constituents (Figure 2, B). With increase in interaction time (2 and 8 h), CSRBnp 0.3
mg/ml showed a higher ability to induce bacterial membrane damage as compared to RB.
TEM images further provided information on the bacterial morphology at the ultrastructural
level wherein details of membrane integrity and its disruption could be evaluated. Following
CSRBnp treatment in the dark for 15 min, the nanoparticles were found to adhere to the
bacterial cell walls (Figure 3, A and B). The well-defined cell borders and dark cytoplasm
were observed. Subsequent exposure to PDT resulted in mostly dead bacterial cells. The cell
surface was irregular and various stages of cell membrane damage and leakage of cell
constituents were evident (Figure 3, C and D). In case of RB as the photosensitizer,
following PDT both dead and viable cells could be found in approximately equal numbers
(Figure 3, E).

Uptake of CSRBnp by bacterial-biofilm

Bacterial-biofilms showed significantly high uptake of CSRBnp as compared to RB (Table
1).

Effect of BSA on the antibacterial efficacy of CSRBnp

CSRBnp showed excellent antibacterial efficacy with complete bacterial elimination at 2 J/
cm? (Figure 4, A). The dark toxicity of CSRBnp also was significantly higher as compared
to RB and increased with increase in the CSRBnp concentration. RB required higher PDT
dosage as compared to CSRBnp for complete bacterial elimination. BSA inhibited
antibacterial effect of both RB and CSRBnp even after PDT with 10 J/cm? (Figure 4, B).
When the irradiated bacterial cells were incubated for 24 h, CSRBnp produced significant
bacterial reduction which was not seen with RB.

Assessment of antibacterial/biofilm efficacy of CSRBnp

CSRBnp demonstrated photodynamic antibacterial efficacy against planktonic (data not
shown) and biofilms of E. faecalis (Figure 4, C and D). Both CSRBnp and RB did not show
complete killing even after 60 J/cm? (Figure 4, C). Fractionation of PDT dosage was found
to be more effective with complete elimination of biofilm bacteria with CSRBnp (0.3 mg/
mL) and in case of RB (Figure 4, D). Figure 5 showed the CLSM images of the bacterial-
biofilms structure before and after PDT treatment using RB and CSRBnp. The initial
thickness of biofilm-structure was found to be 39.2+7.3 pm. The thickness of the biofilms
reduced significantly to 23.1+5.57 pm (p< 0.05) and 13.1+4.3 um (p< 0.05) after RB and
CSRBnp treatment respectively. The distribution of viable bacteria was reduced
significantly and the multilayered biofilm architecture was completely disrupted following
CSRBnp PDT. In case of RB the mat like biofilm architecture was persistent and few live
cell aggregates were still present.
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Effect of CSRBnp on photodynamic crosslinking of dentin-collagen

The quantity of amino acids released following enzymatic degradation of the crosslinked
and non-crosslinked dentin-collagen was significantly different as a function of time
(p<0.05) (Table 2). After 14 days the control group specimens disintegrated completely and
released the highest amount of amino acid (11.74 umol/ml). The GD group showed the
highest resistance to collagenase degradation even on the 14™ day (0.41 pmol/ml). CSRBnp
crosslinked dentin-collagen showed slightly faster degradation as compared to RB but was
not statistically significant on day 14.

The tensile testing used provided information on the mechanical properties such as UTS and
toughness after chemical/photodynamic crosslinking of dentin-collagen specimens 3536
(Table 3). GD crosslinked dentin-collagen samples showed brittle behavior due to increased
UTS and decreased percentage elongation. The samples crosslinked using GD showed
reduction in toughness whereas RB and CSRBnp showed significant increase in toughness
compared to the control group samples (p<0.05). TEM micrographs from the control group
revealed a collagen matrix that contained intact, banded collagen fibrils (Figure 6, A).
Treatment with collagenase, resulted in the degradation and loss of normal fibrillar pattern
in collagen (Figure 6, B). Following crosslinking using CSRBnp, the arrangements of the
collagen fibrils were denser with smooth edges (Figure 6, C). The surface of the crosslinked
collagen showed a layer of collagen fibrils and CSRBnp incorporated within the collagen
mesh and could be seen as aggregates on the surface (White arrows) (Figure 6, D). The
CSRBnp crosslinked dentin-collagen showed resistance to enzymatic degradation (Figure 6,
Eand F).

Discussion

The primary focus of this study was to further improve the antibacterial/antibiofilm efficacy
of PDT as well as stabilize dentin-collagen by synthesizing a CS nanoparticles
functionalized with photosensitizer (CSRBnp). CSRBnp showed characteristics of both the
bioactive polymer and photosensitizer as determined by the absorption and FTIR spectra and
released singlet oxygen upon photoactivation. The binding of RB to the polymeric CSnp as
well as oxygen scavenging ability 37 of CS could have contributed to the reduced rate of
singlet oxygen yield. This slower release of singlet oxygen as observed with CSRBnp could
provide sufficient time for molecular oxygen to be replenished at the site of PDT and
prolong the antibacterial effect. 22 Replenishment of molecular oxygen during this lag phase
as shown during fractionation of light dosage 38 could provide possible explanation to the
enhanced PDT mediated antibacterial/biofilm effect. The findings from the current
experiments, confirmed that conjugating RB with CS nanoparticles abrogated the toxicity
towards fibroblasts, as CS has long been known to be highly biocompatible. 3°

Damage to bacterial membrane, increased membrane permeability and subsequent
intracellular leakage are the suggested antibacterial effects of CS. 16 The damage to bacterial
membrane and leakage of cell constituents with CSRBnp treatment for prolonged time and
following PDT was found to be the highest. Cationic micelles when interacting with bacteria
have shown similar membrane lysis and release of cell constituents, which has been mainly
attributed to the electrostatic interaction and steric hindrance imposed by the micelles
surrounding the cells. 40 The increased uptake of CSRBnp into bacterial cells and biofilm
structure is mainly attributed to their positive charge and nano-size, which led to not only a
greater interaction with bacterial cell but also with the negatively charged polymeric matrix
of biofilm. Since the cationic CS nanoparticles and CSRBnp are highly reactive, it may
interact physico-chemically with other charged particles in the solution. The tissues and
particles present in the vicinity could also act as a potential substrate for highly reactive
singlet oxygen. 4! Other than direct inhibition of these nanoparticles, presence of tissue fluid
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or BSA is known to reduce the efficacy of antibacterial PDT due to crosslinking action or
the compromised half-life of singlet oxygen. 2° The photoactivated CSRBnp showed the
best results to eliminate bacteria even in the presence of BSA.

Conjugation of photosensitizer with a cationic molecule allowed photosensitizer molecules
to enter the bacterial cells and resulted in increased killing efficiency at lower concentration
than neutral and anionic photosensitizer molecules. 42 Similarly, in this study cationic
CSRBnp bound to the negatively charged bacterial surface and diffused through the
extracellular polymeric substance, thereby facilitating the penetration of the photosensitizer
molecule through bacterial membrane and biofilm structure. 43 CSRBnp combined with
PDT showed complete elimination of the biofilm structure. Singlet oxygen is known to
diffuse approximately 50 nm 44, and the closer proximity of the photosensitizer molecule to
the cell surface might have allowed the diffusion of singlet oxygen into the resident bacterial
cells. Irradiation for prolonged time periods would deplete the molecular oxygen available in
the immediate surrounding of the cells. 38 The slower release of singlet oxygen by CSRBnp
as reported in this study and oxygenation of biofilm during fractionation resulted in the
complete elimination of biofilm.

Chemical crosslinking requires longer treatment time to establish stable collagen cross-links
as compared to the photodynamic process. 1045 This is a major limitation especially for
clinical applications, where shorter treatment time is highly desirable. Photodynamic
crosslinking is a rapid process that occurs via the production of singlet oxygen or radicals by
the light excited photosensitizers. The photo-oxidized amino acids react with normal or
photo-altered residues in another protein molecule resulting in a cross-link. 46

Bacterial collagenase degrades collagen by hydrolyzing the peptide bond at the amino-
terminal of glycine (-X-Gly-Pro). 47 Following crosslinking of collagen, the sites of
collagenase attack may be protected or modified, and this may contribute to the significant
difference in the release of amino acid residues following enzymatic degradation. 48 In this
study, crosslinked collagen showed significantly higher resistance to degradation.
Photoactivation of CSRBnp resulted in crosslinking of dentin-collagen and incorporation of
CS nanoparticles within the collagen architecture. This resulted in the improved mechanical
properties (UTS and toughness). The CS nanoparticles in the collagen matrix may have
reinforced the collagen structure by increasing the number of amine reaction sites resulting
in the formation of ionic complexes between CS and collagen during crosslinking (refer to
graphical abstract). 49

CSRBnp synthesized and characterized in this study possessed the following beneficial
characteristics: (1) CS as an effective broad spectrum antibacterial with biocompatibility; (2)
RB as a photosensitizer with photodynamic antibacterial and crosslinking ability; (3) the
nano-size further enhanced the photoactive and antimicrobial properties due to high surface
area to mass ratio resulting in increased interaction with the substrate (Graphical abstract).
Nanoparticles in general possess stability limitations that restrict application in vivo. °° Due
to their strong self-reactivity they form aggregates or flocculates thus compromising the
available reactive surface area. Furthermore, the root canal system presents a complex
anatomical challenge for effective delivery of antimicrobial agents. Efforts to disinfect
complex root canal niches that are not accessible to mechanical instruments or liquid
chemicals are continuously being investigated. The stability and delivery of these
antibacterial nanoparticles into infected dentin tissue needs to be addressed and this is a
separate avenue for biophysical research.

As hypothesized, the CSRBnp displayed properties of both CS and RB in a photoactivable
nano-structure that performed the dual function of targeted elimination of bacterial-biofilms
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and improved mechanical and chemical stability of dentin organic matrix. The present study
provides a novel nanoparticle based approach to enhance biofilm elimination and
simultaneously restore the ultrastructural integrity of infected dentin tissue, both of which
hold equally pivotal status for the long-term treatment success of infected teeth.
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Figure 1.

Ct?emical reaction during conjugation of CS nanoparticles with rose bengal (RB) in the
presence of EDC (N-ethyl-N'-(3-dimethyl aminopropyl) carbodiimide) and NHS (N-
Hydroxysuccinimide) (A). Transmission electron microscopy (TEM) image of CSRBnp
(scale bar= 100nm). The CSRBnp were of 60+20 nm in size (B). Absorption spectra of RB
and CSRBnp with peak maxima at 550 nm (C). FTIR spectra of chitosan and CSRBnp (400
to 4000 cm~1 wave number) (D). The singlet oxygen yield monitored photometrically using
oxidation of 1,3-diphenylisobenzofuran (DPBF). The rate of singlet oxygen yield in case of
CSRBnp was slower than that of RB (E).
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Graph showing release of cell constituents (absorbance at 260 nm) following treatment with
RB and CSRBnp with and without PDT (A). Time dependent release of cell constituents
following treatment with RB and CSRBnp (B). With increase in interaction time, CSRBnp

showed highest cell membrane damage.
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Figure 3.

Transmission electron microscopy images for planktonic E. faecalis after treatment with
CSRBnp for 15 min (A and B). Aggregates of CSRBnp could be seen surrounding the
bacterial cell. Nanoparticles were found attached to the bacterial cell surface and forming an
envelope (&) (B). The cells did not show any disruption of morphology. Following PDT of
the sensitized bacteria, various stages of membrane damage as well as release of cell
constituents were evident (C and D). Most of the bacteria showed some kind of cell
membrane disruption (), and release of cell constituents (=) at higher magnification (D).
However, the bacterial cells after PDT with RB as the photosensitizer showed both live (=)
and dead (33) cells (E).
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Figure 4.

Bacterial survival of planktonic E. faecalis after PDT using RB and CSRBnp (A). Bacterial
survival of planktonic E. faecalis in the presence of bovine serum albumin (BSA) after
treatment with different nanoparticles with and without PDT (B). CSRBnp after PDT and
incubation for 24 hrs showed the best results as compared to CSRBnp and RB with/without
PDT. Antibiofilm effect of CSRBnp and RB on 21 days old E. faecalis biofilm (C and D).
Complete elimination was obtained only after fractionation of PDT dose in case of CSRBnp
at the higher concentration (D) in contrast to both the photosensitizers even after PDT
dosage of 60 J/cm? (C). Error bars show the standard deviation from average value.
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Figure 5.

The three-dimensional confocal laser scanning microscopy reconstruction of the biofilms
subjected to PDT using RB and CSRBnp. (A) The biofilm receiving no treatment showed a
multilayered three dimensional structure with both live (green) and dead (red) cells. (B) The
biofilms subjected to sensitization with RB and PDT (40J/cm?2) showed significantly higher
number of dead cells. The mat like biofilm structure was not disturbed. (C) In case of
CSRBnp the biofilm structure was completely disrupted with only few live and dead cells
remaining on the substrate.
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Figure 6.

Transmission electron micrographs of dentin-collagen without any treatment (A and B) and
following photocrosslinking treatment with CSRBnp (C-F). The scale bars in A-D
represent 100 nm and in E-F are of 500 nm.
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Uptake by biofilm bacterial cells obtained after incubation with different photosensitizers.

Table 1

Photosensitizer

Photosensitizer (uM) uptake mL™1 of E. faecalis cells

RB 10 pM

RB 25 M

RB 50 pM

RB 100 1M

CSRBnp 0.3 mg mL™*
CSRBnp 0.5 mg mL™1
CSRBnp 1.0 mg mL™*

2.72+0.15
2.80+0.09
3.01+0.11
3.68+0.17
16.15+5.82
24.06%9.77
40.68+4.32

Page 19

Values represent the uptake in pM mL~1 of cells obtained after incubation of biofilm bacteria with RB and CSRBnp. Values are the means of three
readings + standard deviations. There was a significant increase in uptake of photosensitizer by bacterial cells when conjugated with CS (P<0.05).
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Table 2

The enzymatic degradation of dentin-collagen with time following different crosslinking procedures. The
values represent the amount of amino acid released (umol ml~1) following degradation of dentin-collagen
determined using Ninhydrin assay.

Day 1 Day 7 Day 14
Control 0.660 (0.71) 9.81 (2.17) 11.74 (1.34)
GD 0.034 [b] (0.012)  0.32 [d] (0.003)  0.41 [f] (0.003)
RB 0.06 [b] 0.02 0.48[d] (0.31)  1.58[f] (0.71)

CSRBnp  0.027 [b] (0.003) 1.59[d] (0.32)  2.51[f] (0.47)

The results are averaged values obtained with standard deviations in the parentheses. For each column, groups identified by different Roman letters
are significantly different (P< 0.05).
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Table 3

The ultimate tensile strength (UTS) and toughness of dentin collagen following different crosslinking
procedures.

Control GD RB CSRBnp
UTS [MPa] 4.11[a] (0.78)  8.20[b] (1.66)  4.14[a] (0.70)  8.13 [b] (1.76)
Toughness [MPa]  17.49 [c] (0.64) 10.74 [d] (2.66) 51.95[d] (1.52)  74.31[d] (14.58)

The results are averaged values obtained with standard deviations in the parentheses. For each row, groups identified by different Roman letters are
significantly different (P< 0.05).
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