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A B S T R A C T

Prolonged extra-oral period in dental avulsion is often associated with loss of viability of Periodontal fibroblasts
(PDLF) and increased risk of ankylosis. Root surface treatment with bioactive agents to reduce the risk of
ankylosis can be a potential strategy. The objective of the study was to investigate the impact of an engineered
chitosan nanoparticles (CSNP), photosensitizer Rose Bengal (RB) functionalized CSNP (CSRB) and sustained
dexamethasone (CSDEX) releasing CSNP for application in management of delayed replantation of avulsed teeth.
The 3D PDLF-macrophage (Mϕ) collagen model was developed and exposed to LPS, MCSF, RANKL with and
without CSDEX/CSNP. Immunofluorescence and cytokine analysis was done at 2 and 7 days to assess cellular
interactions. Maxillary right incisors in male Wistar rats were extracted, exposed to extraoral dry or LPS for 1 h
and treated with or without CSDEX/CSRB for 1 min before replantation. Rats were euthanized after 21 days for
micro-CT, TRAP, and immunofluorescence analysis. CSDEX/CSNP treatment in 3D model significantly reduced
CD80, NFATc1, STAT6 and increased CD206 and periostin expression (p < 0.05). TNFα, MMP9 was down-
regulated and IL10, TGFβ1, MMP2 upregulated with CSDEX/CSNP (p < 0.05). CSDEX/CSRB in animal study
significantly reduced resorption, ankylosis, TRAP activity and osteocalcin expression and increased periostin
(p<0.05). CSDEX demonstrated higher anti-inflammatory activity by downregulating TNFα, while CSNP upre-
gulated TGFβ1, periostin, and downregulated MMP9. The combination of matrix stabilization with CSRB with
periostin upregulation and sustained releasing CSDEX showed potential for hampering root resorption and
ankylosis in dental avulsion.

1. Introduction

Root resorption is a progressive degradation of dentin and
cementum, which is the most common negative sequela of tooth avul-
sion [1]. In traumatic dental injuries involving the unmineralized
pre-cementum layer by mechanical or chemical means, the underlying
cementum and dentin are exposed to resorptive attack by osteoclasts
[2–4]. While osteoclasts are the key resorbing cells, their differentiation
from precursor cells macrophages (Mϕ), and the pattern of resorption is
spatiotemporally mediated by resident cells in the extracellular matrix
and micro-environments [5,6]. Mϕ can polarise either to an

inflammatory phenotype (M1) or an alternate phenotype (M2) based on
the type of stimuli received, demonstrating plasticity [7]. Mϕ under-
going M1 polarization coalesce to form multinucleated osteoclasts and
resorb hard tissues [7].

Periodontal ligament (PDL) is a highly vascular loose connective
tissue with PDL fibroblasts (PDLF) as the major cell population, which
are embedded in an extracellular matrix (ECM) rich in type I collagen
matrix [8]. Type of tissue response in traumatic dental injury avulsion
depends on the severity of damage to periodontal tissues and the
viability of periodontal fibroblasts (PDLF) [9]. Replacement (32.9 %)
and inflammatory (24.1 %) root resorption are the two common type of
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tissue response observed in tooth avulsion [9]. Loss of PDLF viability is
often accompanied by invasion of bone cells into PDL space resulting in
replacement resorption/ankylosis and PDLF on exposure to inflamma-
tory stimuli from pulpal or periodontal origin is associated with in-
flammatory resorption [4,9–11]. Conventional two-dimensional (2D)
monoculture and indirect coculture cell culture models have shown that
PDLF when exposed to mechanical force or bacterial lipopolysaccharide
(LPS) release proinflammatory mediators that are essential for the
clastic differentiation of Mϕ highlighting the paracrine effects [12–14].
Direct coculture models have further emphasized the juxtacrine effects
of PDLF on clastic differentiation of Mϕ in resorptive environments [12,
15]. While these models provide some insight on cellular interactions in
root resorption, it is important to simulate the complex microenviron-
ment that cells encounter in in-vivo condition by providing ECM. In
addition to providing structural support, ECM provides diffusion
gradient for nutrients and substrate stiffness required for cell prolifera-
tion, differentiation, migration, adhesion, and intercellular signaling
[16,17]. Lack of three-dimensional (3D) matrix-based models is sug-
gested to impede drug development [18]. Hence, to understand cellular
interactions in disease and treatment, it is crucial to develop a 3D
collagen-based multicellular coculture model in resorptive environ-
ments that simulates in-vivo conditions.

Several restorative materials, with or without antimicrobials, anti-
inflammatory agents and biological mediators have been used in the
treatment of root resorption. These include calcium hydroxide, doxy-
cycline, dexamethasone, emdogain and platelet rich fibrin [9,19–22]
While synthetic agents such as Ca (OH)2 have focused on arresting the
root resorption, and antibiotics have focused on reducing microbial
burden, it is important to create a microenvironment conducible for
favourable healing and generating lost tissue by biological means.
Recent advances are focused on the use of biological mediators in root
resorption. In addition, synthetic intracanal medicaments such as cal-
cium hydroxide is associated with the necrosis of both resorbing and
reparative cells [23]. Hence, there is a need to shift the treatment
paradigm in root resorption to enhance healing outcomes.

Enamel matrix protein (Emdogain) is derived from Hertwig’s
epithelial root sheath of porcine origin which serves as potential bio-
logical mediator owing to its role in root formation during the tooth
development [24]. Root surface treatment with emdogain not only
makes the root more resistant to root resorption but also promotes the
formation of new periodontal ligament [20]. However, placement of
platelet rich fibrin in the extracted socket in delayed replantation model
was not able to provide any significant benefit except reduced inflam-
matory root resorption [21]. Chitosan is a natural biopolymer derived
from chitin that can be synthesized into nanoparticles (NP) [25]. Free
hydroxyl and amine group in them makes it possible to functionalize
with therapeutic agents to obtain desired treatment benefits [25,26].
Chitosan nanoparticles (CSNP) have been demonstrated to reprogram
Mϕ proteomics and cytokine profile to modulate biofilm mediated
inflammation. CSNP downregulated IL-1β, nitric oxide and upregulated
anti-inflammatory mediators IL-10, TGF-β1. CSNP further promoted
PDLF cell viability and migration highlighting its potential in healing
process [14,27]. Treatment of LPS contaminated root canal space with
photosensitizer (Rose Bengal dye-RB) functionalized CSNP (CSRB) has
shown to significantly improve the micro-environment to induce
neo-tissue formation and reduce inflammatory resorption [28,29].
Additionally, photodynamically activated CS-RB stabilizes dentin ul-
trastructure enhancing its mechanical properties and resistance to
enzymatic degradation [25,30].

Topical corticosteroids have been assessed in treating avulsed teeth
owing to their anti-inflammatory and anti-resorptive potential [22,31].
Dexamethasone is one such potent corticosteroid that have been shown
to effectively reduce the degree of inflammatory resorption in avulsed
teeth at concentration of 1000 nM but significantly increased the
ankylosis [22]. Dexamethasone at a concentration of 16 μg/mL was
found to substantially reduce both inflammatory and ankylosis [31]. A

sustained dexamethasone releasing chitosan nanoparticles at a concen-
tration of 30 μg/mL was found to induce odontogenic differentiation of
stem cells of apical papilla by upregulating ALP gene expression which
can be advantageous in treating avulsion injuries [32]. These data
emphasize that the anti-clastic and tissue healing effect of dexametha-
sone is concentration dependant and functionalising it with a
biopolymer with sustained release property can be a potential approach
to avail its benefits in avulsion. The aim of the current study is to
investigate the impact of an engineered chitosan nanoparticles, photo-
sensitizer functionalized chitosan nanoparticles and a sustained dexa-
methasone releasing chitosan nanoparticles for application in
management of root resorption in delayed reimplantation of avulsed
teeth. This study will provide valuable insights into a potential treat-
ment option for the predictable treatment of traumatically involved
teeth.

2. Materials and methods

Human PDLF were provided as a kind gift from Dr. Douglas Hamil-
ton’s lab, Schulich’s School of Medicine & Dentistry, London, ON,
Canada. Cells were isolated from clinical samples of healthy perio-
dontium. PDLF were cultured in complete DMEM (D5796-Sigma-
Aldrich, Canada) with 10 % fetal bovine serum (FBS), 1 % antibiotic/
antimycotic at 37 ◦C in a humidified atmosphere 5 % CO2. Human acute
monocytic leukemia cells (THP-1 monocytes ATCC® TIB-202™ -Rock-
ville, MD, USA) were maintained in complete RPMI 1640 (#R8758,
Sigma Aldrich, St. Louis, USA) with 10 % heat inactivated FBS
(#19C448, Sigma Aldrich, USA), 1 % antibiotic/antimycotic (#15240-
062, Gibco, USA) and 0.1 % β mercaptoethanol (#21985023, Gibco,
New York, USA) at 37 ◦C in a humidified atmosphere with 5 % CO2.
THP-1 cells (2.5 × 105 cells/mL) were differentiated to Mϕ using 60 ng/
mL phorbol 12-myristate-13-acetate (PMA-Sigma Aldrich, St. Louis,
USA) [27]. Cells from passage 3–5 were used for experiments.

2.1. Experimental method

3D PDLF-Mϕ model was developed using two stage technique
(Fig. 1). In stage I, PDLF (4 × 104) suspended in DMEM (100 μL) was
mixed with type I bovine collagen (50 μL)(#A1064401 Gibco, Ther-
moFisher, USA) and 0.1 M sodium hydroxide (7.5 μL). Prepared bioink
was seeded into polydimethylsiloxane custome fabricated mold and
incubated overnight at 37o C in a humidifying incubator with 5 % CO2 to
allow collagen self-assembly. 3D-PDLF construct was transferred to cell
culture well plate containing 1 mL DMEM and incubated for 48h. In
stage II, mixture of Mϕ (4 × 105) suspended in DMEM (30 μL), type I
bovine collagen (15 μL) and 0.1 M sodium hydroxide (2.25 μL) was
seeded on top of 3D-PDLF construct. 3D PDLF-Mϕ coculture received 2
mL DMEM with experimental stimuli [Control: No stimuli, Inflamma-
tory: 1 μg/mL Porphyromonas gingivalis lipopolysaccharide (LPS)
(#tlrlpglps; InvivoGen, San Diego, CA) [33][31], Resorptive: 30 ng/mL
RANKL (#AF-310-01, PeproTech, NJ, USA) and 25 ng/mL M-CSF
(#AF-300-25, PeproTech, NJ, USA) [34], Combination (inflammatory
+ resorptive) with or without CSNP (0.1 mg/mL) or CSNP functional-
ized with dexamethasone (CSDEX: 30 μg/mL). The cell seeding dentistry
[35] and NPs concentrations [27,32] were optimized in the pilot ex-
periments set based on our previous studies. 3D constructs were incu-
bated at 37o C in humidifying incubator with 5 % CO2 for 7 days and
fresh media with respective experimental stimuli and NPs were provided
on day 3. Outcome assessment was done at the end of day 2 and day 7
designated as early and late phase of cellular interactions respectively.

2.2. Nanoparticles synthesis

NPs used in the current study were previously synthesized and
characterized in our lab. Chitosan was dissolved in 1 v/v% acetic acid
solution at a concentration of 0.1 w/v% and pH was adjusted to 5 by
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adding 1 mol/L NaOH. Prepared chitosan solution was mixed with so-
dium tripolyphosphate in water 1:3 ratio under stirring at 1000 rpm.
CSNP was obtained by centrifugating at 15,000 rpm for 30 min.
Following centriguation, residual NaOH was removed by rinsing with
deionized water and then freeze-dried. Particle size and zeta potential of
CSNP was 93.9 ± 10 nm and 33.9 ± 0.2 mV respectively [36]. For CSRB

preparation, CSNP was chemically crosslinked to Rose Bengal using
N-ethyl-N′-(3-dimethyl aminopropyl) carbodiimide (EDC 5 mM) and
N-Hydroxysuccinimide (NHS 5 mM). Solution of RB (0.05 g) prepared in
10 mL of aqueous EDC (50 mM) was added dropwise to the 1 % chitosan
solution over 30 min. The mixture was stirred for 12 h in dark. The CSRB
formed were dialyzed (Sigma, cellulose tubing, cut off 12000–14000

Fig. 1. (A) shows schematic representation of stagewise development of collagen based PDLF-Mϕ 3D model. (B) represents the polydimethylsiloxane (PDMS) mold
used for the model development.
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g/mol) for 1 week, the filtrate was then freeze-dried starting at − 80 ◦C.
Particle size and zeta potential of CSRB was 60 ± 20 nm and 29.9 ± 0.2
mV respectively [25]. For CSDEX, synthesized CSNP (200 mg) was
dispersed in ethanol/deionized water (1:1,50 mL) by sonication for 15
min, and 100 mg Dexamethasone dissolved inethanol/deionized water
(1:1, 100 mL) was added. After overnight stirring at room temperature,
the resultant mixture was centrifuged. Particle size and zeta potential of
CSDEX was 112 ± 11 nm and 20.3 ± 3 mV respectively [32,37].
Detailed characterization of these nanoparticles are presented in our
previously published papers [32,36].

2.3. Immunofluorescence analysis

Immunofluorescence staining was done to assess the expression of
Mϕ markers (CD80,CD206), multinucleation markers (NFATc1, STAT6)
and periostin (Table S1). Staining protocol followed was based on our
previous study [15]. Formalin fixed cells in 3D-construct were per-
meabilized with 0.5 % Triton X (T9284-500 ML Sigma-Aldrich, St. Louis
MO) and treated with sea block serum free-PBS buffer (#ab166955,
Abcam Inc, Cambridge, MA). Cells were stained with fluorophore con-
jugated antibodies diluted in a sea block serum free-PBS and incubated
at 4 ◦C overnight in the dark. 3D constructs were washed with PBS and
counterstained with nuclear stain 40,6-diamidino-2-phenylindole for 5
min. Cells were washed with PBS to remove residual stains and images
were captured using confocal laser scanning microscope (Leica SP8
Lightning Confocal/Light Sheet, Leica Microsystems, Richmond, IL,
USA). Fluorescence intensity of each marker was assessed based on the
intensity sum normalized to the relative volume in the region of interest
using Imaris software (Imaris 9.9; Oxford Instruments, Switzerland)

2.4. Cytokine and protease analysis

Cell culture supernatant collected were centrifuged at 10,000×g for
5 min and stored at - 80 ◦C until analysis. A multiplex immunoassay for
TNF-α, IL-6, IL-10 [HCYTOMAG-60K-05 HCYTOMAG-60K Milliplex
MAP, Millipore, Billerica, MA, USA] and MMP2 and MMP9
[HMMP2MAG-55K-02 Milliplex MAP, Millipore, Billerica, MA, USA]
was used. ELISA kit was used to assess TGF-β1 [RAB0460-1 KT Millipore
Sigma, Oakville, ON, Canada].

2.5. Animal study

The study protocol was approved by the Ethics Review Board, Uni-
versity of Toronto (#20012802) and protocol follows ARRIVE guide-
lines 2.0. Fifty-four male Wistar rats (Rattus norvegicus albinus), 6–8
weeks of age, and 150–200g weight were purchased from Charles River
Laboratories. Each group had 6 rats, rat species and sample size were
chosen as based on previous study [38]. Rats were kept in standard cages
with 2–3 rats per cage with standard food and water ad libitum. Rats
were anesthetized using Ketamine hydrochloride 75–90 mg/kg and
Xylazine 5–10 mg/kg body weight and surgical area was cleaned with 2
% Chlorhexidine Di gluconate. Maxillary right incisor was luxated using
winged 1.5 mm Luxator Elevator (Dr. Brett’s Pets, Lake Mary, FL. USA)
and extracted using curved extraction forceps. Each rat was randomly
assigned to PBS, Airdry or LPS (1 μg/mL) exposure for 1 h. Airdry and
LPS groups received either functionalized with Rose Bengal dye or
dexamethasone or combination. For CSDEX, tooth was immersed in NPs
solution (30 μg/mL, 1 min) and replanted. For CSRB, tooth was
immersed in NPs solution (0.1 mg/mL) and light (540 nm) activated to a
total dose of 40 J/cm2 in 1 min [28] and replanted back into the socket.
Maxillary left incisor in each rat served as healthy control and rats from
same group was caged together. RHR maintained the allocation infor-
mation on the grouping and EB and AK were blinded about this infor-
mation during data analysis. To minimize post-operative pain,
Buprenorphine SR (1–1.2 mg/kg body weight) was injected subcuta-
neously for 2 days and mashed food for first week. All rats were followed

up till 21 days and no rats were excluded from the experiment. Rats were
euthanized in CO2 chamber and maxillary jaw was dissected for
micro-CT analysis. For TRAP and immunofluorescence staining, samples
were fixed in 10 % neutral formalin for 24h. Samples were treated with
12.5 % EDTA until complete decalcification, and exposed to sequential
dehydration (70 %, 95 %,100 %), xylene, and embedded in paraffin
wax. 5 μm thick serial cross sections of tooth with surrounding PDL and
bone were obtained. Following deparaffination and sequential rehy-
dration, sections were incubated with commercially available TRAP
stain (# 386A, Sigma-Aldrich, St. Louis MO) for 1 h at 37 ◦C. Total
TRAP+ multinucleatedcells (MNC) were counted for each sample and
mean ± SD was presented for each group. Immunofluorescence staining
for assessment of periostin and osteocalcin was performed similar to
protocol to followed for the 3D model. Slides were scanned with Zeiss
Axio Scan.Z1 (CamiLod, Toronto, ON, Canada) at × 40 objective.
Fluorescence intensity for stain was measured and normalized to area
using Zeiss Zen 3.7.

3. Statistical analysis

Data were analysed using GraphPad Prism software (Version 8.0.1;
GraphPad, La Jolla, CA) One way ANOVA with Tukey’s multiple com-
parison test. Data are presented as mean ± standard deviation (p <

0.05).

4. Results

4.1. Immunofluorescence analysis

Characterization of 3D model: The collagen-based 3D PDLF- Mϕ
model consisted of core 3D PDLF construct surrounded by Mϕ with total
diameter 3.8 mm ± 0.3 and thickness 300–500 μm.

Mϕ polarization: NPs downregulated CD80 and upregulated CD206
significantly at both early and late phase (Fig. 2A-D). In the early phase,
resorptive group showed greater reduction in CD80 with CSNP than
CSDEX and inflammatory group and combination group showed greater
reduction of CD80 with CSDEX than CSNP. In the late phase, CSDEX
showed lower CD80 expression than CSNP in all the groups. Decreased
CD80 expression with CSDEX compared to CSNP was highly significant
in inflammatory group followed by combination group. Both NPs
upregulated CD206 expression in a linear fashion from early to late
phase. CSNP showed greater upregulation of CD206 than CSDEX with
highest upregulation in resorptive group, followed by combination and
inflammatory group.

Multinucleation markers: NPs significantly reduced NFATc1 and
STAT6 at both early and late phase (Fig. 2E–H). During early phase,
CSDEX reduced NFATc1 much more than CSNP in resorptive and com-
bination group. In the late phase, both NPs showed similar degree of
NFATc1 reduction. Both NPs showed similar reduction in STAT6 at early
phase. In late phase, CSNP showed higher reduction of STAT6 than
CSDEX in inflammatory and resorption group.

Periostin: CSNP showed greater periostin expression than CSDEX in
early phase (Fig. 2I–J) particularly in inflammatory and combination
group. In the late phase, CSDEX groups showed higher periostin
expression than CSNP particularly in inflammatory and resorption
group.

4.2. Cytokines and protease analysis

NPs downregulated TNF-α levels with a greater reduction observed
in CSDEX than CSNP in the early phase (Fig. 3A). Highest reduction of
TNF-α with CSDEX treatment was observed in inflammatory group and
combination group. In late phase, both NPs showed similar degree of
reduction in the TNF-α. IL6 levels were upregulated with NPs treatment,
specifically higher in CSNP than CSDEX in the early phase (Fig. 3B).
While both NPs showed higher IL6 than groups without NPs in late
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Fig. 2. Immunofluorescence analysis of PDLF-Mϕ 3D coculture model showing Mϕ markers (CD80 (A–B), CD206 (C–D), NFATc1 (E–F), STAT6(G–H) and Periostin
(I–J) on day 2 and day 7 in groups without nanoparticles, CSNP and CSDEX treated groups. Data from each experimental stimuli with and without nanoparticles
analysed using with One way ANOVA with Tukey’s multiple comparison test. *p < 0.05 and ≥***p < 0.0001.
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phase, the difference was statistically significant only with CSNP. IL10
levels were substantially increased by both NPs only in early phase
(Fig. 3C). CSNP increased IL10 in inflammatory and resorptive group,
and CSDEX in combination group. TGF-β1 was significantly upregulated
only in the late phase with CSNP (Fig. 3D). NPs treatment showed sig-
nificant reduction in the MMP9 levels (Fig. 3E) in both early and late
phase. During early phase, lower MMP9 was observed with CSNP in
inflammatory and combination group and with CSDEX in resorptive
group (Fig. 3E). In late phase, CSNP predominantly reduced MMP9
levels in resorptive and combination group and CSDEX reduced MMP9
significantly in inflammatory group. NPs downregulated the MMP2

(Fig. 3F) expression in inflammatory and upregulated in combination
group during both early and late phase. In resorptive group, MMP2
levels were downregulated in early phase in CSDEX group and no dif-
ference in late phase.

4.3. Animal study

4.3.1. Micro-computed tomography
Samples were imaged in three dimensions using a Bruker Sky-

Scan1272 micro-CT scanner (Mouse Imaging Centre - The Centre for
Phenogenomics, The Hospital for Sick Children, Toronto, ON, Canada),

Fig. 3. Cytokines (A–D) and MMPs (E and F) assessment from the cell culture supernatant collected on day 2 and day 7 from PDLF-Mϕ 3D coculture model exposed to
different experimental stimuli with or without nanoparticles (CSNP, CSDEX). Data was analysed using with One way ANOVA with Tukey’s multiple comparison test.
*p < 0.05, and ≥***p < 0.0001.

H.R.S. Rajeshwari et al.



Bioactive Materials 41 (2024) 400–412

406

with the X-ray source of 100 kV and 100 mA, 360◦ rotation at 0.3-degree
intervals, generating 1200 projections at a resolution of 11 μmper voxel.
The middle region of root apicocoronally of root (400 μm) excluding
apical and cervical part was chosen for analysis of area of resorption and
ankylosis. Sections at every 20th Z plane were included for analysis and
each section was divided into four quadrants and assessed for areas of
resorption and ankylosis (Fig. 4A). Highest area of resorption and
ankylosis was observed in airdry group followed by LPS and then PBS
(Fig. 4B–D). CSDEX/CSRB treated groups showed significant reduction
in resorption and ankylosis in both Airdry and LPS groups. Among the
NPs, lowest area of resorption was observed in CSDEX + CSRB < CSRB
< CSDEX. A similar pattern was observed for ankylosis (Fig. 4C and D).
In LPS stimuli category, CSRB and CSDEX + CSRB combination groups
did not show any ankylosis.

4.3.2. TRAP staining
CSDEX/CSRB treated groups showed significantly lower number of

TRAP + ve MNC compared to Airdry, LPS and PBS (Fig. 5A–B). In airdry
stimuli, the lowest number of TRAP + ve MNC was observed in CSDEX +

CSRB < CSRB < CSDEX (Fig. 5A–B). In LPS stimuli, all NPs showed a
similar reduction in TRAP + ve MNC.

4.3.3. Immunofluorescence analysis
CSDEX/CSRB treated groups significantly downregulated osteo-

calcin expression and upregulated periostin compared to airdry and LPS
alone (Fig. 6A-D). Osteocalcin in Airdry + CSDEX, LPS + CSDEX, LPS +

CSRB was similar to PBS and LPS + CSRB, Airdry + CSDEX + CSRB and
LPS + CSDEX + CSRB was similar to healthy control (Fig. 6C). Lowest
periostin was observed in Airdry followed by LPS. Periostin in LPS +

CSDEX, Airdry + CSRB, LPS + CSRB, was similar to PBS and periostin in
Airdry + CSDEX + CSRB, LPS + CSDEX + CSRB and LPS + CSDEX was
similar to healthy control (Fig. 6D).

5. Discussion

The study developed collagen-based 3D PDLF-Mϕ model to simulate
microenvironment of root resorption following traumatic dental avul-
sion, and to understand the treatment effect of engineered nanoparticles
in these micro-environments. The stage-wise 3D model development
offers the advantage of placing PDLF in a collagen matrix simulating the
core of a healthy periodontium in stage one, which is then invaded by
immune cells depicted by the introduction of Mϕ along with inflam-
matory/resorptive stimuli in stage two to simulate the microenviron-
ment. Type I collagen, a predominant collagen type of PDL was used as
matrix to simulate cellular interaction via juxtracrine, paracrine and
cell-matrix interaction observed in in-vivo state (Fig. 7A). 3D model
thickness is comparable to PDL thickness range 150–380 μm [39]. P
gingivalis derived LPS is a potent endotoxin that stimulate proin-
flammatory mediators from PDLF and macrophages favoring clastic
differentiation of osteoclastic precursors [33]. While MCSF is essential
for the survival of osteoclastic precursors, RANKL directs them to
differentiate to osteoclasts [5]. Thus, the developed model serves as an
ideal model to simulate cellular interactions in root resorption. In the
animal study, extracted teeth were either air dried or treated with LPS
for 1 h [33,38] to simulate the tissue response following traumatic
dental injury [40].

In the literature, Ca(OH)2 has been used in the management of in-
flammatory root resorption owing to its ability to increase the pH of
dentin (8.0–10.0) thereby inhibiting osteoclast mediated acid hydrolase
activity besides activating alkaline phosphatase [41]. Hydroxyl group is
responsible for the alkaline environment which imparts antibacterial
property and stimulates necrosis of resorptive lesions, and calcium ions
are suggested to activate calcium dependent adenosine triphosphatase
associated with hard tissue formation. However it is suggested that Ca
(OH)2 should be used with caution due to its necrotizing effect on the
cells repopulating the root surface which in turn would increase the risk

of ankylosis [41]. The combination of antibiotic-corticosteroid intra-
canal medication have been used with a rationale to reduce the
inflammation in the periodontal membrane via inhibiting odontoclasts
and detaching them from the damaged root surface [42]. Lower number
of teeth have been shown to have ankylosis with Ledermix four out of
twelve) compared Ca(OH)2 (nine out of fifteen) with differences being
statistical non-significant [43].

Root dentin is a highly mineralized bio-composite material with its
organic and inorganic phases together which provides optimal strength
to the tooth [21]. Dentin matrix displays both intrafibrillar and interfi-
brillar component in which intrafibrillar mineralization exists within
gap zones of collagen fibrils, and interfibrillar mineralization occurs in
interstitial spaces between fibrils [44]. Due to this complex hierarchical
structure, restoration of the dentin matrix following arresting resorption
remains challenging with the conventional strategies.

Osteoclastic differentiation is a complex process which starts from
macrophage polarization, multinucleation followed by expression of
proteases to degrade root structure [7]. Hence in the current study,
therapeutic effect of engineered nanoparticles was assessed in stage wise
manner by determining Mϕ polarization, multinucleation, cytokines and
protease expression. While both CSNP and CSDEX downregulated CD80,
they demonstrated temporal activity. CSNP was most effective during
the early phase and CSDEX in the late phase. In contrast, similar level of
upregulation of CD206 was observed in both CSNP and CSDEX in a
linear fashion from early to late phase with upregulation of
anti-inflammatory phenotype. Multi-nucleation is one of the critical
steps in clastic differentiation of Mϕ and previous studies have shown
positive role of NFATc1 and STAT6 in this process [5,15]. Both CSNP
and CSDEX showed similar reduction of NFATc1, whereas CSNP was
more effective in reducing STAT6 when compared to CSDEX.

To further understand cellular molecules involved in the CSNP and
CSDEX mediated immunomodulation of Mϕ polarization and multi-
nucleation, cytokine profiling was performed. Proinflammatory cyto-
kine TNFα was effectively reduced, with higher reduction in CSDEX
compared to CSNP highlighting higher anti-inflammatory activity of
CSDEX validating the reduction in M1 phenotype. Increased IL6 with
CSNP and CSDEX was an interesting data observed in the current study.
Functional pleiotropy is a characteristic feature of cytokines and growth
factors [45]. IL6 although primarily known to be pro-inflammatory
cytokine, it has been found to have regenerative and
anti-inflammatory functions [45]. IL6 classical signalling has been
shown to have positive role in the activation of STAT3-mediated path-
ways which induced regeneration of intestinal epithelial cells and he-
patocytes [46,47]. Higher IL-6 secretion in CSNP-treated biofilm has
been observed which might have also mediated the increased IL-10
production [27]. Considering the overall result with reduction in
clastic activity with CSNP and CSDEX treatment, it can be suggested that
increased IL6 in the current experimental setup had less of
pro-inflammatory role and greater inclination towards protective role.
To further support anti-inflammatory effects of the nanopartciles, IL10
was significantly upregulated with CSNP and CSDEX primarily in the
early phase and this finding is in line with the previous studies of biofilm
treated PDLF-Mϕ indirect coculture system exposed to CSNP [14,27].
MMP9, an osteoclast specific protease [48,49] has been found to be the
most upregulated protease associated with root resorption. MMP9 was
downregulated substantially in the current study with a greater reduc-
tion observed in CSNP than CSDEX. MMP2 was upregulated by both
CSNP and CSDEX only in combination group with higher effect observed
in CSDEX.

Matricellular protein periostin plays a crucial role in collagen
fibrillogenesis and tissue integrity by causing proteolytic activation of
lysyl-oxidase during collagen crosslinking [50]. Periostin expression
was upregulated by CSNP throughout the interaction phases, and effect
of CSDEX was observed during the late phase. Sustained higher periostin
upregulation by CSNP could be attributed to its ability to increase TGFβ1
(50). Airdry group in animal model showed lowest periostin (Fig. 6D)
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Fig. 4. (A) shows micro-CT image depicting apico-coronal extension of region of interest selected for analysis and cross-sectional view of tooth PBS group depicting
the division of section into four quadrants for analysis. Fig. 3B representative micro-CT images and figure C and D shows quantification of resorption and ankylosis
respectively. Red and yellow arrows indicate areas of resorption and ankylosis respectively. Data was analysed using with One way ANOVA with Tukey’s multiple
comparison test. Different alphabets indicate the difference observed is statistically significant p < 0.0001. Scale Bar: 2000 μm.
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Fig. 5. A and B shows representative images of TRAP + multinucleated cells (MNC) and quantitative data respectively. Specific regions (dotted rectangles) of Airdry
(a), LPS (b), Airdry + CSDEX + CSRB (c) and LPS + CSDEX + CSRB (d) shows higher magnification of TRAP+ MNC. Data was analysed using with One way ANOVA
with Tukey’s multiple comparison test. Different alphabets indicate the difference observed is statistically significant p < 0.0001.
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and highest osteocalcin expression in the regions of ankylosis (Fig. 6C).
While both CSDEX and CSRB group downregulated osteocalcin and
upregulated periostin, observation was significantly effective when used
in combination (Fig. 6 i and o). CSDEX/CSRB mediated increased peri-
ostin expression, thus favouring PDLF cell proliferation and attachment
on the root surface. Furthermore, the expression of periostin can
enhance the adhesion of osteoblasts while simultaneously impeding
their migration [51]. This finding explains the effectiveness of the tested
engineered bioactive nanoparticles in inhibiting ankylosis.

Periostin is a crucial extracellular matrix protein expressed by peri-
odontal ligament fibroblasts. It regulates homeostasis, maintains peri-
odontal tissue integrity, and is involved in repairing damage caused by
external stimuli. Periostin also plays a role in cell adhesion, collagen
formation, and tissue regeneration. Its expression is primarily detected
in the fibroblasts of the periodontal ligament and the osteoblasts of the
alveolar bone. The increased expression of periostin in the CSRB treated
group may indicate a cellular response from periodontal fibroblasts and
reparative activities in the PDL tissues [52]. Micro-CT analysis and the
reduction of TRAP + ve MNC in animal models exposed to airdry or LPS

further supported these findings. An overview of engineered bioactive
nanoparticles guided modulation of cellular crosstalk in the 3D
PDLF-Mϕ model is presented in Fig. 7B. In the current study, root surface
biomodification with CSRB effectively prevented root resorption and
ankylosis by stabilizing the extracellular matrix. Additionally, CSRB has
been found to deactivate bacterial LPS even in the presence of tissue
fluids, reduced the exaggerated proinflammatory response, and pro-
moted macrophage polarization to an anti-inflammatory phenotype
[29]. The reduction in the resorptive activity following root surface
treatment with CSRB with photoactivation is also in line with a recent
clinical case report where root surface treatment with photoactivated
CSRB arrested resorptive process with clinical improvement [53].

Engineering nanosized immunomodulatory bioactive materials such
as chitosan nanoparticles functionalized with photosensitizer and anti-
inflammatory agent dexamethasone possesses greater advantages over
conventional synthetic agents such as antimicrobial agents, and Ca
(OH)2 as this is host immune modulation-based therapy. Immune
modulation therapy in the current study is focused on ameliorating the
exaggerated response of host response by downregulating the pro-

Fig. 6. (A) shows representative images of immunofluorescence analysis of osteocalcin and periostin expression (Scale bar 200 μm). (B) represents higher magni-
fication of the selected regions from images from A. Quantification of osteocalcin and periostin expression are shown in C and D respectively. Data was analysed using
with One way ANOVA with Tukey’s multiple comparison test. Different alphabets indicate the difference observed is statistically significant p < 0.0001.
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inflammatory microenvironmental burden on the cells and upregulating
anti-inflammatory and enhancing dentin matrix stabilization to achieve
favourable healing in avulsed teeth. From the application point, chito-
san offers additional advantage owing to its hydrophilic nature that
favors the intimate binding to root surface forming a uniform gel like
coating on the root surface. CSNP has been found to be effectively
internalized via clathrin-mediated endocytosis, macropinocytosis, and
phagocytosis subsequent to electrostatic interaction of cationic CSNP
with negatively charged plasma membrane [27]. Clathrin coated pits
have been observed on the plasmamembrane of Mϕ and PDLF as early as
3h after CSNP treatment, followed by appearance of membrane-bound

vesicles internalizing CSNP. Membrane protrusions characteristic of
macropinocytosis and phagocytosis have been observed at 24h sug-
gesting the uptake of relatively larger particles of CSNP(27). These CSNP
have been found to effectively trafficked intracellularly within
membrane-bound organelles, endosomes, multivesicular bodies, and
lysosomes to execute immune to mediate cellular functions.

5.1. Conclusion

A novel collagen-based 3D heterogenous coculture model simulating
cellular interactions in root resorption and an animal model were

Fig. 7. A represents schematic representation of 3D PDLF-Mϕ model supporting cellular interaction via juxtacrine, paracrine and via matrix. B demonstrated
nanoparticles guided PDLF-Mϕ crosstalk modulation in reducing osteoclastic differentiation and resorptive function of Mϕ. 3D PDLF-Mϕ coculture without nano-
particles treatment designated as positive control showed greater levels of osteoclastic differentiation of Mϕ. Coculture showed increased M1 phenotype marker
(CD80) and multinucleation activity as represented by NFATc1 and STAT6. Proinflammatory cytokine TNFα, and protease MMP9 were increased while anti-
inflammatory cytokine IL10, TGF-β levels were reduced. In contrast, CSNP/CSDEX treated 3D PDLF-Mϕ coculture showed lower osteoclastic differentiation of
Mϕ with reduced M1 polarization and multinucleation and upregulation of IL10 and periostin. While both CSNP and CSDEX were effective in the reduction oste-
oclastic differentiation of Mϕ, they showed temporal and marker specific differences. Different number of upward facing or downward facing arrows shows the
difference in their activity with respect to time and the markers.
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employed to study the therapeutic effect of engineered functional
bioactive nanoparticles. The engineered photosensitizer functionalized
chitosan nanoparticles and sustained dexamethasone-releasing chitosan
nanoparticles effectively modulated cellular crosstalk to inhibit Mϕ
polarization to M1 phenotype and multinucleation/clastic differentia-
tion. While both NPs efficiently upregulated IL10, CSDEX demonstrated
more anti-inflammatory activity via higher downregulation of TNFα and
CSNP/CSRB demonstrated a more significant effect on TGFβ1, matri-
cellular protein periostin and downregulated ankylotic marker osteo-
calcin and MMP9. Engineered bioactive CSDEX/CSRB nanoparticles
promoted a favourable periodontal healing environment in traumatized
teeth.
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