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A B S T R A C T

Introduction: Dentin regeneration is pivotal to preserve tooth vitality. This study aims to

evaluate, histologically, the dentine regenerative potential of a novel injectable boron-

doped, mesoporous, bioactive glass nanoparticle (BMBGNPs) loaded alginate hydrogel in

dogs

Methods: The formulation and optimisation of the novel alginate/BMBG NPs (20 wt. %)

loaded composite hydrogel were performed. Next, 66 teeth of 3 dogs were allocated into 3

groups (each including 22 teeth) according to post-operative follow-up period: group I: 2

weeks, group II: 4 weeks, and group III: 8 weeks. Each group was further subdivided accord-

ing to pulpotomy filling material into two subgroups, with subgroup 1 (alginate/BMBGNPs

(20 wt. %) loaded hydrogel) and subgroup 2 mineral trioxide aggregate (MTA). Pulp cham-

bers were mechanically exposed through class V cavities. A complete pulpotomy was exe-

cuted. The tested materials were positioned on the radicular pulp and finally covered with

resin composite restorations. One dog was sacrificed after 2, 4, and 8 weeks. Teeth were

prepared for histological evaluation assessing inflammatory cell response, pulp tissue

organisation, and dentin bridge formation. The Mann-Whitney U test was employed to

evaluate the scores of histological parameters between tested materials (P ≤ .05).

Results: Alginate/BMBG NPs (20 wt. %) loaded hydrogel showed normal pulp configuration at 2

and 4 weeks, which was enhanced after 8 weeks (P ≤ .05). Moderate inflammatory reaction

was noted at 2 weeks, which was improved after 4 and 8 weeks (P ≤ .05). MTA group demon-

strated less favourable pulpal response and inflammatory reaction with a statistically signifi-

cant difference across all observational periods (P ≤ .05). After 8 weeks all teeth in group 1

exhibited the thickest dentin bridge (P ≤ .05).

Conclusions: Alginate/BMBG NPs (20 wt. %) loaded hydrogel offers the promise of regenerating

dentin andmaintaining pulp vitality reaching the desired level as an alternative toMTA.

Clinical Relevance: Alginate/BMBG NP loaded hydrogel is an alternative, reliable option for

vital pulp therapy.

� 2025 The Authors. Published by Elsevier Inc. on behalf of FDI World Dental Federation.

This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

Vital pulp therapies are biologically based minimally invasive

concepts.1 Their main target is to handle deep carious lesions

while maintaining pulp vitality. Pulpotomy is a crucial
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therapeutic method for both deciduous and permanent teeth.

Pulpotomies are straightforward, time saving, and relatively

cheaper than pulpectomy or root canal therapy.2 Different

pulpotomy agents are applied including bio-dentine, bio-

aggregate and mineral trioxide aggregate (MTA). None of

them has been confirmed to be perfect.3 Accordingly, this

was the driving point behind the exploration for a biocompat-

ible biomaterial which meets all the needs desired to obtain a

prosperous regenerative pulpotomy approach.3 Conse-

quently, the scaffold-established tissue regeneration para-

digm is considered a favourable procedure to restore

destructed dentin/pulp complex.4

Soft scaffolds such as injectable hydrogels imitate extra-

cellular matrix configuration and are important in dentin

pulp complex regeneration. They work as a template for

delivery of cells, bioactive molecules, and therapeutic agents,

conveniently, to desired locations in a minimally invasive

way.5 Hydrogels derived from natural polymers such as algi-

nate, keratin, and collagen, among others, have superior

advantages including being non-cytotoxic, biocompatible,

low cost and obtainable.5 Alginate is an anionic polysaccha-

ride originating from brown algae. Alginate hydrogel is bio-

logically accepted, harmless, nonimmunogenic, and

biodegradable. Also, alginate hydrogels act as a template to

assist dental regeneration, and it has been demonstrated that

they enhance the secretion of dentin matrix.6 Bioactive glass

nanoparticles (BG-NPs) have been proposed for dentin regen-

eration due to their promising effects such as bioactivity,

angiogenesis and antibacterial. Furthermore, BG-NPs bind to

living tissues and potentiate new tissue growth and differen-

tiation while dissolving over time.7

Lately, mesoporous BGs nanoparticles (MBG NPs) have

been discussed. They are of higher specific surface area and

have highly ordered pores and superior bioactivity than tradi-

tional BGs.8 MBG NPs improve tissue regenerative capacity.8,9

They contribute to odontogenic differentiation of SHEDs and

dentin-like matrix mineralisation.10 Boron is an ‘ultra trace

element’.11 Innovative applications in the dental field sup-

ported the addition of boron to dental materials because

doing so produced favourable biological outcomes such as lib-

eration of growth factors and cytokines and elevation of

extracellular matrix development. Moreover, various physical

properties of different dental biomaterials have been

improved by the incorporation of boron. Boron affects differ-

ent glass characteristic features, thus regulating cell−glass
interaction in vivo and in vitro.12 Boron-based bioactive glasses

proved to be biocompatible and non-cytotoxic and to rein-

force cell adhesion, growth, and differentiation.12,13 Although

bioactive glass nanoparticles are well established for tissue

regeneration, their regenerative potential as a pulpotomy fill-

ing material has not been extensively studied. To the best of

the author’s knowledge, few previous studies have evaluated

the application of BG NPs to dental tissue engineering using

human dental pulp stem cells (hDPSCs).14 Therefore, the con-

junction of the above-noted biomaterials with a proper, opti-

mal formulation and injection technique presents a

biomimetic perspective appropriate for dental tissue regener-

ation. Consequently, this combines the preferences of each

separate material and reduces their limitations to release

their full regenerative potential. It could also promote the
development of an injectable in situ forming hydrogel, which

could accurately reach every inaccessible point in the operat-

ing area. In addition, this could ascertain that all predecessors

were sufficiently blended, and hydrogel characteristics were

not negatively affected. Furthermore, it could allow effortless,

even, and gentle discharge of a non-heterogeneous, steady,

and coherent hydrogel form.15

Animal models are important to bridge the translational

gap that exists between preclinical and clinical research.

Therefore, the proper choice of a validated animal model is

crucial to predict the clinical question. Dog as an animal

model has been chosen as a very suitable experimental model

(preclinical model) in the in vivo part of the study for the fol-

lowing reasons: (1) the formation and inducement mecha-

nisms of dentin in dogs are like those in human beings, but

the rate of reparative dentinogenesis is not the same; (2) pulp

tissue in dog’s teeth resembles that of humans; and (3) dogs

have numerous teeth in every quadrant, which helps to com-

pare various biomaterials in the same dog.16

Accordingly, the current study aims to prepare and deter-

mine the optimal criteria of a novel injectable alginate hydro-

gel, loaded with BMBG NPs (20 wt.%), as a promising

pulpotomy filling material for dentin regeneration. It also

aims to evaluate histologically its regenerative potential in

pulpotomised dogs’ teeth through assessing inflammatory

cell response, pulp tissue organisation and dentin bridge for-

mation.
Materials andmethods

Material Preparation

Sodium alginate powder, anhydrous calcium chloride pow-

der, and ethanol were obtained from Sigma-Aldrich Chemie.

Boron-doped mesoporous bioactive glass nanoparticles (44%

SiO2, 33% CaO, and 9% P2O5, 14% Boron [B2O3]) (NT-MBG

58S3.6 B14) were obtained fromNano Tech. White mineral tri-

oxide aggregate (MTA) was acquired from Keeper’s Dent. The

glass ionomer composite liner was obtained from PROMED-

ICA. Resin composite restoration and adhesive bond were

both supplied by 3M ESPE.

A. Determination of the optimum criteria of novel injectable

boron-doped mesoporous bioactive glass nanoparticles

(BMBG NPs) loaded sodium alginate composite hydrogel.

Fabrication of injectable sodium alginate hydrogel

For establishing the optimal standards for constructing an

injectable sodium alginate hydrogel, the ideal condition was

achieved at 7 wt.% sodium alginate, and 20 wt.% anhydrous

calcium chloride was selected. This showed the best setting

time at 15 minutes, injectability (easy/moderate), pH mea-

surement, viscosity behaviour, swelling ratio percentage at

predetermined time periods, and hydrolytic degradation

(weight loss %).15

Generally, a 7 wt.% aqueous sodium alginate phase was

achieved by dissolving the sodium alginate powder homo-

geneously in sterile distilled water (Milli-Q IQ7000 ultrapure
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water system, Merck) in a clean environment, employing a

magnetic stirrer (F91T, FALC) until a fully unobscured cloud-

less solution was achieved. A sterile syringe filter was used to

filter the obtained solution. Next, anhydrous calcium chloride

powder was dissolved in sterile distilled water (Milli-Q IQ7000

ultrapure water system, Merck) to achieve the mineral phase

(20 wt.% anhydrous calcium chloride). Lastly, both

phases were loaded into separate chambers of a specially set

up sterile dual-syringe assembly for mixing and injection,

creating a discharge of a consistent formulation15 (Figure S1,

supplementary data).
Construction of injectable boron-doped mesoporous bioactive
glass nanoparticles (BMBG NPs) loaded sodium alginate
composite hydrogel

Sodium alginate hydrogel with BMBG NPs (20 wt.%) was pre-

pared following the above-mentioned procedure15 as illus-

trated in Figure S2 and Table S1 (supplementary data).

B. In vivo histological animal study: Histological evaluation of

injectable alginate hydrogel loaded with boron-doped meso-

porous bioactive glass nanoparticles (BMBG NPs) (20 wt. %) in

pulpotomised dogs’ teeth

The current in vivo study assessed histologically, in pulpo-

tomised dog’s teeth, the execution of the novel injectable

alginate/boron-doped mesoporous bioactive glass nanopar-

ticles (20 wt.%) loaded composite hydrogel that has achieved

the most favourable physicochemical performance in our

previous research work15 through analysing the inflamma-

tory cell response, pulp tissue organisation and the reparative

dentin bridge.
Study design and sample size calculation

The present work was a histological split mouth-controlled

animal study. A total of 66 permanent teeth of 3 healthy adult

male mongrel dogs were used. The sample size was esti-

mated to be 10 teeth for every group, raised to 11 to compen-

sate for operating and methodological errors. Sample size

calculation was settled on comparison of means, supposing

alpha error = 5% and study power = 80%, and decided

or resolved by GPower 3.1.9.4 sample size calculator

software (https://www.psychologie.hhu.de/arbeitsgruppen/

allgemeine-psychologie-und-arbeitspsychologie/gpower).17,18

Any animal removed from the study was replaced to conserve

the sample size. This animal number was calculated based on

precise calculations accomplished in the Department of Med-

ical Statistics and the Medical Research Institute, Alexandria

University.
Animals

The present work was approved by the institutional ethics

committee, Faculty of Dentistry, Alexandria University (IRB No.

00010556-IORG No. 0008839) (0240-April 2021). The authors

adhered to all institutional and international guidelines for
animal care and use throughout the current study. All animal

research reporting in vivo experiments guidelines (ARRIVE)

were also considered. Three adult male mongrel dogs with an

approximate weight of 15-20 kg and aged 1-2 years were cho-

sen for the current study (Table S2, supplementary data). Ani-

mals were acquired from the Animal House of the Medical

Research Institute, Alexandria University. Dogs were exam-

ined, vaccinated and kept under supervision in different cages

(1.5 m £ 2.5 m £ 3 m). They were accommodated under the

exact suitable circumstances of breathing, diet, care, and 12-

hour light/dark pattern and were served soft-diet meals and

clean water every day. The principal diet regime was reviewed

and, if necessary, adjusted daily throughout the observation

period.19 The study was conductedin the City of Scientific

Research and Technological Applications, New Borg El-Arab

City, Alexandria. Egypt.
Classification of samples, randomisation, and
allocation concealment

A total of 66 permanent teeth were included in this study. The

maxillary and mandibular, right and left permanent molars,

premolars, canines, and incisors were used in each quadrant.

The selected teeth were divided based on the postoperative

follow-up period into 3 major groups (22 teeth each): group I

—2 weeks, group II—4 weeks, and group III—8 weeks. Each

group was further subdivided based on the pulpotomy filling

material into two equal subgroups (11 permanent teeth each),

providing a total of 22 teeth in each dog, with subgroup 1

(alginate/BMBGNPs (20 wt.%) loaded hydrogel) and subgroup

2 (MTA) as the control. Dogs were randomly assigned using

computer-generated random numbers to 1 of the 2 groups

based on the type of pulpotomy filling material used.20,21 The

allocation sequence/code was concealed from the individual

allocating the samples to the intervention arms using a

sealed opaque envelope.22
Pulpotomy procedure

All operations were carried out in a clean, sterilised room.

After fasting the dogs for 12 hours, general anaesthesia was

promoted by an S/C injection of 0.05 mg/kg atropine sulphate

(atropine sulphate 1% R; ADWIA), IM injection of 1 mg/kg

xylazine HCL (Xylaject 2% R; ADWIA), and IM injection of

10 mg/kg ketamine HCL (Keiran R; EIMC Pharmaceuticals

Co.). Anaesthesia was sustained with gradual doses of thio-

pental sodium 2.5% solution (Thiopental sodium R; EIPICO) at

a dose of 25 mg/kg supplied intravenously.20 Oral cavity was

cleaned with 0.2% chlorhexidine gluconate (JK Dental, A.R.E),

and a rubber dam was positioned carefully. Then pulp cham-

bers were mechanically exposed through class V cavities at

the buccal surface of chosen teeth, 0.5-1 mm above the gingi-

val margin, using an inverted cone carbide bur (Komet,

Lemgo, Germany) at a low speed and under adequate saline

irrigation. The coronal portion of the pulp was extirpated

with a sharp endodontic excavator (DG16, Dental USA). Hae-

mostasis was achieved after employing adequate pressure

with sterile cotton pellets and copious irrigation with sterile

https://www.psychologie.hhu.de/arbeitsgruppen/allgemeine-psychologie-und-arbeitspsychologie/gpower)
https://www.psychologie.hhu.de/arbeitsgruppen/allgemeine-psychologie-und-arbeitspsychologie/gpower)
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saline solution (El Fath For Drug And Cosmetics Industry

[FICO]).23 All tested materials were carefully positioned on

top of the persisting radicular pulp tissue, filling up the pulp

chamber. In subgroups I1, II1, and III1, freshly provided sterile

alginate/BMBGNPs loaded hydrogel was injected inside the

pulp chamber. In subgroups I2, II2, and III2, white MTA was

administered according to manufacturer’s recommenda-

tions. Any remnants of materials were eliminated by moist

cotton pellets. Then, once the tested materials began to set,

all cavities in the operated teeth were covered with a thin

layer of glass ionomer cement. Next, resin composite restora-

tions were incrementally placed and light-cured.24 All steps

were done by 1 skilled operator. After the intervention, all

animals were supervised every day to evaluate the presence

or absence of any infection. Animals continued a soft diet

and were given analgesia with ibuprofen (Argipronex, Medi-

zen pharmaceutical industries) (10 mg/kg every 8 hours for

24 hours after intervention).
Histological examination

One dog was sacrificed after 2, 4, and 8 weeks, each using an

intravenous excess-dose injection of concentrated thiopental

sodium (EPICO pharmaceutical industry) (20 mL of 5% thio-

pental sodium). Jaw segments encompassing manipulated

teeth and sections of surrounding soft tissue were resected

out of the jaws (maxilla and mandible). Bone segments,

including the operated teeth, were excised and prepared for

histological evaluation.19 Teeth were fixed in 10% neutral

buffered formalin (Research-Lab Fine Chem Industries) for 1

week. Specimen decalcification was accomplished using 10%

trichloroacetic acid (Advent Chembio Pvt), which lasted for

about 2 months. After decalcification, specimens were dehy-

drated in ascending concentrations of ethanol (Piochem Lab-

oratory chemicals store) and cleared in xylene (EMSURE ACS,

ISO, Reag. Ph Eur Xylene (isomeric mixture), Sigma Aldrich

Company, Merck KGaA), embedded in paraffin wax (Hista-

Flex, Hurst Scientific), after which they were mounted in par-

affin blocks. Paraffin-infiltrated teeth were successively sec-

tioned in a vertical, mesiodistal direction through the

capping location and the pulp to obtain sections of 5-mm

thickness. Serial sections that included the deepest part of

the cavity and the pulp tissue below were selected.16 These

sections were stained using hematoxylin and eosine (H&E)

stain (Sigma-Aldrich Company, Merck Chemicals KGaA). Two

blinded qualified and practised examiners assessed the speci-

mens using coded samples all through the research work to

prevent any probable bias. Ultimately, sections were evalu-

ated using a light microscope linked to a high-resolution cam-

era (Optikam C-B5 Digital Camera) to assess the inflammatory

cell response, pulp tissue organisation and reparative dentin

bridge formation according to the following scoring system

represented in (Table S4, supplementary data).25
Statistical analysis

The Mann-Whitney U test was employed to evaluate the

scores of histological parameters between the 2 materials.
Meanwhile, the Kruskal-Wallis test, followed by Dunn’s post

hoc test with Bonferroni correction in case of significant

results, was used to examine variations in these scores across

different time intervals. All tests were 2-tailed, and the signif-

icance level was set at P ≤ .05. Data were assessed using IBM

SPSS, version 23 of Windows.
Results

Histological results

Alginate/BMBG NPs loaded hydrogel (subgroup 1)

After 2 weeks. Normal appearance of the pulp tissue pre-

vailed in most of the sections (score 1 [72.7%]) with a moder-

ate inflammatory reaction (score 2 [72.7%]) (Figures S3 and S4

and Tables S5 and S6, supplementary data). Inflammatory

cells were traced adjacent to slightly disorganised odonto-

blast cells with few scattered inflammatory cells among the

central tissues adjacent to dilated blood vessels (Figure S5A-

D, supplementary data). Some figures of the hydrogel were

traced among the pulp tissue in many sections with preserva-

tion of pulp structure (Figure S5E, supplementary data). Small

bridges ranging from mild to moderate thickness were seen

(score 1 (18.2) and score 2 [81.8] [%], respectively) (Figure S6

and Tables S5 and S6, supplementary data) and most of them

exhibited frank attachment to the dentin walls of the roots

(Figures S5A and S7A-C, supplementary data). In 1 of the

formed bridges, the fibrodentin (FD) structure was seen. It

mingled with the applied hydrogel pulpotomy material

(Figure S7D, supplementary data). Another bridge exhibited a

fibro-cellular structure like osteodentin (OD) (Figure S7E, sup-

plementary data), while a different bridge consisted of a com-

bination of both FD and OD structures was also displayed

(Figure S7F, supplementary data). An important observation

was encountered in high-power views of those bridges, which

revealed accommodation of dentin-like tissue inside the

pores of the hydrogel (Hg) (Figure S7G and H, supplementary

data) with an obvious appearance of released boron nanopar-

ticles (B) inside the pores (Figure S7I, supplementary data).

After 4 weeks. Normal pulp organisation was observed par-

ticularly in the central region with a slightly disorganised

odontoblast layer (score 1 [54.5%]). Mild inflammatory reac-

tions prevailed adjacent to odontoblasts (score 1 [81.8%]),

which was accompanied by a profound blood supply

(Figures 1A, D and 2B, C, Figures S3 and S4, and Tables S5 and

S6, supplementary data). Different configurations of the

formed bridges in different teeth were noted, but generally

they were all thicker (moderate thickness) (score 2 [90.9%])

than those of the 2-week observation period (Figures 2A, D

and G, Figure S6, and Tables S5 and S6, supplementary data).

One of these bridges appeared homogenous and exhibited a

tubular configuration with fine dentinal tubule-like structures

extending across its full thickness. Odontoblast-like cells

were traced on the apical border of the newly formed tubular

dentin bridge. A slight incorporation of the hydrogel into the

superficial part of the newly formed dentin bridge structure

was clear (Figure 2A and B). Regenerated dentin (rd) was



Figure 1 –Decalcified sections (DSs), H&E, pulp reaction in subgroup II1 (alginate/BMBG NPs loaded hydrogel) (A and D) and

subgroup II2 (MTA) (B, C, E and F) (4 weeks). D is a higher magnification of A. E and F are higher magnifications of B and C,

respectively. In A and D normal pulp organisation is seen withmild inflammatory reaction, slightly disorganised odonto-

blasts (arrows) and profound blood supply (bv). In B and E (MTA group) normal pulp organisation is evident with moderate

inflammatory reaction, normal pulp vascularity (thick arrows) and neural distribution (thin arrows). In C and F severe inflam-

matory reaction is seen adjacent to the formed dentin bridge (db) with disorganisation of odontoblasts (inset) and vertically

arranged blood vessels (bv) towards the bridge. Magnification: A and B—x100, C—x40, D-F—x400.
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observed lining both sides of the root canal (Figure 2A, B, D,

H). Another section showed a newly formed bridge of moder-

ate thickness and a well-organised pattern of dense collagen

fibres (Figure 2D-F). An outstanding collaborating phenome-

non was seen where the hydrogel intermingled with the

formed dentin-like tissue bridge (Figure 2D−F, H and

Figure S8A and B, supplementary data). In this situation, it

seemed that the hydrogel constituted parts of the formed

bridge; even the brownish colour of boron particles was

clearly distinguished among the dentin bridge (db) and the

hydrogel (Figure S8A and B, supplementary data). One of

the formed bridges appeared ectopic in location. This

ectopic dentin bridge (edb) was of moderate thickness,

homogenous, and showed a tubular structure (Figure 2D

and G).

After 8 weeks. The pulp exhibited mild (low-grade) inflam-

mation (score 1 [100%]) (Figure S3 and Tables S5 and S6, sup-

plementary data). Odontoblasts appeared well organised in

most of the examined sections (Figure 3A), although in 1 of

the sections they appeared slightly disorganised (Figure 3D).
Thin streaks of the hydrogel could be traced bounding the

pulp at a distance from the formed bridge, and traces of this

hydrogel were seen even in the pulp tissue, especially border-

ing the small and large blood vessels (Figure 3B, C, E, F). In all

the examined sections, normal organisation of the pulp tissue

components was a predominating feature (score 0 [81.8%])

and included angiogenic figures and neural elements

(Figure 3A and D, Figure S4, and Tables S5 and S6, supplemen-

tary data). An outstanding thickness of the formed bridges

was a prevailing finding (score 3 [100%]) (Figure 4A, Figure S6

and Tables S5 and S6, supplementary data). The structure of

the formed bridge included OD in the most superficial layer

which contained fine particles of the hydrogel. The trapped

cells could be clearly traced among the bulk of OD (Figures 4B

and C). The deeper layer consisted of tubular dentin-like

tissue (TD) with a layering pattern and dark lines in

between the layers like the incremental lines of von Ebner

and exhibited an outline parallel to that of the pulp con-

tour (Figure 4B and C). Regenerated dentin (rd) formation

was seen on both sides of the root canal with evident den-

tinal tubule-like structures extending along its full



igure 2 –Decalcified sections (DSs), H&E, subgroup II1 (alginate/BMBG NPs loaded hydrogel) (4 weeks). Moderate thickness of

e formed bridges is showing in A and D. B is a higher magnification of inset 1 in A. C is a higher magnification of inset 2 in

. E and F are higher magnifications of insets 1 and 2 in D, respectively. G and H are higher magnifications of insets 3 and 4 in

, respectively. D is a compound figure. In B a homogenous structure of the formed bridge (asterisk) is seen exhibiting tubu-

r dentin-like structure (arrow) and odontoblast-like cells (chevrons) arranged on the apical border of the bridge. In A and B

egenerated dentin (rd) (arrowhead) is seen on both sides of the root canal andmerging with the main body of the formed

ridge. In Cmild pulpal inflammation and profound blood supply (bv) are revealed. In D-F note the well-organised dentin

rmed bridge (moderate thickness) with evident dense organised collagen fibres. In D-F and H incorporation of the hydrogel

to the formed bridges is seen (insets 1, 2, 4 and arrows). D and G show ectopic dentin bridge (edb) formation at the apical

art of the root canal (inset 3) and itsmerging with rd along the adjacent canal wall. Magnification: A and D (compound figure)

x100; B, C, E-H—x400.
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thickness with apparent incremental lines. This rd

appeared confluent with the bulk of the formed bridge

(Figure 4A and D).
MTA group (subgroup 2) (control group)

After 2 weeks. Moderate inflammatory reaction (score 2

[54.5%]) was seen in most of the obtained sections in this

group with disorganised odontoblasts and few figures of

oedema in association with a lymphatic system (score 1

[72.7%]) (Figures S3, S4, and S9 and Tables S5 and S6, supple-

mentary data). In 1 of the sections, disorganised aggrega-

tions of pulp tissue were seen adjacent to the formed bridge.

This aggregated pulp tissue contained a high density of

inflammatory cells (Figure 5A and D). Thin (mild) dentin

bridges (score 1 [54.5%]) of either FD (Figures 5A-D) or a com-

bination of FD and OD (Figure 5E and F) were noted with

focal areas of attachment to the dentin walls of the pulp

canal (Figure 5A, C, E, F) (Figure S6 and Tables S5 and S6,

supplementary data).
After 4 weeks. Normal pulp tissue was seen (score 1 [81.8%]),

although moderate inflammatory reactions among the tis-

sues of the pulp persisted (score 2 [63.6%]) (Figures S3 and S4

and Tables S5 and S6, supplementary data). Well-organised

odontoblast cells were traced with normal pulp vascularity

and neural distribution (Figure 1B and E). But in some sections

the inflammatory reaction was severely accentuated adjacent

to the site of the bridge, with disorganisation of the odonto-

blast layer all over the pulp boundary. The blood vessels (bvs)

were seen arranged in a vertical direction towards the site of

the bridge (Figure 1C and F). Moderate bridge thickness was

noted with structural disorganisation (score 2 [63.6%])

(Figure 6A and D, Figure S6, and Tables S5 and S6, supplemen-

tary data). At a high power of examination, the bridge struc-

ture included many distinct layers comprising either FD

(Figure 6B and C) or a combination of FD and OD (Figure 6E

and F).

After 8 weeks. The pulp exhibited a moderate inflammatory

reaction (score 2 [45.5%]) with slight disorganisation of the

odontoblast cells and marked vascularisation (score 1 [72.7%])



Figure 3 –Decalcified sections (DSs), H&E, pulp reaction in subgroup III1 (alginate/BMBG NPs loaded hydrogel) (A-F) and sub-

group III2 (MTA) (G-I), (8 weeks). E and F are higher magnifications of the boxed areas in B and C, respectively. In Amild

inflammatory reaction is seen with well-organised odontoblasts and evident neural elements (dotted arrows). In B and E thin

streaks (arrow heads) of the hydrogel are seen bounding the pulp at distance from the formed bridge. In C and F traces of

hydrogel are observed among the pulp tissue and bordering small and large blood vessels (arrowheads). In D slightly disor-

ganised odontoblasts (thin arrows) and angiogenic figures (asterisks) are seen. In G (MTA group) moderate inflammatory

pulp reaction is seen with slight disorganisation of odontoblasts and profound vascularisation (bv). In Hmarked fibrosis of

the pulp tissue adjacent to the odontoblasts is evident. In I complete disorganisation of odontoblasts (thick arrows) is seen

adjacent to large blood vessels engorged with blood (bv). Magnification: A-C and G—x100; D-F and H and I—x400.
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(Figure 3G, Figures S3 and S4, and Tables S5 and S6, supple-

mentary data). In sections obtained from 1 of the specimens,

the pulp exhibited complete disorganisation with frank fibro-

sis and disorganised odontoblasts (Figure 3H). Other sections

showed complete disorganisation of odontoblasts adjacent to

large blood vessels engorged with blood (score 2 [27.3%])

(Figure 3I). The formed bridge displayed variation in thick-

ness and organisation with predominant moderate thick-

ness (score 2 (81.8%]) and loss of homogeneous structure
in all parts (Figure S6 and Tables S5 and S6, supplemen-

tary data). Definitive loss of complete attachment to the

dentin walls was noted (Figures 7A, B, C, and E). In 1 of

the specimens, the definitive bridge consisted of tubular

dentin-like tissue and was bordered from the pulp side by

a thin layer of pre-dentin-like tissue and adjacent disor-

ganised odontoblast-like cells (Figure 7C). In this speci-

men, the pulp revealed complete disorganisation, and

many small vacuoles appeared between the central tissues



igure 4 –Decalcified sections (DSs), H&E, subgroup III1 (alginate/BMBG NPs loaded hydrogel) (8 weeks). A is a compound

gure showing the outstanding thickness of a formed bridge including 3 distinct regions (insets 1, 2, 3). B-E are higher mag-

ifications of insets 1-4 in A, respectively. In A note the false pulp stone deeper to the formed bridge (chevron). B is revealing

steodentin (OD) formation with trapped cells (thick arrows) and few particles of the hydrogel (thin arrows). C reveals forma-

on of tubular dentin-like tissue (TD) exhibiting a layering pattern with evident von Ebner-like lines between the formed

yers (arrows). In A and D regenerated dentin (rd) formation is seen on both sides of the root canal with evident dentinal

bule-like structures (thin arrows) extending along its full thickness with apparent incremental lines (arrow heads). This rd

ppears confluent with the bulk of the formed bridge. In E, a well-organised pulp structure is seen with organised odonto-

lasts (arrows) and profound blood supply (bv). Magnification: A—x100; B-E—x400.
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and adjacent to the odontoblasts (Figure 7C and D). In both

specimens MTA particles were traced in the formed

bridges (Figure 7A, B, C, and E), inside the native dentin

(Figure 7B and E) and in adjacent pulp tissue (Figure 7A, B,

C, and E).
Discussion

The present experimental animal study was executed to eval-

uate, histologically, using pulpotomised dog’s teeth, the per-

formance of the novel nanoparticle-polymer based hydrogel

in improving inflammatory cell response, preserving normal

pulp tissue architecture and stimulating reparative dentin

bridge formation. Based on the favourable physicochemical

performance of alginate/BMBG NPs loaded hydrogel that was

confirmed in our previous work,15 BMBG NPs (20 wt.%) was

suggested as an optimal loading concentration to alginate

matrix (Figure S10, supplementary data).

Complete pulpotomy was selected in the current study

because it has been proven that coronal pulp tissue often

includes microorganisms and discloses proof of inflamma-

tion and degenerative changes. Therefore, the affected part
of pulp tissue should be extirpated so regeneration would be

allowed to develop at the entry of the pulp canal.26 Conse-

quently, applying a medicament directly on top of exposed

pulp tissue is an advocated method, which allows pulp heal-

ing and reparative dentin regeneration.27

Histological examination is the best method of choice that

can provide objective data. For this reason, in the present

study, the histological investigation aimed to judge outcomes

at 2 weeks, 4 weeks, and 8 weeks. In line with different

researches, the 2-week observation period was selected

because it has been proven that at least 2 weeks are needed for

the start of odontoblast-like cells differentiation and dentin

bridge formation,28 while no dentin bridge was traced prior to

2 weeks. Secondly, the 4- and 8-week follow-up periods were

selected to observe pulp tissue organisation, resolution of

inflammation and reparative dentin bridge formation.28,29

Evidently, the novel alginate/BMBG NPs (20 wt.%) loaded

hydrogel (subgroup 1) showed moderate inflammation after 2

weeks. Normal pulp tissue configuration and a notable

improvement in inflammatory cell response prevailed after 8

weeks with statistical significance (P ≤ .05). (Figures 1A and D,

2A-C, 3A-F, and 4E; Figures S3, S4, and S5A-E; and Tables S5

and S6, supplementary data).



Figure 5 –Decalcified sections (DSs), H&E, subgroup I2 (MTA) (2 weeks). B, C and D are higher magnifications of circles 1, 2 and

3 in A, respectively. F is a higher magnification of the encircled area in E. In A and B formation of thin (mild) bridges of fibro-

dentin (thin arrows) is seen. In E and F a combination of osteodentin (asterisk) and fibrodentin (thin arrows) is noted. In A, C

and D disorganised aggregation of pulp tissue (thick arrow) is clear adjacent to the formed bridge accommodating a high

density of inflammatory cells. In A, C, E and F note the focal attachment of the formed bridges to the dentin walls of the roots

Magnification: A and E—x100; B, C, D and F—x400.
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Presumably, this early, temporary inflammatory reaction

might be a normal biological defensive reaction from the den-

tal pulp to the pulpotomy procedure and the applied novel

hydrogel.30 Moreover, it could be probably due to the initial

rapid ion release rate from the applied alginate/BMBG NPs

loaded hydrogel. This quick ion release might sharply elevate

the pH that is stabilised later on.30,31 Furthermore, this might

be caused by the crucial action of the calcium phosphate

wear remnants liberated from the deposited carbonated

hydroxyapatite layer (bone-like layer). These wear remnants

proved to be a powerful stimulus for the liberation of differ-

ent pro-inflammatory cytokines when phagocytosed.32

Various features of our novel hydrogel might contribute to

the development of this ideal microenvironment. First, the

antimicrobial behaviour of BG might play an eminent role.

This behaviour was mainly due to high, consistent pH

brought by BG that was acquired through different ways such

as the liberation of silicon ion that is responsible for in situ pH

increase, collagen production and angiogenesis.33 Moreover,

the great B2O3 amount that raised the pH value within a lim-

ited time and remained stable; nevertheless, the ultimate pH

of borate glass (9.6) was lesser than silicate glass (11.5). This is

attributed to the more powerful acidic character of B(OH)3
.

compared to Si(OH)2.
34 Also, boron has strong antibacterial

activity.35 Additionally, calcium ions and other alkalis liber-

ated from BG could disrupt the cell membrane of bacteria.35

Moreover, the nano-topography of BG improved its solubility

and consequently increased the instant liberation of alkaline

ions.36 This could create a fine necrotic layer that might

shield the underlying vital pulp and enhance the regenerative

potential of adjacent pulp cells. Basically, high alkalinity

tends to generate the regulatory IL-10 and denature pro-

inflammatory cytokines; all have an anti-inflammatory influ-

ence.37 Second, close marginal adaptation is another key fac-

tor which might stop microbial ingress and limit

inflammatory process. This characteristic feature could be

derived by the nano-sized BMBG particles with a large surface

area,38 hydrogel nature and the application technique used to

fill the exposure site which probably ensured adequate deliv-

ery of hydrogel to inaccessible areas. This creates a tight seal

minimising micro-leakage. Additionally, the carbonated

hydroxyapatite layer (HCA) precipitated on the hydrogel sur-

face could result in maintaining adequate marginal integ-

rity.39 Third, boron has anti-inflammatory40 and angiogenic

actions through elevating angiogenic gene expression12 (Fig-

ures S10 and S11, supplementary data).



igure 6 –Decalcified sections (DSs), H&E, subgroup II2 (MTA) (4 weeks). A and D showing different bridges of moderate thick-

ess, structural disorganisation and discontinuation (arrow). B and C are higher magnifications of the boxed areas in A and

, respectively, showing the fibrodentin structure (FD) of the formed bridge. E is a higher magnification of the inset in D

evealing the combined osteodentin (OD) and fibrodentin (FD) structure of another formed bridge. F shows a high-power view

f OD and FD formation in another bridge of the same group, cellular inclusions are clearly seen in OD. Magnification: A and D

x40; B and E—x100; C and F—x400.
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Current outcomes are in agreement with Arafa et al.,41 who

showed that the addition of bioactive glass nanoparticles to

resin composite and its adhesive had a promising pulp tissue

response and inflammatory reaction after direct pulp capping

in dogs.41

A striking picture was noted in some sections of the algi-

nate/BMBG NPs (20 wt.%) loaded hydrogel group at the 8-

week observation period showing thin hydrogel streaks

bounding the pulp away from the created dentin bridge. Also,

these hydrogel streaks were bordering the small and large

blood vessels while pulp tissue was still displaying normal

morphology with signs of new vascular ingrowth and neural

elements. Accordingly, this could be considered as a positive

sign of the novel hydrogel safe biocompatibility.

On the other hand, MTA (subgroup 2) demonstrated a less

favourable pulpal response and an inflammatory reaction

compared to the hydrogel group with a statistically signifi-

cant difference across all observation time intervals (P ≤ .05)

(Figures 1B, C, E, F, 3G-I, and 5-7; Figures S3, S4, and S9; and

Tables S5 and S6, supplementary data).

These results were consonant with the findings of a clini-

cal histological study which demonstrated that retro MTA

displayed the worst outcomes following direct pulp capping
as regards pulp tissue organisation, structure and dentin

bridge thickness in comparison to Pro Root MTA.42

Probably, this could be attributed to many reasons. First,

MTA has an unsatisfactory sealing capability and marginal

adaptation prior to reaching a complete set.43 Second, its

restricted antimicrobial behaviour might not prevent bacte-

rial invasion towards pulp tissue.44 Third, despite set MTA

proving to be biocompatible and non-cytotoxic, few studies

reported that MTA displayed great cytotoxicity when freshly

prepared prior to setting. This was related to the high cal-

cium dissolution from MTA which strongly raised the

pH.45 Fourth, MTA constituted toxic heavy metals contents

(arsenic, chromium and lead) greater than the secure bor-

der determined by ISO 9917-1 (2007) that could hinder its

biocompatibility.46

Concerning reparative dentin bridge formation, basically

all study groups demonstrated newly formed dentin bridges,

and most of themwere located opposite to the exposed pulp.

Virtually, after 2 weeks, the newly formed dentin bridges

in the novel hydrogel group (subgroup I1) revealed various

forms categorised as fibrodentin (FD), osteodentin (OD) or a

combination of both. Generally, all of them were of mild to

moderate thickness, continuous, traversed the summits of



Figure 7 –Decalcified sections (DSs), H&E, subgroup III2 (MTA) (8 weeks). A-C and E show two calcified bridges. A is a com-

pound figure. C and E are higher magnifications of the boxed areas in A and B, respectively. D is a higher magnification of an

area from a deeper section of that seen in C. In A-C and E the formed bridges are non-homogeneous showingmoderate

thickness, variable organisation, containing defective structures (circles) and lack of complete attachment to dentin walls

(thick arrows). In C note the tubular dentin-like structure of the formed bridge, the thin layer of pre-dentin-like tissue and

adjacent disorganised odontoblasts (thin arrows). MTA particles are seen incorporated into the formed bridges (A, B, C and E)

inside the native dentin (dotted arrows in B and E) and in adjacent pulp tissue (A, B, C and E). In C and D note the complete

disorganisation of the pulp tissue withmany small vacuoles (v) between the odontoblasts and in deeper pulp tissue. Magni-

fication: A (compound figure) and B—x100; C-E—x400.
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the root canals and attached to dentin walls on both sides

(Figures S6 and S7A-F and Tables S5 and S6, supplementary

data). Consequently, this might be a pointer to the quick

promising pulpal response to both the applied alginate/BMBG

NPs loaded hydrogel and pulpotomy procedure.

In the case of FD bridges, various studies reported that

fibrodentin usually prefaced the production of mature tubular

dentin because it constituted fibronectin, osteopontin (OPN)

and bone sialoprotein (BSP) (noncollagenous proteins). These

proteins are mandatory for the mineralisation mechanism. In

addition, they play a major role in the migration of progenitor

cells and their differentiation into odontoblast-like cells.47

Regarding OD bridges, the appearance of connective tissue

with multiple cellular inclusions and the absence of a tubular

configuration might indicate the rapid attempt to provide a

“protective barrier” of a sealing effect to the underlying pulp

tissue.41 Furthermore, it can be assumed that this early atub-

ular dentin could be sequentially incorporated with dentinal

tubule-like structures as soon as mineralisation proceeds.
,

Also, it could suggest the incomplete differentiation of mes-

enchymal cells into odontoblast-like cells.

Extraordinarily, dentin-like tissue deposits were obviously

noted inside the hydrogel pores. This could be considered as

a powerful indication of the conductive/inductive behaviour

of the applied novel hydrogel for reparative dentin formation,

acting as a template onto which progenitor cells attach and

begin the differentiation process into odontoblast-like cells

for reparative dentinogenesis (Figure S11, supplementary

data). Additionally, alginate, because of its temperature-inde-

pendent gel condition and existence of multivalent cations,

was appropriate for cell immobilisation, thus protecting

them from any stress as they were physically confined.48

Another remarkable feature was noticed where the boron

nanoparticles were homogeneously filling the hydrogel pores.

Consequently, this could indicate that boron ions were suc-

cessfully liberated from BMBG NPs upon degradation and

began to share in the reparative dentinogenesis alongside

other released ions such as calcium, phosphorus, silicon, and
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so on. Subsequently, all those liberated ions might have

tended to chemically guide (chemotaxis) progenitors to the

mineralisation route (Figure S11, supplementary data).

Furthermore, various structures of the newly created den-

tin bridges were traced after 4 weeks, yet most of them were

of higher moderate thickness than those of the 2 weeks,

although the difference was statistically significant. In addi-

tion, 1 of these bridges displayed a homogenous, tubular pat-

tern accompanied by odontoblast-like cells arranged on its

apical border. This may denote the impact of odontoblast-like

cells alignment on their function and consequent production

of the dentin matrix. Notably, a regenerated dentin (rd) layer

was observed lining both sides of the root canal. Moreover,

traces of hydrogel were observed in the superficial border of

the formed bridge, which could suggest the hydrogel trans-

formation into a dentin bridge because it is a bioresorbable

biomaterial, recently considered to be part of a bioactivity

process.49 The brownish colour of boron nanoparticles was

clearly seen within the formed dentin bridges, which could

strongly emphasise the sustained release of boron ions after

4 weeks and its strong participation in dentin regeneration

(Figure S11, supplementary data).

Consistent with other studies,50 another outstanding fea-

ture traced in hydrogel group after 4 weeks was 1 of the

bridges (ectopic dentin bridge [edb]) forming away from the

exposure site. Interestingly, that edb bridge was homoge-

nous, continuous, of moderate thickness and exhibited tubu-

lar configurations. Moreover, this edbmerged with the rd that

was formed along the adjacent canal wall. This might suggest

the powerful distant regenerative (inductive) effect of the

applied hydrogel through the effective diffusion of the

released ions (calcium, phosphorus, silicon, and boron ions).

The diffused ions into deeper parts of the pulp tissue could

have attracted various types of undifferentiated mesenchy-

mal stem cells present in human dental tissue (Figure S11,

supplementary data).

Interestingly, after 8 weeks, all teeth in the hydrogel group

exhibited the thickest and regular dentin bridge formation,

which was statistically significant (P ≤ .05) (Figure 4,

Figure S6, and Tables S5 and S6, supplementary data). Dis-

tinctly, 2 forms of dentin-like tissue deposition (regenerated

dentin (rd) and dentin bridge [db]) were clearly distinguished,

very comparable to those seen at 4 weeks. Basically, these 2

regenerative variants were structurally quite like each other

but were far different from the original native dentin. This

could be explained by the absence of traditional signalling

from ameloblasts and their membranes.51 Importantly, it is

essential to differentiate between these 2 newly formed den-

tin-like tissues and not to consider them as 1 type because

the mechanism of their production is different. They are dif-

ferent in their location and histological structure. Regener-

ated dentin (rd) was deposited on top of the pre-existing

dentin of the root canal walls, and this allowed odontoblast-

like cells to extend their processes into already existing den-

tinal tubules, while the dentin bridge (db) was deposited

underneath the applied hydrogel which acted as a template

(conductive effect) onto which progenitor cells adhered and

differentiated into odontoblast-like cells. Later on, these dif-

ferentiated cells lay down dentin-like tissue and then drag

behind their processes for dentinal tubules to be created.51
In compliance with previous studies, the development of

regenerated dentin (rd) along root canal walls could be an

outcome of two prospects. One perspective is that this may

be a result of the inductive environment created by the

applied novel hydrogel for the growth, migration, adhesion,

and differentiation of pulpal cells. This inductive effect might

be brought about by the release of bioactive molecules (dentin

matrix proteins) such as growth factors, cytokines, neuropep-

tides, glycosaminoglycans and plasma proteins, among

others, from pre-existing undamaged dentin in response to

ion dissolution from the applied hydrogel (Figure S11, supple-

mentary data). These molecules could promote reparative

dentinogenesis given that they have been shown to partici-

pate in the mineralisation process and serve as signalling

molecules involved in the differentiation of odontoblast

progenitors.52

According to the other perspective, many researchers

declared deposition of multiple layers of reparative dentin

along root canal walls which presented as reparative dentin

with a disorganised, irregular tubular pattern or as entrapped

cells in the cytoplasm devoid of tubular structures, very simi-

lar to osteoid tissue (osteodentin).53 They attributed these

histological alterations that happened in radicular dentin to

‘fibro proliferative reaction’54,55 of fibroblasts because they

proved to proliferate more rapidly than stem progenitor

cells.53 Similarly, another study explored two different forms

of dentin-like tissue deposits in the same tooth, in response

to inflammatory reaction after pulp capping with Biodentin

in rats.56 They attributed this outcome to the uncertainty of

pulp state under deep carious lesions and bacterial contami-

nation. In fact, after a destructive carious attack, odontoblasts

are damaged. Sequentially, cells present in the subodonto-

blastic zone would differentiate, inducing mineralisation at

the pulp tissue boundary by forming the so-called reactionary

dentin.56

Therefore, the development of both regenerative variants

(rd and db) after 8 weeks might be considered as a sign of suc-

cessful conductive /inductive regenerative effect of the

applied novel hydrogel, which provided a suitable microenvi-

ronment for adequate differentiation of progenitors into

functional odontoblast-like cells (Figure S11, supplementary

data). These odontoblast- like cells regenerated functional

tubular dentin, which provided mechanical resilience to the

tooth and participated in tooth sensitivity and immune

response.52

Of note, this outstanding dentin regenerative state could

be attributed to various factors. Somemight be related to algi-

nate as a natural component of hydrogel, while others might

be related to BMBG NPs as a synthetic component (in organic

bioactive nanofiller) of the novel hydrogel (Figures S10 and

S11, supplementary data). Basically, alginate has many

advantages, previously discussed, that support its use as a

scaffold in the regenerative field.

Next, BMBG NPs exhibited several characteristics which

could empower their role in dentin regeneration. Impor-

tantly, BMBG NPs are highly bioactive and their addition

increased the precipitation of carbonated hydroxyapatite

crystals on scaffolds surface14,15 (Figures S10 and S11, supple-

mentary data). Furthermore, this bone-like apatite layer facil-

itated a direct bond between the applied hydrogel and human
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cells (progenitor cells).14 In regard to various studies in litera-

ture, bioactive glass-based scaffolds upregulate the expres-

sion of various growth factors such as bone morphogenetic

proteins (BMP-2, BMP-4, BMP-7),57 which are considered

among the most fundamental factors of dentin regeneration.

Also, nano-topography of BMBG NPs (particle size » 50

nm), which is close to histological apatite created in human

dentin,58 and the spherical particle shape both promoted den-

tin regeneration. This was achieved by a collaborative behav-

iour of cell migration, surface adhesion, polarisation, cell

differentiation and mineralisation. This was in agreement

with Wang et al.,59 who found a significant increase in differ-

ent odontogenic associated genes and proteins (collagen type

I, dentin sialo phosphoprotein and dentin matrix protein 1) of

human dental pulp cells (hDPCs) in n BG group compared to

control group.59 Besides, surface characteristics of BMBG NPs

such as hydrophilicity and surface charge would further pro-

mote cell adhesion. This is in accordance with Lee et al.,60

who found that, in rat dental pulp cells, nBG elevated the

expression of different odontogenic associated genes and

mineralisation potential.60

Additionally, the presence of boron played an active role in

promoting reparative dentinogenesis. This was consistent

with Moonesi et al.,14 who declared that boron-doped BG

favourably influenced BG bioactivity, odontogenic differentia-

tion of hDPSCs, and cell viability.14

Based on the outcomes of the current study and our previ-

ous work,15 it could be suggested that the innovative

injectable alginate/BMBG NPs (20 wt. %) loaded hydrogel

could act as a transportation vehicle. Also, the addition of

boron-doped mesoporous bioactive glass nanoparticles

(20 wt. %) attenuated the unfavourable consequences of

sodium alginate. It enhanced porosity and pore size and

increased water absorption. Moreover, it showed a powerful

bioactive capacity and cell viability15 (Figure S10, supplemen-

tary data). Along the same lines, Osorio et al.61 reported that

the incorporation of tideglusib-doped nanoparticles (TDg-

NPs) reduced the unpleasant sequelae of lipopolysaccharide

(LPS), thus enhancing regenerative mineralisation and osteo-

genic capacity of human dental pulp stem cells (hDPSCs) in

the regenerative field.61 Along similar lines, L�opez-Garc�ıa et

al.62 indicated that the addition of graphene oxide (GO), silk

fibroin (SF) and reduced graphene oxide (rGO) in appropriate

compositions and structure decreased the drawbacks associ-

ated with cell (hDPSCs) proliferation and differentiation.62

Although MTA was regarded as the gold standard for vital

pulp treatment approaches, it exhibited a less favourable per-

formance as a pulpotomy filling material compared to the

newly applied hydrogel in terms of dentin bridge thickness,

continuity and quality. This was statistically significant (P ≤
.05) over 4 weeks and 8 weeks (Figures 6 and 7, Figure S6, and

Tables S5 and S6, supplementary data).

Remarkably, after 2 weeks, different forms of dentin bridges

were traced in the MTA group. In general, most of them exhib-

ited mild thickness and were attached to both dentin walls of

the root canal. After 4 weeks, a relatively greater number of

teeth with dentin bridges of moderate thickness were dis-

played compared to 2 weeks, with no statistical significance.

Moreover, most of these bridges were disorganised, showing

obvious layers of fibrodentin and osteodentin.
Of note, after 8 weeks, despite the presence of a large

number of teeth exhibiting newly formed bridges of moderate

thickness, most of these bridges were not homogenous.

Moreover, they contained defective structures with lack of

actual attachment to the dentin walls of the root canal. Also,

MTA particles were evidently seen in the formed bridges,

inside the native dentin and in adjacent pulp tissue. Com-

plete disorganisation, vacuolation and disarranged odonto-

blast-like cells were displayed in the adjacent pulp. This leads

to a conclusion that although a dentin bridge was formed, it

was not efficient enough to protect the underlying radicular

pulp tissue from an external attack. Furthermore, the inferior

pulpal response could emphasise the poor biocompatibility of

MTA.

Collectively, this negative performance of MTA agrees

with various results reported in the literature. Accorinte et

al.63 found retarded dentin bridge formation after 30 days in

MTA (Angelus) group in relation to calcium hydroxide powder

protected by a layer of calcium hydroxide cement on top. This

comparative study accredited this outcome to both the high

alkalinity of calcium hydroxide (pH 11 to 13) compared to

MTA (pH 10) and to the stronger antimicrobial characteristic

of calcium hydroxide powder in relation to MTA.63 Addition-

ally, various reported studies related this poor performance

of MTA to the dissolution of calcium hydroxide and other

hydration outcomes from MTA which deleteriously affect

some of its physical characteristics, including inadequate

adaptation and microleakage and great porosity.64 Similarly,

Dammaschke et al.65 noticed a disordered, non- homogenous

dentin bridge which lacked tubular configuration and showed

many tunnel defects following pulp capping of human teeth

with Retro MTA. They attributed this observation to the

hydrophilic nature of Retro MTA which might affect the

pulpal response, as well as to the operative obstacles that

were experienced during the study.65

In the present study, the alginate/BMBG NPs (20 wt. %)

loaded injectable hydrogel has shown promise for improving

inflammatory cell response, maintaining pulp vitality and

regenerating dentin as an alternative to MTA. As with all

studies, some limitations were experienced in the present

work. The first 1 concerns the method used for histological

evaluation which relies on a scoring system (quantitative

analysis).25 A quantitative analysis of the histological param-

eters such as total surface area, formation rate, and compact-

ness is more reliable than inflammatory cell count66 and

reparative dentin bridge formation (histomorphometrical

analysis).67,68 A relatively sample size is another limitation

which should be overcome in future research. Furthermore,

this study was performed on sound, caries-free teeth, but in

the clinical environment, it is the carious teeth that go

through pulpotomy. Immunochemistry could be performed

to show immunomarkers such as OPN and osteocalcin to sus-

tain dentin bridge formation. Another notable outcome of

the current study was the leakage of tested pulpotomy fill-

ing materials into the pulp of some specimens. This can

be a result of the application approach or material compo-

sition. The pulpotomy agents should be administered cau-

tiously, without any condensation, on top of the

remaining pulp tissue. Escape of material into the pulp

might reduce the rate of healing and affect dentin bridge
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formation.69 Furthermore, extended observational periods

could be used. Further research is needed to apply the

novel injectable alginate/BMBG NPs loaded hydrogel in

clinical trials.
Conclusions

Sodium alginate/BMBG NPs (20 wt.%), a nanoparticle-poly-

mer-based hydrogel, made headway as a regenerative pulpot-

omy filling biomaterial possessing safe biocompatibility and

conductive/inductive potential for monitoring dentinogene-

sis. Consequently, it might perform as a promising substitute

for MTA in regenerative pulpotomy. Further long-term in vivo

studies and potential clinical applications are needed to be

conducted.
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